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Abstract

:

In recent years the quest for novel materials possessing peculiar abilities of manipulating light at the nanoscale has been significantly boosted due to the strict demands of advanced nanophotonics and quantum technologies. In this framework radiative decay engineering of quantum emitters is of paramount importance for developing efficient single-photon sources or nanolasers. Hyperbolic metamaterials stand out among the best cutting-edge candidates for photoluminescence control owing to their potentially unlimited photonic density of states and their ability to sustain high-k modes that allow us to strongly enhance the radiative decay rate of quantum light emitters. The aim of the present paper is to show how Au/  A  l 2   O 3    hyperbolic multilayers can be used to selectively control the photoluminescence of coupled   E  u  3 +     emitters. We point out an enhancement of the   E  u  3 +     transitions when they are in the hyperbolic regime of the metamaterials and a significant alteration of the ED and MD branching ratios by changing the emitter–metamaterial distance.
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1. Introduction


Nowadays, light manipulation at the nanoscale is one of the main requirements of quantum technologies and optical communication [1]. Engineering the photoluminescence (PL) of quantum emitters is one of the critical steps for designing many optoelectronic devices, and represents a fundamental challenge for the development of single-photon sources and nanolasers [2,3]. Consequently, the design and fabrication of novel nanostructured materials able to satisfy this demand has become the greatest purpose of nanophotonics research in the last decade [4]. One of the most efficient ways to control the fluorescence of a light emitter is the tailoring of the photonic density of states (PDOS) available for the emitted photons. A high PDOS gives rise to enhanced spontaneous emission [5]. The PDOS modification can be generally achieved by using resonant nanocavities able to change the optical field density around the emitting system, whose PL is then altered and enhanced [6,7]. However, tricky nanofabrication is required to obtain complex geometries of the cavity structure.



In this context, hyperbolic metamaterials [8] represent a milestone for radiative decay engineering owing to their unique hyperbolic optical dispersion generating from the extreme uniaxial anisotropy of their permittivity tensor, whose diagonal components are opposite in sign (   ϵ  x x    ϵ  z z   < 0  ;    ϵ  x x   =  ϵ  y y   ≠  ϵ  z z    ) beyond the epsilon-near-zero (ENZ) wavelength (  λ  E N Z   ). These properties bring forth a potentially unlimited PDOS and the possibility to sustain the propagation of modes with very large wavevectors (high-k modes) giving hyperbolic media the capability to significantly increase the radiative decay rate of a light emitter in its close proximity (Purcell effect) [9,10,11]. In particular, hyperbolic multilayers (HMs) are very attractive to this scope due to their ability to support surface and bulk plasmon polaritons creating a local enhancement in the PDOS [12,13,14], as well as the simplicity of their fabrication and integration within optical devices, so gaining a great potential as platforms for several advanced applications in quantum nanophotonics, including single-photon sources [15]. Moreover, the properties of hyperbolic metamaterials can be adjusted by changing the composition or the metal filling fraction [16,17], allowing them to provide a huge number of electromagnetic states for light coupling at desired frequencies over a broadband spectral range [9,12], thus achieving PL control for several fluorescent systems, such as dyes [18], perovskites [19], nanoparticles [20] and quantum dots [21].



Among quantum emitters, rare-earth elements are of great interest due to their integration in current technologies and their multilevel luminescence, whose transitions have both an electric dipole (ED) and a magnetic dipole (MD) nature with comparable oscillator strength [22]. Thus, controlling their ED and MD transitions via novel nanostructured materials could help with fully taking advantage of their high luminescence efficiency. Moreover, exploiting the magnetic nature of light emission potentially leads to novel devices and applications [23]. Several studies have been conducted to explain the spontaneous emission behaviour of rare-earth ions near materials surfaces [24,25,26,27,28]. Embedding them in a planar dielectric matrix to be placed near the interface of a planar mirror represents the simplest approach to studying their PL and its dependence on the surrounding PDOS offered by the medium in its vicinity [29]. In particular, organic matrices doped with rare-earth elements are optimal materials for experimentally probing the relative strengths of ED and MD transitions and map the spatial distribution of the optical modes for the spontaneous emission in the system [30]. For instance, europium-doped polymers are among the most appealing for the visible spectrum owing to their easy fabrication, their transparency and, above all, the highly efficient room-temperature photoluminescence of   E  u  3 +    , whose ED and MD transitions are spectrally close and well-resolved around  λ  = 615 nm. In recent years, the fluorescence of   E  u  3 +     embedded in polymers or glasses has been studied in combination with various systems such as thin films, plasmonic nanostructures or dielectric metasurfaces, pointing out its ED and MD emissions to be adjustable depending on the type or geometry of the underlying material as well as by changing the tilt angle of the sample [31,32,33,34,35].



In the present work, we investigate the room-temperature photoluminescence of   E  u  3 +    -doped PMMA thin films coupled to two types of Au/  A  l 2   O 3    hyperbolic multilayers with different filling fractions (i.e., different spectral position of their   λ  E N Z   ) by integrated and time-resolved spectroscopy. We point out a significant PL lifetime shortening when the emitter is in close proximity to the metamaterials, and a selective radiative emission enhancement when the   E  u  3 +     transitions occur in the hyperbolic regime of the metamaterials. Furthermore, we show the effect of outdistancing the rare-earth element from the metamaterial surface by using a dielectric spacer, demonstrating that the relative intensity of specific MD and ED   E  u  3 +     transitions over the full spectrum can be largely altered by changing the distance between the emitter and the HM. In brief, we highlight how HMs can be used to selectively control the PL of a multilevel rare-earth quantum emitter, obtaining an enhancement of its radiative emission when its transitions fall in the hyperbolic regime of the metamaterials, and a significant alteration of the ED and MD branching ratios by changing the emitter–metamaterial distance. This shows the high potential of such systems to be employed as platforms for advanced nanophotonic applications.




