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Abstract:  We study light emission from quantum emitter (QE) and double metallic nanoshell (DNS) hybrid systems. The quantum emitters act like local sources which transmit their light efficiently due to the DNS nanoparticle near field. The DNS is made of a dielectric core and two outer nanoshells. The first nanoshell is made of metal and second one is made of a dielectric material or human serum albumin. We have calculated the florescence emission in a QE-DNS hybrid when it is injected in animal or human body. Surface plasmon polariton (SPP) resonances in the DNS are calculated using Maxwell’s equations in the quasi-static approximation and FL is evaluated using the density matrix method in the presence of the dipole-dipole interaction. We have compared our theory with hybrid system where QEs are taken as the Indocyanine Green and IR800 fluorescent molecule. The outer shells of DNS are taken as silica and human serum albumin whose thickness can be changes. Our theory is able to explain the enhancement of florescence spectra of IR800-DNS and ICG-DNS hybrids. It is found as the thickness of the spacer layer is increased the enhancement in the florescence is decreased. The enhancement in the florescence depends on the type of the QE, spacer layer and also on the DNS. We have also found the peak of the FL can be shifted by changing the shape and size of the MNS. The florescence spectra can be switched from one peak to two peaks by removing the degeneracy of the QE. Hence using these properties one can use these hybrids as sensing and switching devices for the applications of medicine. 


I: Introduction

Noble-metal nanoparticles are known to significantly enhance the emission rates of QEs by decreasing their radiative lifetime and increasing their quantum yield [1-7]. Enhancing the emission of molecular fluorophores is a highly useful strategy for improving detection sensitivity and selectivity in many emerging applications such as DNA screening [5] and single molecule detection [6] in addition to image enhancement [7].  Consequently, designing and developing metallic nanoparticle–QE hybrids to enhance molecular fluorescence is of broad interest and general importance. There is considerable interest to study the biocompatible fluorescent molecules and metallic double nanoshell for biomedical imaging and for the detection of disease markers in the near-infrared wavelength region [8]. It is because of the penetration depth of near-infrared light is large in most biological media. It is found that these hybrids have large absorption coefficients and high quantum yields in the far-infrared region [9, 10]. Therefore, these hybrids can be used potentially for imaging deeply into the organs and soft tissues of living systems. They can also be used as agents for contrast enhancement and for physiological environments [11].  

Recently Bardhan et al. [9] have fabricated QE-DNS hybrid system to study the near-infrared fluorescence (FL). They used QE as Indocyanine Green (ICG) which is a fluorescent molecule. Currently it is the only FDA-approved and commercially available near-infrared-emitting dye. It is also used extensively as a fluorescent marker in clinical imaging applications [12] such as the diagnosis of cardiac and hepatic function [13], measurement of plasma volume and optical tomography [14]. However, ICG is a relatively weak fluorophore with a quantum yield of only 1.3% [15] and its toxicity limits the maximum concentration appropriate for clinical use. The single metallic nanoshell is made from Au and SiO2 where the later is the core and former is the shell.  The double nanoshell is fabricated by depositing a silica-shell spacer layer around the single nanoshell. After that ICG molecules are deposited onto the silica spacer layer. They have found the fluorescence enhancement of ICG molecules as a function of distance from the surface of Au-DNS. The distance between ICG molecules and the Au-NS surface is controlled by varying the thickness of silica shell spacer layer. Enhancing the absorption and FL emission of QEs will lead to significant improvements in the detection limits of near infra-red fluorescence based imaging. For example, one can use these hybrids for the detection of significantly smaller tumor volumes than is currently possible. 

Bardhan et al. [10] have also investigated the FL in IR800 molecules when they are placed in close proximity of Au-NSs surfaces which are coated with a 5-11 nm layer of human serum albumin (HSA). Here IR800 molecules are acting as QEs and the Au-NS coated with HSA considered as the DNS. HSA is a large multidomain protein relevant to many physiological functions and has been conjugated to Au nanoparticles extensively for cell-targeting applications [16, 17].  It binds to Au by electrostatic attraction between the amine groups of HSA and the negative charge on the gold surface. HSA acts as both a spacer layer as well as a linker for IR800 molecules. They have measured the fluorescence enhancement of the near-infrared fluorophore IR800. They found that the quantum yield of IR800 is enhanced as the thickness of HAS layer is decreased.  

In this paper we study light emission from QE-DNS systems where QEs act like local sources and transmit their light efficiently in the presence of the DNS. Metallic nanoshell shell in the DNS exhibit unique and remarkably useful optical properties due to excitation of their surface plasmon polaritons (SSPs). The SPP excitations emit significantly enhanced local fields near the surface of metallic shell. This filed interacts with excitons of QEs and give rise to fundamentally interesting physical phenomena for sensing and switching of light emission. We have calculated the SPPs for SiO2-Au-SiO2 and HAS-Au-SiO2 double nanoshells using Maxwell’s equations in the quasi-static approximation. We have found two SPP resonance energies due to two interfaces present in these structures. It is found that locations of SPP resonances in DNS can be manipulated by changing the size and shape of the metallic shell. We have also calculated the FL emission in a QE in the presence of DNS using the density matrix method. The interaction between excitons in the QE and SPPs in the DNS has included in the FL evaluation. When this hybrid is injected in animal or human body it is surrounded by biological cells such as cancer cells. The effect of biological cells has also been in included in the FL and SPPs evaluations.

