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Abstract:



We study excitations and quantum optical properties of hybrid networks made up of metal nanoparticles, semiconductor quantum dots and molecules. Such processes can be used for the localization and the guiding of the electromagnetic field. Localized modes occurring in these networks and the generation of confined fields are also connected to the enhancement of Raman-scattering occurring in these systems. We review some recent theoretical and computational studies of optical properties in hybrid nano-systems to gain control of light–matter interactions at the quantum level for efficient energy transport and sensing applications.
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1. Introduction


The electromagnetic field in vacuum and in homogeneous media can be expressed as the sum of plane monochromatic waves characterized by frequency and wavelength connected by velocity of light. Therefore, in these simple cases, a plane monochromatic wave is the elementary entity of the electromagnetic field. The corpuscular property of this wave is revealed by the existence of a quantum of energy proportional to the wave frequency. The proportionality factor is given by the Planck constant. Interestingly, this quantum of electromagnetic field (the photon) has characteristics of a particle, such as energy and momentum. In fact, several phenomena such as Compton and Raman scattering cannot be fully explained if this corpuscular aspect is neglected. The electromagnetic field in nano-structured systems made up of molecules, semiconductor quantum dots (SQDs) and metal nanoparticles (MNPs) is different from the field in vacuum or in homogeneous media, and resonant couplings with electronic levels and charge density oscillations lead to electromagnetic field confinement that can be used in optoelectronic applications. Light-matter interactions in metallic nanosystems are assisted by synchronized oscillation of electron charge called plasmons [1]. The new field of quantum plasmonics has opened up new frontiers for fundamental physics and realization of nanoscale quantum devices [2,3] by overcoming material limits for nano-photonic systems and nanolasers [4,5]. MNPs are also of great interest because their applications in chemical and biological sensors [6], cancer treatment [7], surface enhanced Raman spectroscopy (SERS) [8,9,10] and light harvesting [11]. The present paper reviews recent theoretical methods to describe and to quantize the electromagnetic field in these hybrid nano-structured systems. It also discusses SERS mechanisms and strong electromagnetic field confinement enabling single molecule spectroscopy [9].




2. Design of Artificial Solids with Special Optical Properties


Green plants transfer electromagnetic energy from chromophore to chromophore until it reaches the so-called reaction center where photosynthesis takes place [12]. This energy travels in the form of an exciton (electron-hole pair), a quantum state, which exhibits particle-wave duality; the aspect which predominates in a given system depends on how the exciton interacts with its surroundings and can be simulated using a positronium in a metal-organic framework [13]. For instance, an exciton placed in a periodic lattice behaves like an extended wave, while in the presence of disorder, the exciton can localize as a classical particle. Excitons can experience competing effects in plants: disorder and some interactions tend to localize individual excitons at chromophores while the energy resonant transfer tends to delocalize the excitons. These processes, including the cavity-enhanced transport of excitons [14], may play a crucial role in the new field of artificial photosynthesis [15], which has mobilized both scientists and engineers. Moreover, the coupling of organic semiconductors with plasmons can yield coherent states with higher conductivity and mobility [16,17,18,19]. Similar couplings [20] leads also to tunable work-functions in organic devices like light-emitting devices, solar cells and transistors [21,22]. Building blocks for artificial solids are presently available because of advances in nano-material synthesis, characterization, and understanding of their size-dependent properties. Nano-crystals (NCs) such as SQDs stand out as building blocks for the fundamental study of artificial solids and their technological development [23]. A very promising application are photovoltaic devices based on light harvesting layers composed of SQDs [24]. The adjustable parameters of artificial solids are: (1) the electronic structure of NCs as artificial atom by tailoring the quantum confinement of the electron wave function; (2) the inter-NC coupling for exciton dynamics; (3) the self-assembly of NCs into ordered superstructures as artificial crystals; and (4) the synthesis of hybrid systems [23]. Interestingly, in small NCs, surfaces and interfaces play a crucial role in energy transport. Moreover, artificial solids can facilitate the formation of an exciton Bose Einstein Condensate (BEC) with a spatial coherence build-up [25] and lasing properties [26]. Such systems can be also used to simulate efficient mechanisms for energy transfer in light harvesting systems [27].