2. Materials and Methods


2.1. Synthesis and Characterization of Hyperbolic Metamaterials


Two types of hyperbolic multilayer metamaterials with different metal filling fractions (  f m  ) are produced: HM33 consisting of 15 nm Au layers and 30 nm   A  l 2   O 3    layers (  f m   = 33%), and HM16 consisting of 16 nm Au layers and 85 nm   A  l 2   O 3    layers (  f m   = 16%). The layers are arranged in four-period structures with the metal on the top of each period. The constituent materials are chosen due to their high chemical stability and their good interfacial adhesion. The stacks are obtained by alternate magnetron sputtering depositions of gold and alumina thin films in Ar atmosphere (  p = 5 ×  10  − 3     mbar).   S i  O 2    overlayers with variable thickness (10 nm, 50 nm, 100 nm, 300 nm) are deposited at the end of the HMs fabrication to be used as spacers. A dielectric material different from the one used in the metamaterial structure is employed for the spacer in order to preserve the HM periodicity and its effective medium properties. A DC source is employed for sputtering the Au target and two RF sources for the   A  l 2   O 3    and   S i  O 2    targets. The homogeneity of the depositions is ensured by keeping the sample holder in rotation. The HMs synthesis is performed on monocrystalline Si substrates and on glass slides. Before the depositions, the substrates are cleaned in an acidic piranha solution (30%    H 2   O 2    + 70%    H 2  S  O 4   ) at 80 °C for 1 h and rinsed with ultrapure Milli-Q water. The multilayered structure is inspected by cross-section scanning electron microscopy (SEM, Zeiss Sigma HD FE-SEM), and the average surface roughness is measured by atomic force microscopy (AFM, NT-MDT Solver Pro). A spectroscopic ellipsometer (J. A. Wollam WVASE) is employed to measure the thickness of the layers as well as the reflectance and transmittance spectra of the HMs as a function of the incidence angle and polarization. The dielectric functions of the constituent materials are experimentally obtained by characterizing Au thin films (60 nm),   A  l 2   O 3    thin films (30 nm and 85 nm) and   S i  O 2    thin films (10 nm, 50 nm, 100 nm, 300 nm) produced by magnetron sputtering in the same deposition conditions employed for the metamaterials synthesis. The Au film thickness is chosen as the sum of the thicknesses of the metal layers in the metamaterials in order to ensure the same absorption given by the metallic component.




2.2. Coupling of Emitter-Doped Polymer Films to Hms


Solid polymeric thin films doped with   E  u  3 +     emitters are coupled to the produced HMs. The HMs surface is cleaned and hydrophilized by means of an UVO cleaner, then a toluene solution (3 mM) of Europium (III) thenoyltrifluoroacetonate trihydrate (  E u   ( TTA )  3  · 3  H 2  O  ) and polymethyl methacrylate (PMMA, 1% w/w) is spin coated on their top. The spin coating is performed at 3000 rpm for 1 min at room temperature, conditions determined as optimal to obtain homogeneous films with controlled reproducible thickness (30 nm, within 5% error). The emitter organic complex and the polymer are commercially available from Acros Organics and Sigma-Adrich respectively. Thermal curing at T = 125 °C for about 30 min is performed right after the spin coating deposition in order to evaporate the residual solvent and make the doped layer solidify and harden. Its thickness is verified by AFM and ellipsometry. Reference samples of doped films with the same thickness are produced in identical conditions on Au thin films (60 nm thick), Si and   S i  O 2    substrates. Doped films with three different emitter concentrations are made on Si and   S i  O 2    substrates starting from solutions with concentrations 0.15 mM, 0.3 mM and 3 mM. These respectively correspond to a percent molar fraction of x = 0.6%, x = 1.2% and x = 11%. The absorbance spectrum of the doped polymer on the reference   S i  O 2    substrates is measured by a Jasco V670 UV-VIS spectrophotometer.




2.3. Integrated and Time-Resolved Photoluminescence Measurements


Integrated and time-resolved PL measurements are conducted at room temperature in order to study the emission properties of the   E  u  3 +     emitters coupled to our HMs. The third harmonic ( λ  = 355 nm) of an ns-pulsed Q-switched Nd:YAG laser (Brilliant by Quantel Laser) is employed as the excitation light source. The pulses have a duration of 5 ns and a repetition rate of 10 Hz. The output beam intensity is attenuated by optical density filters to prevent photobleaching. The laser beam impinges on the sample at an angle of 30°. The sample is positioned orthogonally with respect to the direction of the photodetection system. The emitted light is collected by a converging lens with numerical aperture NA = 0.26 within an angle of 28°. The collected light is collimated and then focused by another converging lens onto the entrance slit of single-grating monochromator, preceded by a longpass filter (  λ > 550   nm) to avoid scattered laser light to enter the detector. A near-infrared photomultiplier tube (HAMAMATSU R5509-72) cooled by liquid nitrogen is employed as a photodetector, connected to a Tektronix TDS7104 Digital Phosphore Oscilloscope and a lock-in amplifier.