In solar energy harvesting, one seeks to develop an absorbing layer to funnel the energy flow by a combination of electronic, optical and excitonic means [17,18]. This goal of efficient energy transfer could be achieved for example by designing a hybrid layer composed of SQDs and the photochromic protein bacteriorhodopsin (bR) as shown in Figure 1 [11,28]. Near-field resonance of electric dipoles drives this transfer in the SQD/bR layer, and this mechanism is generally known as Forster resonance energy transfer (FRET). The FRET rate and efficiency have been analyzed with respect to donor-acceptor species by King et al. [28] with comparable electronic energy gaps. In the model shown in Figure 2, the coupling elements SQD and bR are governed by point-dipole/point-dipole interaction.


Figure 1. Model of CdSe quantum dot resonantly coupled to Bacteriorhodopsin from [28].
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Figure 2. Absorption power of the metal nanoparticles (MNPs) for a SQD/MNP dimer case [R = 13 nm is the SQD-MNP distance; a = 3 nm is the MNP radius and the light intensity is 103 W/cm2]; the solid line presents a Fano shape for an SQD electric dipole μ = 0.25 e nm, and the dashed line shows excitation induced transparency and a modified Fano shape, for an SQD electric dipole μ = 2 e nm.
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The calculations use density matrix formalism linking the Perrin’s coherent FRET model to the standard incoherent hopping dynamics in electronic energy transfer derived by Forster from the Fermi’s golden rule. In order to introduce the vibronic coupling in bR, one considers the line shape of a Lorentzian resonance. The width of the Lorentzian curve characterizes the coupling with the bR vibrations and determines the lifetime of the exciton. In the present scheme, the coupling with vibrations always produces de-coherence. This model is applicable in cases when the acceptor (bR) can vibrate while the donor molecule (SQD) is rigid. In this case, the model can be solved exactly [28]. The result shown in Figure 3 can be compared to the standard Forster incoherent limit. A striking difference with the standard Forster limit is the coherent oscillation in the time evolution of the donor exciton occupation shown in the lower panel of Figure 3. This feature appears when the width of the Lorentzian line shape is small.


Figure 3. Results from the semiconductor quantum dot (SQD)/ bacteriorhodopsin (bR) model of [28]. Upper panel: Efficiency as function of distance. Lower panel: time evolution of the donor exciton occupation displaying a coherent oscillation.
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First-principles simulations can provide parameters for the exact model by King et al. [28] yielding Forster radii for the engineered SQD/bR hybrid material [12]. Interestingly, recent experimental work [11] has suggested that the SQD/bR system can provide Forster radii significantly greater than those predicted by the standard incoherent hopping (without coherent oscillation) [28]. Among the several advantages of SQDs as photo-absorbers, their ability to tune the absorption spectrum by modifying their morphology and size is most significant [24]. Nevertheless, the re-emission of the absorbed light through fluorescence by the SQDs can result in photo-current losses and less efficient photovoltaic devices. The fluorescence emission of SQDs can be reduced if the SQD absorption layer is replaced by a bR/SQD hybrid layer [12]. In this architecture, the complexes are engineered in such a way that each QD is coupled with one bR trimer thus providing both spatial and optical bR/SQD coupling. This design ensures maximal spectral overlap between donor fluorescence and acceptor absorption while maintaining minimal spatial distance between donor (SQD) and acceptor (bR). The maximal efficiency of resonance energy transfer in bR/SQD hybrid material emanates from the optical coupling between the SQD and bR, which directs re-emitted light from the SQD within its energy non-radiative transfer to bR, thereby increasing the amount of trapped incident energy available for photoelectric conversion. This coupling, based on FRET, provides an efficient energy transfer pathway between molecules separated by distances of up to 15 nm. King et al. [28] have shown that a correct treatment of quantum coherence plays a pivotal role for enlarging the Forster radius. Such quantum coherence is also important for charge separation efficiency in the Reaction Center Complexes (RCC)s of plant photosystem II [29]. Furthermore, a cis-trans isomerization induced conformational distortion in the retinal molecule helps bR to effectively lock the energy in place and thus act as an efficient trap for light energy. Thus, the bR acts as the storage device and the SQD as the antenna in bR/SQD hybrid networks.