2.4. Simulation Methods


The optical properties (reflectance and transmittance) of the fabricated samples and the electromagnetic field distribution inside them are calculated by the scattering matrix method via EMUstack [36]. COMSOL Multiphysics is employed to perform finite element method (FEM) simulations of the far-field irradiance angular distribution for an emitting dipole coupled to the hyperbolic metamaterials. In both cases the HMs are modeled as their actual layered structure.





3. Results and Discussion


3.1. Structural and Optical Properties of the Hyperbolic Metamaterials


Two types of Au/  A  l 2   O 3    HMs are produced (see Section 2). The structure is chosen in order to obtain their ENZ wavelength in the visible range. The in-plane and out-of-plane components of the effective permittivity are calculated according to the effective medium theory [37]:


   ϵ ‖  =  ϵ  x x   =  ϵ  y y   =  f m   ϵ m  +  ( 1 −  f m  )   ϵ d   



(1)






   1  ϵ ⊥   =  1  ϵ  z z    =   f m   ϵ m   +   ( 1 −  f m  )   ϵ d   ,  



(2)




by using the permittivities of the metal   ϵ m   and the dielectric   ϵ d  . These are experimentally obtained by ellipsometric measurements performed on reference samples as described in Section 2, and they are reported in Figure S1 of the Supplementary Materials. The measured values are in good agreement with tabulated ones [38,39,40]. The metal filling fraction is calculated as    f m  =  t m  /  (  t m  +  t d  )   , where   t m   and   t d   are the thicknesses of the metal and the dielectric layers respectively. The filling fraction is tuned by changing the thickness of the dielectric layers, and it is selected to be inside an optimal range of values (   f m  = 0.05 − 0.35  ) to obtain a high Purcell factor for the   E  u  3 +     radiative transitions [35]. The real and imaginary parts of the permittivity components for the two HMs are displayed in Figure 1a.   R e {  ϵ ‖  }   exhibits the zero-crossing at   λ  E N Z    = 543 nm for HM33 and   λ  E N Z    = 666 nm for HM16.   R e {  ϵ ⊥  }   has a positive sign in the whole spectrum. When    ϵ ‖   ϵ ⊥  < 0   (i.e., for   λ >  λ  E N Z    ), the metamaterial exhibits its hyperbolic dispersion, whereas elliptical dispersion is obtained before   λ  E N Z   .   I m {  ϵ ‖  }   and   I m {  ϵ ⊥  }   have the same spectral shape for both the metamaterials and are modulated in absolute value, being inversely proportional to the amount of alumina in the HM. A sketch of the hyperbolic multilayers is depicted in Figure 1b and the SEM image in Figure 1c shows the cross-section of HM33 as an example. The sketch also includes a   S i  O 2    spacer (of thickness d) and the   E  u  3 +    -doped PMMA film (Eu:PMMA) deposited on the top of the metamaterials for the photoluminescence study described in Section 3.2. The surface roughness of the samples measured by AFM is equal to 1.3 ± 0.1 nm. The reflectance and transmittance spectra of the fabricated HMs are calculated and experimentally measured as a function of angle and polarization: in Figure S2 of Supplementary Materials we report the optical properties at 30° with p-polarization (namely the angle and polarization of the incident laser beam used for the PL measurements) and we compare them with those of an Au thin film reference sample. The EMUstack calculations are performed considering the actual layered structure of the HMs. The good quality of the fabricated stacks is evidenced by the low surface roughness, the sharp contrast between Au and   A  l 2   O 3    layers in the SEM image, and the good agreement between the experimental and calculated optical spectra.




3.2. Photoluminescence of   E  u  3 +     Emitters Coupled to the Hyperbolic Metamaterials


We investigate the photoluminescence properties (PL intensity and lifetime) of   E  u  3 +    -doped polymeric films coupled to the hyperbolic metamaterials (see sketch in Figure 1b). The   Eu   ( TTA )  3    organic complex is chosen because it exhibits a highly efficient room temperature fluorescence in the visible spectrum with well resolved ED and MD dipole transitions, and it can be easily embedded within a polymer matrix, thus representing a good candidate for solid-state and flexible devices. Before studying the behaviour of   E  u  3 +     coupled to the HMs, a preliminary characterization of the reference samples (Eu:PMMA deposited on Si and   S i  O 2    substrates) is performed in order to select the optimal concentration of   E  u  3 +     emitters within the polymer matrix for obtaining a revealable PL signal avoiding concentration quenching. This is confirmed by the linear trend of the PL signal as a function of the dopant concentration displayed in Figure S3a,b of the Supplementary Materials. The same figure (panel c) shows the absorbance spectra of the   Eu   ( TTA )  3   -doped PMMA films as a function of the molar fraction. The distinctive absorbance band of   Eu   ( TTA )  3    around 346 nm is observed, and the peak value linearly increases with the emitter concentration as expected. The PL study in combination with the HMs is conducted with a doping concentration of x = 11% in order to obtain a well-revealable PL intensity with a high signal-to-noise ratio and thus to clearly distinguish all the transitions. In Figure 2a,b we depict the measured PL spectra of Eu:PMMA coupled to the sample HM16 (solid red) and HM33 (solid green) as well as to the reference Si substrate (dashed gray). All the samples have a 10 nm silica spacer on their top. Five emission peaks are revealed in the spectra, which correspond to the   E  u  3 +     radiative transitions according to its multilevel diagram (see inset in Figure 2a). By using the Russel–Saunders notation (     2 S + 1    L J   ), the peak at 592 nm corresponds to the     5   D 0  →   7   F 1    transition and it has a magnetic dipole (MD) nature; instead the peaks at 580 nm, 615 nm, 651 nm and 699 nm have an electric dipole (ED) nature and they correspond to the transitions from the     5   D 0    excited state to the states     7   F 0   ,     7   F 2   ,     7   F 3    and     7   F 4    respectively [22,32].



By considering the ENZ properties of the metamaterials, the   E  u  3 +     transitions can fall in two different regimes (hyperbolic when    ε ‖  < 0   or elliptical when    ε ‖  > 0  ) depending on the underlying HM and the spectral position of   λ  E N Z    (indicated by the vertical dashed lines in Figure 2a,b). The metal filling fraction of the HMs is specifically chosen to accommodate all the   E  u  3 +     transitions in the hyperbolic regime in one case (HM33) and in the elliptical regime (except the     5   D 0  →   7   F 4    transition) in the other one (HM16). The PL measurements performed on the two considered emitter-HM systems in identical conditions highlight a different effect of each multilayer on the   E  u  3 +     fluorescence, demonstrating that the PL of a light emitter can be modified by tailoring the permittivity of the underlying HM, that is by moving the spectral position of the ENZ wavelength. In particular, the far-field outcoupling efficiency for specific transitions of a multilevel emitting system can be selectively boosted when they fall in the hyperbolic regime of the HMs. As a matter of fact, when Eu:PMMA is deposited on HM33 the main transition at 615 nm (    5   D 0  →   7   F 2   ) is in the hyperbolic regime and its emission peak is 2.5 times higher than when the emitter is coupled to HM16, with which the transition is in the elliptic regime. This is quantitatively consistent with the FEM simulations in Figure 2c, performed by COMSOL considering the actual layered structure of the HMs, and showing the angular distribution of the far-field irradiance for an electric dipole with isotropic orientation with respect to the interface of HM33 and HM16: the graph points out a different emission efficiency inside the collection angle of our experiment (gray area) with the two HMs (higher with HM33 by a factor 2.5), and it evidences the angular dependence of the photoemission due to the presence of the interface [25]. A similar intensity augmentation occurs for the transitions at 580 nm, 592 nm and 650 nm, which are twice stronger with HM33 rather than with HM16. On the contrary, with both the considered metamaterials the same PL intensity is measured for the     5   D 0  →   7   F 4    transition at  λ  = 699 nm since it falls in their hyperbolic regime in both cases. Moreover, by comparing the spectra of Eu:PMMA deposited on the HMs and on the reference silicon, it is also worth noting that the transitions     5   D 0  →   7   F 0    at 580 nm and     5   D 0  →   7   F 1    at 592 nm are well separated when Eu:PMMA is coupled to the HMs. In particular, HM33 is able to intensify the former transition which is generally very low or completely shadowed by the latter. The spectra also suggest that the PL enhancement depends on the nature of the transitions (ED or MD), and especially that the ED transitions of   E  u  3 +     are favoured when they occur in the hyperbolic regime of the closely coupled HMs. For example, with HM16 the emission intensity for all the ED transitions at   λ <  λ  E N Z     is comparable to that obtained with Si, whereas the intensity of the ED transition at 699 nm (i.e., at   λ >  λ  E N Z    ) is increased by a factor of 2.5.



Another parameter indicating the selectivity of the PL emission is the fluorescence branching ratio (BR,  β ). This is defined as the ratio between the integrated intensity at the specific wavelength of a J-th transition and the integrated intensity taken over the full spectral range:


   β J  =   I J    ∑ J   I J    ,  



(3)




which can be assumed to be proportional to the radiative decay rate within the far-field light collection angle defined by the NA of the collecting lens (   I J  ∝  Γ  r , J   ( N A )    ) [31]. In Figure 3 we report the percent branching ratio calculated for the transitions     5   D 0  →   7   F 1    at  λ  = 592 nm (MD) and     5   D 0  →   7   F 2    at  λ  = 615 nm (ED) as a function of the spacer thickness. Indeed, it is known that the radiative decay rate of a light emitter can be modulated by changing its distance from an interface [5,24,29]. Therefore, we perform PL measurements on Eu:PMMA films deposited on HM33 and HM16 using a   S i  O 2    layer with a different thickness d (10 nm, 50 nm, 100 nm, 300 nm) between the doped polymer and the metamaterial, and we determine   β 592   and   β 615   at each distance. The use of a spacer above the HMs is also expected to bring an advantage in terms of PL enhancement due to a lower non-radiative energy transfer that could be provoked by the direct contact of Eu:PMMA with the top gold layer in the metamaterials [24,27]. In Figure S4 of Supplementary Materials, we depict the PL spectra of Eu:PMMA deposited on HM33 and HM16 as a function of the spacer thickness compared to the reference PL spectrum of Eu:PMMA on the silica slide. In all the analyzed cases, the BR is importantly altered by the combination of Eu:PMMA with the HMs and oscillations with changing emitter–interface distance are observed. Within the self-interference theory these are explained as variations of the radiative decay rate within the collection angle   Γ r  ( N A )   , which are derived in terms of fields reflected by the interface: when the reflected field is in phase with the emitted field at the dipole location   Γ r  ( N A )    is enhanced; conversely, when it is out of phase   Γ r  ( N A )    is inhibited [5,24,29]. The MD transition at 592 nm (panel a) is strongly enhanced when the emitter is 100 nm far from the HMs. In particular, with HM33 (HM16) a four-fold (two-fold) increase of   β  592   M D    is obtained as compared to when a spacer with smaller thickness is employed. At the same distance an enhancement by a factor of 2.5 is obtained with HM33 against the silica reference (blue dashed line). Far from the interface the BR tends to the value of Eu:PMMA on the silica substrate, that is the limit case of the absent HM interface. The opposite trend in the BR is observed when the ED transition at 615 nm is considered (panel b). This is a consequence of the  π -phase difference between the reflected electric and magnetic fields [24]. With HM33,   β  615   E D    rapidly drops by 30% in the first 100 nm. Conversely, with HM16 the BR keeps quite stable around 82%, a value comparable with that obtained on silica (84%). The described study shows that the alteration of both the MD and ED branching ratios is stronger with HM33 rather than with HM16 because in the former case the transitions fall in the hyperbolic regime of the metamaterials whereas in the latter one they are in the elliptic regime. This further corroborates the capability of hyperbolic metamaterials to selectively enhance specific ED or MD transitions of a multilevel emitting system by tuning the ENZ wavelength as well as by changing the distance of the light emitter from the stack interface.