3. Hybrid Plasmonic-SQD Platform


The resonant coupling of MNPs to the SQD in the presence of an applied driving field has been extensively studied [30]. In particular, Hayati et al. [31] have considered an efficient approach based on the quantum density-matrix formalism, which yields Fano lines shapes [32]. The absorption power of a MNP of radius a = 3 nm belonging to a SQD/MNP dimer is illustrated in Figure 2. The SQD-MNP distance is R = 13 nm and the 2.5 eV light intensity is 103 W/cm2. The solid curve presents an asymmetric Fano shape for an SQD electric dipole μ = 0.25 e nm while the dashed line shows excitation induced transparency and a modified Fano shape, for an SQD electric dipole μ = 2 e nm. Clearly, the two curves are very different from a Lorentzian shape. In the present case, the standard density matrix time dependent treatment [33] is limited to a few building blocks since it considers a set of complex nonlinear ordinary differential equations (ODEs) as explained in [31]. In order to alleviate the computational bottleneck due to the system size, Hayati et al. have used a set of linear von Neumann equations of motion in the steady state for the density matrix of each SQD placed in an effective field calculated within the discrete dipole approximation [31]. In this regime, the method becomes scalable and its numerical efficiency allows the treatment of very large hybrid networks. Plasmonics components such as gold thin films can be also used to convert light in a current of electron by charge separation [11]. More specifically, resonant photons coupled to an optical gold nano-antenna relax into “hot”, energetic electrons [34], which, when driven over the Schottky barrier formed by the nanoantenna/semiconductor interface, generate a photocurrent. In general, electrons and positive holes once formed in a dye or SQD absorbing layer must be kept several nanometers apart before the charge recombination between the electron and hole occurs. The basic idea of charge separation is to move electrons from one side of a potential barrier to the other side as quickly and as efficiently as possible, so that the positive and negative charges become spatially remote.



For example, the Auger mediated de-excitation (AMD) is an efficient quantum mechanism for charge separation by transferring the energy from the absorbing layer (donor) to a gold nano-antenna (acceptor) through a single step and it is similar to a photoelectric effect involving virtual photons. Since only virtual (i.e., non-real) photons are involved in the AMD process, the selection rules do not apply, therefore the rates are large and thus the injection times are short. Near-field electrodynamics permits energy transfer without real photon emission and a particular case of AMD is given by the Auger mediated sticking (AMS) of a positron colliding against a metallic surface [35]. As illustrated in Figure 4, the positron transitions from a scattering state to a metal surface state and the excess of energy is transferred to a valence electron emitted in the vacuum. Such non-radiative decay phenomenon is of great scientific interest in different areas of physics and chemistry [36,37,38]. For instance, new designs for solar energy conversion use non-radiative mechanisms for the energy transfer from excitons created on a photon absorption layer to high mobility charge carriers inside the solar cell. This transfer relies on the near-field resonance of electric dipoles and it is similar to the FRET coupling discussed in Section 2.


Figure 4. Schematics of the Auger mediated sticking (AMS) effect: The dotted line indicates the vacuum level. Copper is a typical example with work function of about [image: ] = 4.5 eV and a positron bound state E2 = −2.8 eV. EAMS is the kinetic energy of the emitted electron.
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4. SERS and Electromagnetic Field Localization