Finally, we perform time-resolved PL measurements on Eu:PMMA coupled to the HMs and the reference substrates (Au, Si and   S i  O 2   ) at the wavelengths of the main transitions:  λ  = 592 nm (    5   D 0  →   7   F 1   , MD),  λ  = 615 nm (    5   D 0  →   7   F 2   , ED), and  λ  = 699 nm (    5   D 0  →   7   F 4   , ED). In Figure 4a we report the PL decay curve and the value of the PL lifetime ( τ ) measured at 615 nm for each sample. Since the   E  u  3 +     emission shows a non-single exponential decay, probably ascribed to local inhomogeneities of the polymer matrix around the   E  u  3 +     ions and to a non-uniform distance of the emitters from the interface,  τ  is an effective lifetime estimated as [41,42]:


  τ =   τ d   k s   Γ   1  k s    ,  



(4)




where  Γ  is the Euler’s gamma function and   τ d   is the PL lifetime extracted by fitting the experimental decay signal with a stretched exponential function (Kohlrausch–Williams–Watts function):


  I  ( t )  =  I 0  exp   −  t  τ d     k s   ,  



(5)




with   I ( t )   being the time-dependent intensity,   I 0   the intensity at time t = 0 and   k s   the stretching factor ranging from 0 to 1. The results reveal an important shortening of the PL lifetime when the   E  u  3 +     emitters are coupled to the HMs: with both HM33 (green curve) and HM16 (red curve),  τ  is roughly 2.5 times shorter than that measured with Eu:PMMA deposited on a dielectric substrate (silica, blue curve). A strong decay rate enhancement is also observed with respect to the cases of Eu:PMMA on a semiconductor substrate (silicon, gray curve) or a gold thin film (60 nm thick, gold curve). The same effect occurs at each considered wavelength (see Figure S5a,b of Supplementary Materials). The registered lifetime shortening evidences the high efficiency of the coupling between   E  u  3 +     and the HMs, and can be explained in terms of strong PDOS enhancement inside and in very close vicinity to the hyperbolic metamaterials [9,12]. It is worth stressing that the PL decay rate of Eu:PMMA coupled to the HMs is two times stronger than in the presence of an optically thick Au film (thickness 60 nm). The data suggest that the first 15-nm-thick Au layer in the metamaterials plays a crucial role in the PDOS modification. Figure S6 of the Supplementary Materials displays the radiative decay rate enhancement computed at  λ  = 615 nm with the classic dipole oscillator (CDO) model [6] as a function of the thickness of an Au film. The modeled system (see inset of Figure S6) takes into account an ED emitter near a single period of the metal-dielectric multilayer (i.e., 1 Au layer + 1   A  l 2   O 3    layer). A higher radiative decay rate enhancement is calculated for ED emitters near a thin Au layer (thickness 10–15 nm) compared to those obtained for an optically thick Au film. Furthermore, in Figure 4b we show the lifetime measured at  λ  = 615 nm as a function of the silica spacer thickness d. For each sample,  τ  reveals an oscillating trend as a function of the emitter–interface distance, as expected from the self-interference theory [5,24]: the radiative decay rate is significantly modified in close proximity to the interface and it gradually tends to the limiting case of emission without interface by increasing the distance. In particular, with both the HMs the lifetime varies from a minimum value of about 150  μ s with the 10-nm-thick spacer to a value almost three times higher for d = 100 nm and then slightly decreases at the largest distance (d = 300 nm). A very different trend is obtained with Au and Si:  τ  has a less pronounced modulation as a function of the emitter–interface distance, i.e., it varies in the 250–350  μ s range. At d = 300 nm the emitter–interface coupling is less efficient and the lifetime has the same value with both substrates, whereas larger discrepancies are observed close to them due to a stronger self-interference effect. In all the considered configurations  τ  remains lower than the value measured on the reference sample (Eu:PMMA on silica slide, horizontal blue dashed line). No significant differences in the trends of  τ  as a function of d are observed at the other considered wavelengths (see Figure S5c,d), i.e., the lifetime shortening does not depend on the nature of the transition. The obtained results highlight that an important lifetime variation can be obtained by outdistancing the light emitter from the HM’s surface, and the alteration of  τ  is much stronger in presence of the HMs rather than a single Au film or a Si substrate, confirming the the great ability of such metamaterials to control the radiative decay rate of a nearby emitter.





4. Conclusions


We show how Au/  A  l 2   O 3    hyperbolic multilayers can be employed to selectively control the photoluminescence and enhance the radiative decay rate of   E  u  3 +     emitters embedded in a polymeric overlayer by tuning the metamaterial’s ENZ wavelength or changing the emitter–metamaterial distance. We evidence a selective increase of the photoluminescence intensity when the emitter transitions fall in the hyperbolic regime of the metamaterials and a remarkable shortening of the excited state lifetime when   E  u  3 +     is in their close proximity. We point out an important alteration of the transition’s branching ratio by changing the distance between the emitter and the multilayer depending on the nature of the transition. The obtained results highlight the great potential of hyperbolic multilayers for PDOS engineering and, combined with their easy fabrication and integrability with existing technologies, their applicability as platforms for advanced applications in nanophotonics such as single-photon sources and nanolasing devices.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ma15144923/s1, Figure S1: Permittivity of the multilayers constituent materials; Figure S2: Transmittance and reflectance of the hyperbolic metamaterials; Figure S3: PL spectra as a function of the emitter concentration; Figure S4: PL spectra of Eu:PMMA on HM33 and HM16 as a function of the spacer thickness; Figure S5: PL lifetimes at 592 nm and 699 nm; Figure S6: Radiative decay rate enhancement as a function of the Au layer thickness.





Author Contributions


Investigation, D.G., B.K. and I.G.B.; data curation, D.G. and B.K.; formal analysis, D.G. and B.K.; software, I.G.B. and D.G.; writing—original draft preparation, D.G.; writing—review and editing, D.G., B.K., T.C. and G.M.; conceptualization, T.C. and G.M.; supervision, G.M. and T.C. All authors have read and agreed to the published version of the manuscript.




Funding


The present research was financially supported by the Department of Physics and Astronomy of the University of Padova through the projects BIRD183751 and PRD-BIRD2022-Cesca.




Acknowledgments


The authors acknowledge Carlo Scian for the technical support in the sample synthesis, and Niccolò Tomaso Michieli for the assistance with FEM simulations.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Koenderink, A.F.; Alù, A.; Polman, A. Nanophotonics: Shrinking light-based technology. Science 2015, 348, 516–521. [Google Scholar] [CrossRef] [PubMed]

	



O’Brien, J.L.; Furusawa, A.; Vučković, J. Photonic quantum technologies. Nat. Photonics 2009, 3, 687–695. [Google Scholar] [CrossRef]

	



Liang, Y.; Li, C.; Huang, Y.Z.; Zhang, Q. Plasmonic nanolasers in on-chip light sources: Prospects and challenges. ACS Nano 2020, 14, 14375–14390. [Google Scholar] [CrossRef] [PubMed]

	



Soukoulis, C.M.; Wegener, M. Past achievements and future challenges in the development of three-dimensional photonic metamaterials. Nat. Photonics 2011, 5, 523–530. [Google Scholar] [CrossRef]

	



Barnes, W.L. Fluorescence near interfaces: The role of photonic mode density. J. Mod. Opt. 1998, 45, 661–699. [Google Scholar] [CrossRef]

	



Kalinic, B.; Cesca, T.; Mignuzzi, S.; Jacassi, A.; Balasa, I.G.; Maier, S.A.; Sapienza, R.; Mattei, G. All-Dielectric Silicon Nanoslots for Er3+ Photoluminescence Enhancement. Phys. Rev. Appl. 2020, 14. [Google Scholar] [CrossRef]

	



Michieli, N.; Kalinic, B.; Scian, C.; Cesca, T.; Mattei, G. Emission Rate Modification and Quantum Efficiency Enhancement of Er3+ Emitters by Near-Field Coupling with Nanohole Arrays. ACS Photonics 2018, 5, 2189–2199. [Google Scholar] [CrossRef]

	



Poddubny, A.; Iorsh, I.; Belov, P.; Kivshar, Y. Hyperbolic metamaterials. Nat. Photonics 2013, 7, 958–967. [Google Scholar] [CrossRef]

	



Jacob, Z.; Smolyaninov, I.I.; Narimanov, E.E. Broadband Purcell effect: Radiative decay engineering with metamaterials. Appl. Phys. Lett. 2012, 100, 181105. [Google Scholar] [CrossRef]

	



Newman, W.D.; Cortes, C.L.; Jacob, Z. Enhanced and directional single-photon emission in hyperbolic metamaterials. J. Opt. Soc. Am. 2013, 30, 766. [Google Scholar] [CrossRef]

	



Lu, D.; Kan, J.J.; Fullerton, E.E.; Liu, Z. Enhancing spontaneous emission rates of molecules using nanopatterned multilayer hyperbolic metamaterials. Nat. Nanotechnol. 2014, 9, 48–53. [Google Scholar] [CrossRef] [PubMed]

	



Jacob, Z.; Kim, J.Y.; Naik, G.V.; Boltasseva, A.; Narimanov, E.E.; Shalaev, V.M. Engineering photonic density of states using metamaterials. Appl. Phys. B 2010, 100, 215–218. [Google Scholar] [CrossRef]

	



Sreekanth, K.V.; De Luca, A.; Strangi, G. Experimental demonstration of surface and bulk plasmon polaritons in hypergratings. Sci. Rep. 2013, 3. [Google Scholar] [CrossRef] [PubMed]

	



Khurgin, J.B.; Sun, G.; Soref, R.A. Enhancement of luminescence efficiency using surface plasmon polaritons: Figures of merit. J. Opt. Soc. Am. B 2007, 24, 1968. [Google Scholar] [CrossRef]

	



Ferrari, L.; Wu, C.; Lepage, D.; Zhang, X.; Liu, Z. Hyperbolic metamaterials and their applications. Prog. Quantum Electron. 2015, 40, 1–40. [Google Scholar] [CrossRef]

	