Spontaneous emission is a genuine quantum process, since the excited state of an atom cannot decay into the ground state without a quantized electromagnetic field [39]. This process can be explained only if the electromagnetic field is quantized. It is also important to keep in mind that spontaneous emission is not an inherent characteristic of the emitter, but it depends on the local electromagnetic environment. Interestingly, chemical reactions as spontaneous emission can also be affected by the local electromagnetic environment [40]. A useful point of view to understand the modification of spontaneous emission by MNPs can rely on the FRET language. As explained in Section 2, two emitters can exchange energy through FRET. In a particular example of modified spontaneous emission provided by Pelton [41], a MNP replaces the second emitter. As a result, the FRET coupling modifies the spontaneous emission of the SQD, which is the first emitter. This mechanism is also known as the Purcell effect. It can produce a 540-fold increase of the emission decay rate and a 1900-fold enhancement of total emission intensity for SQDs coupled to a plasmonic nanocavity [42]. Similar manipulations of the emission decay rate can be useful for wireless communication between devices using light to transmit data [43]. As in modified spontaneous emission, changes in SERS are produced by the interaction of the molecules with MNP plasmon resonances. Nevertheless, the explanation of SERS at molecules on Au or Ag metal surfaces is a more challenging [44] than the explanation of the Purcell effect. Electromagnetism is clearly the driving force behind SERS and the electronic structure of Au or Ag also plays an important role [45]. To tackle this difficult problem, a Renormalization Group (RG) approach beyond perturbation theory has been considered [46]. In this framework, the valence electrons of a molecule are embedded in an effective medium with dielectric function ε, which integrates out the effect of the plasmonic excitations of MNPs. By using a thermodynamic argument [47], one can show that the effective classical radius of the valence electrons in the molecule is renormalized as follows


r0* = exp[(ε1/ε0 – 1)/(3α)]r0



(1)




where ε0 is the vacuum dielectric constant, α = 1/137 is the fine structure constant (i.e., the effective coupling when ε = ε0) while ε1 is the real part of an effective dielectric function ε. The bare classical radius of the electron r0, has a very small size given by 2.82 × 10−15 m. The effective cross section of a valence electron scattered by a photon is proportional to the square of r0*. Therefore, there are anomalous dispersions near the plasmonic absorption edges, that allow the Raman scattering cross section to be enhanced in the domain where ε1/ε0 – 1 is positive. Interestingly, ε1/ε0 = 1.3 can explain observed enhancements of 14 orders of magnitude [9]. A typical example of such a situation is the single crystal violet molecule detection by SERS in a colloidal silver solution [48]. That means that the ratio r0*/r0 could be of the order of 107 and therefore the scale of r0* is about 100 nm. Clearly ε1/ε0 > 1 is an important condition for the resonant enhancement of the stimulated electronic Raman Scattering. In fact, when ε1/ε0 is smaller than one, the cross section weakens instead of growing. In resonant X-ray inelastic scattering [47,49,50], ε1 can be evaluated by using first-principles quantum calculations but for SERS the ab initio determination of ε1 is still lacking. Therefore, the connection with first-principles calculations has to be established to verify the present model. We turn now to the discussion of the electromagnetic field confinement in the SERS process. According to Mael Melvin [51], an electronic charge distribution described by a renormalized r0* and coupled to a classical electromagnetic field leads to an analogue of the London penetration depth for the electromagnetic field that can be expressed as


L = rs [4π/3 rs/r0*]1/2,



(2)




where the length rs represents the radius containing a valence electron. Charles Enz has derived a similar confinement length L for the electromagnetic field and he has also quantized the corresponding electromagnetic field [52]. Therefore, L can be viewed as the inverse of an effective mass of the photon in the system. Effective massive photons in a medium have also been recently discussed by Arbab [53,54]. Here, the length L can lead to a large mass and a strong confinement. If we assume that rs about 1 nm, then L becomes of the order of a tenth of nanometer. Thus, SERS can be transformed into a single molecule spectroscopic probe, that can compress the electromagnetic field at the molecular scale [9].




5. Conclusions


Optoelectronics hybrid nano-networks can be studied by combining Quantum Mechanics and Maxwell’s equations. This area of research is nowadays very active and typical examples from recent research include studies of metamaterials with unusual optical properties [55,56,57,58], bifunctional nanocomposites probed by SERS [59] and generation of entangled photons [60]. In this short review, we have focused on conceptual advances for FRET, modified spontaneous emission and SERS. Progress has been made, but the field must still converge to a more unified description since the corpuscular behavior of light needed to fully explain both the Compton and Raman effects is often neglected. To address this problem, a preliminary RG approach has been proposed. This scheme explains large Raman scattering cross sections from molecules on surfaces of metallic nanoparticles and strong confinements of the electromagnetic field. The present theoretical efforts can lead to paradigm shifts needed for optoelectronics nanoscale applications such as efficient energy transport, wave guiding and sensing [61].
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