Maas, R.; Parsons, J.; Engheta, N.; Polman, A. Experimental realization of an epsilon-near-zero metamaterial at visible wavelengths. Nat. Photonics 2013, 7, 907–912. [Google Scholar] [CrossRef]

	



Genchi, D.; Balasa, I.G.; Cesca, T.; Mattei, G. Tunable Third-Order Nonlinear Optical Response in ϵ-Near-Zero Multilayer Metamaterials. Phys. Rev. Appl. 2021, 16. [Google Scholar] [CrossRef]

	



Kim, J.; Drachev, V.P.; Jacob, Z.; Naik, G.V.; Boltasseva, A.; Narimanov, E.E.; Shalaev, V.M. Improving the radiative decay rate for dye molecules with hyperbolic metamaterials. Opt. Express 2012, 20, 8100. [Google Scholar] [CrossRef]

	



Adl, H.P.; Gorji, S.; Habil, M.K.; Suárez, I.; Chirvony, V.S.; Gualdrón-Reyes, A.F.; Mora-Seró, I.; Valencia, L.M.; Mata, M.D.L.; Hernández-Saz, J.; et al. Purcell Enhancement and Wavelength Shift of Emitted Light by CsPbI3Perovskite Nanocrystals Coupled to Hyperbolic Metamaterials. ACS Photonics 2020, 7, 3152–3160. [Google Scholar] [CrossRef]

	



Lin, H.I.; Shen, K.C.; Liao, Y.M.; Li, Y.H.; Perumal, P.; Haider, G.; Cheng, B.H.; Liao, W.C.; Lin, S.Y.; Lin, W.J.; et al. Integration of Nanoscale Light Emitters and Hyperbolic Metamaterials: An Efficient Platform for the Enhancement of Random Laser Action. ACS Photonics 2018, 5, 718–727. [Google Scholar] [CrossRef]

	



Galfsky, T.; Krishnamoorthy, H.N.S.; Newman, W.; Narimanov, E.E.; Jacob, Z.; Menon, V.M. Active hyperbolic metamaterials: Enhanced spontaneous emission and light extraction. Optica 2015, 2, 62. [Google Scholar] [CrossRef]

	



Carnall, W.T.; Fields, P.R.; Rajnak, K. Spectral Intensities of the Trivalent Lanthanides and Actinides in Solution. II. Pm3+, Sm3+, Eu3+, Gd3+, Tb3+, Dy3+, and Ho3+. J. Chem. Phys. 1968, 49, 4412–4423. [Google Scholar] [CrossRef]

	



Baranov, D.G.; Savelev, R.S.; Li, S.V.; Krasnok, A.E.; Alù, A. Modifying magnetic dipole spontaneous emission with nanophotonic structures. Laser Photonics Rev. 2017, 11, 1600268. [Google Scholar] [CrossRef]

	



Chance, R.R.; Prock, A.; Silbey, R. Molecular Fluorescence and Energy Transfer Near Interfaces. In Advance in Chemical Physics, Volume XXXVII; John Wiley & Sons: Hoboken, NJ, USA, 1978; Volume X, pp. 1–65. [Google Scholar] [CrossRef]

	



Ni, X.; Naik, G.V.; Kildishev, A.V.; Barnakov, Y.; Boltasseva, A.; Shalaev, V.M. Effect of metallic and hyperbolic metamaterial surfaces on electric and magnetic dipole emission transitions. Appl. Phys. Lasers Opt. 2011, 103, 553–558. [Google Scholar] [CrossRef]

	



Kalinic, B.; Cesca, T.; Scian, C.; Michieli, N.; Balasa, I.G.; Trave, E.; Mattei, G. Emission Efficiency Enhancement of Er3+ Ions in Silica by Near-Field Coupling With Plasmonic and Pre-Plasmonic Nanostructures. Phys. Status Solidi (A) Appl. Mater. Sci. 2018, 215, 1700437. [Google Scholar] [CrossRef]

	



Cesca, T.; Kalinic, B.; Michieli, N.; Maurizio, C.; Scian, C.; Devaraju, G.; Battaglin, G.; Mazzoldi, P.; Mattei, G. Energy-transfer from ultra-small Au nanoclusters to Er3+ ions: A short-range mechanism. Phys. Chem. Chem. Phys. 2014, 16, 15158. [Google Scholar] [CrossRef]

	



Cesca, T.; Maurizio, C.; Kalinic, B.; Perotto, G.; Mazzoldi, P.; Trave, E.; Battaglin, G.; Mattei, G. Implantation damage effects on the Er3+ luminescence in silica. Opt. Express 2012, 20, 16639. [Google Scholar] [CrossRef]

	



Drexhage, K.H. Influence of a dielectric interface on fluorescence decay time. J. Lumin. 1970, 1–2, 693–701. [Google Scholar] [CrossRef]

	



Noginova, N.; Zhu, G.; Mavy, M.; Noginov, M.A. Magnetic dipole based systems for probing optical magnetism. J. Appl. Phys. 2008, 103, 7–10. [Google Scholar] [CrossRef]

	



Karaveli, S.; Zia, R. Spectral Tuning by Selective Enhancement of Electric and Magnetic Dipole Emission. Phys. Rev. Lett. 2011, 106, 193004. [Google Scholar] [CrossRef]

	



Hussain, R.; Kruk, S.S.; Bonner, C.E.; Noginov, M.A.; Staude, I.; Kivshar, Y.S.; Noginova, N.; Neshev, D.N. Enhancing Eu3+ magnetic dipole emission by resonant plasmonic nanostructures. Opt. Lett. 2015, 40, 1659. [Google Scholar] [CrossRef] [PubMed]

	



Noginova, N.; Hussain, R.; Noginov, M.A.; Vella, J.; Urbas, A. Modification of electric and magnetic dipole emission in anisotropic plasmonic systems. Opt. Express 2013, 21, 23087. [Google Scholar] [CrossRef] [PubMed]

	



Vaskin, A.; Mashhadi, S.; Steinert, M.; Chong, K.E.; Keene, D.; Nanz, S.; Abass, A.; Rusak, E.; Choi, D.Y.; Fernandez-Corbaton, I.; et al. Manipulation of Magnetic Dipole Emission from Eu3+ with Mie-Resonant Dielectric Metasurfaces. Nano Lett. 2019, 19, 1015–1022. [Google Scholar] [CrossRef]

	



López-Morales, G.I.; Li, M.; Yadav, R.K.; Kalluru, H.R.; Basu, J.K.; Meriles, C.A.; Menon, V.M. Spontaneous emission dynamics of Eu3+ ions coupled to hyperbolic metamaterials. Appl. Phys. Lett. 2021, 118, 011106. [Google Scholar] [CrossRef]

	



Sturmberg, B.C.; Dossou, K.B.; Lawrence, F.J.; Poulton, C.G.; McPhedran, R.C.; de Sterke, C.M.; Botten, L.C. EMUstack: An open source route to insightful electromagnetic computation via the Bloch mode scattering matrix method. Comput. Phys. Commun. 2016, 202, 276–286. [Google Scholar] [CrossRef]

	



Wood, B.; Pendry, J.B.; Tsai, D.P. Directed subwavelength imaging using a layered metal-dielectric system. Phys. Rev. B 2006, 74. [Google Scholar] [CrossRef]

	



Johnson, P.B.; Christy, R.W. Optical Constant of the Nobel Metals. Phys. Rev. B 1972, 6, 4370–4379. [Google Scholar] [CrossRef]

	



Boidin, R.; Halenkovič, T.; Nazabal, V.; Beneš, L.; Němec, P. Pulsed laser deposited alumina thin films. Ceram. Int. 2016, 42, 1177–1182. [Google Scholar] [CrossRef]

	



Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: Cambridge, MA, USA; Elsevier: Amsterdam, The Netherlands, 1998; Volume 3. [Google Scholar] [CrossRef]

	



Cesca, T.; Kalinic, B.; Maurizio, C.; Scian, C.; Battaglin, G.; Mazzoldi, P.; Mattei, G. Interatomic Coupling of Au Molecular Clusters and Er3+ Ions in Silica. ACS Photonics 2015, 2, 96–104. [Google Scholar] [CrossRef]

	



Kalinic, B.; Cesca, T.; Michieli, N.; Scian, C.; Battaglin, G.; Mazzoldi, P.; Mattei, G. Controlling the emission rate of Er3+ ions by dielectric coupling with thin films. J. Phys. Chem. C 2015, 119, 6728–6736. [Google Scholar] [CrossRef]








[image: Materials 15 04923 g001 550] 





Figure 1. (a) In-plane (  ϵ ‖  , solid) and out-of-plane (  ϵ ⊥  , dotted) components of the effective permittivity (real part in the upper panel, imaginary part in the lower panel) of the produced hyperbolic metamaterials. (b) Sketch of the hyperbolic multilayer with   S i  O 2    spacer (of thickness d) and   E  u  3 +    -doped PMMA film on top. (c) SEM image of HM33 with no spacer. 
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Figure 2. (a) Photoluminescence spectra of   E  u  3 +     embedded in a PMMA thin film deposited on the hyperbolic multilayers and the reference Si substrate, all having a 10 nm spacer on top. The vertical dashed lines indicate the ENZ wavelength of each metamaterial and the arrows indicate the spectral region of their hyperbolic regime. Inset: energy-level diagram of the   Eu   ( TTA )  3    radiative decay channels between the excited state     5   D 0    and the     7   F J    levels. (b) Magnification of the less intense radiative transitions. (c) Angular distribution of far-field irradiance (in W/m   2  ) at  λ  = 615 nm simulated by COMSOL for an emitting electric dipole in close proximity of HM33 (green) and HM16 (red) with a silica spacer (10 nm) on top. The gray area indicates the collection angle of our experiment. 
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Figure 3. Experimental branching ratio of (a) the     5   D 0  →   7   F 1    transition at  λ  = 592 nm (MD) and (b) the     5   D 0  →   7   F 2    transition at  λ  = 615 nm (ED) calculated as a function of the spacer thickness. The horizontal blue dashed lines represent the BR calculated for each transition with Eu:PMMA deposited on a   S i  O 2    slide. 
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Figure 4. (a) Photoluminescence decay curves and lifetimes measured for the     5   D 0  →   7   F 2    transition ( λ  = 615 nm) of   E  u  3 +     coupled to the fabricated samples (HM33, HM16, Au thin film, Si substrate,   S i  O 2    slide). HM33, HM16, Au and Si have a 10 nm   S i  O 2    spacer on top. (b) Photoluminescence lifetime of   E  u  3 +     coupled to the hyperbolic multilayers as a function of the   S i  O 2    spacer thickness. The results are reported for the     5   D 0  →   7   F 2    transition ( λ  = 615 nm, and they are compared to those obtained for the reference samples (Si and Au). The horizontal blue dashed line indicates the lifetime measured for a reference sample made up of Eu:PMMA on a   S i  O 2    slide. 
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