Finally, we have compared our theory with the FL of IGL-Au-DNS hybrid [9]. Here the DNS is made from silica core, Au-nanoshell and coating the Au-nanoshell with varying thicknesses of silica. Then IGL molecules which act as QEs are depositing on the surface of the Au-DNS. We have also compared our theory with the second hybrid namely IR800-Au-DNS [10]. In this case the DNS is fabricated from silica core and Au-nanoshell and then Au-nanoshell is coated with HSA. The IR800 molecules are deposited on Au-DNS where the HSA layer serves as a spacer layer for IR800 molecules. In our calculations we have considered that IR800 and IGL molecules have two excitons which are interacting with two SPPs of the DNS. A good agreement between theory and above two experiment is found when the distance between the QE and DNS is varied. We have also calculated the FL for a QE when two excitons are in degenerate state. We found that the FL spectrum splits from one peaks to peaks in the presence of exciton-SPP coupling. These interesting findings may be useful in the fabrication of nanosensors and nanoswitches for applications in medicine.  

II: Polarizability and surface plasmon polaritons of double metallic nanoshell

In this section we calculate the polarizability and SPP resonance frequencies. Here we consider a nanoshell made from a core dielectric nanoparticle and an outer metallic shell. The nanoshell has parabolic shape. It is coated by another spacer layer or human serum albumin (HSA). We denote the core, metallic shell and spacer layer as 1, 2 and 3, respectively. Dielectric constants for core, metallic shell and the spacer layer are denoted as ,  and , respectively. We call this structure as the double nanoshell (DNS) structure since it made of two nanoshells. QEs are deposited on the outer surface of the DNS to fabricate a hybrid system. The hybrid is injected into a human or animal cell. This means that the hybrid is surrounded by bio-cell with a dielectric . We consider that volume of the core is V1, metallic shell and core is V2 and DNS is V3. A schematic diagram of the DNS is depicted in figure 1. 

At the interface between the metallic shell and core the surface plasmon polaritons (SPPs) are present. Similarity, the SPP are also found at the interface between the dielectric shell and metallic shell. SPP resonance frequencies are calculated from the polarizability of the DNS. Hence we calculate the polarizability of the DNS as follows. A probe laser light with frequency ω, wavelength λ and electric field  is applied to the DNS. The typical size of the MNS is less than hundred nanometers. The wavelength of light in the visible region is of the order of several hundred nanometres. It means the size of the MNS is much smaller than the wavelength of light. Hence we can consider that the amplitude of electric field is constant over the DNS. This is known as the quasi-static approximation [18-20]. Solving the Maxwell equation in this approximation and using the transfer matrix method, the polarizability of the αNS of the parabolic DNS is found as


	         	   	         (1)
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Fig. 1: (a) A schematic diagram of the double nanoshell is shown here. The dielectric constant of the inner core material, middle metallic shell and the spacer layer are denoted as ϵ1, ϵ2 and ϵ3 respectively. The DNS is doped in a bio-cell with dielectric constant ϵb. QEs are deposited on the surface of the DNS. The distance between the DNS and QE is denoted as . (b) The energy levels of the DNS and WE are plotted. The QE has two excitonic states ωab and ωac and DNS has also two localised SPP states  and .


Where ϵ0 is vacuum permittivity and ςNS is called polarizability factor and found as


                         (2)

Parameters appearing in eqn. (2) are calculated as


                            (3a)

                            (3b)

                        (4a)

                         (4b)

In the above expression r32 = R2 / R3 and r21 = R1 / R2. Parameter ξi is called the depolarization factor and depends on shape of the DNS. Its expression is obtained as [19]


	                   (5)

Where Lix, Liy and Liz with i =1, 2, 3 are the length, width and thickness of the ith materials, respectively. Note that it is a dimensionless quantity.

We can also calculate the polarizability for the spherical shape DNS from eqns. (1-4). We consider that radii of the core, metallic shell and DNS are denoted as ,  and  respectively. The expression of the polarizability is found as


	         	   	         (6)

Where ςNS is calculated as 

                                (7)

                     (8)

The above expression depends on the radii of the DNS. Hence the polarizability depends on the radii and the dielectric constants of the constituents of the DNS. 

We use the Drude model for the dielectric function of the metallic shell and it is written as


					 

Where  is the plasmon frequency of the metal and ϵ͚ is its relative permittivity at very large energies . Here  is called the decay rate and represents the thermal energy loss in the metallic shell. 

The singularity in the polarizability gives the locations of SPP frequencies and can be found by putting the denominator of the polarizability factor equal to zero. The DNS structure is capable of having two surface plasmon polaritons propagating within the two interfaces. Let us denote the SPP frequency (wavelength) at the interface between metallic shell and the core as  () and between the metallic shell and the spacer layer  (). Note that polarizability depends on r32, r21 and the depolarization factor ξi. This means by adjusting the shape of the parabolic DNS, the SPP resonance wavelengths can be made larger than the size of the DNS. These resonances can vary from UV to IR wavelengths.

III: Fluorescence and exciton-SSP interaction

In this section we calculate the FL for the QE using the density matrix method in the presence of exciton-SPP interaction. The QE has excitons (electron-hole pairs) and the DNS contains SPPs and they interact with each other via dipole-dipole interaction (DDI). We consider that QE has three-levels denoted as ,  and  and has two excitons with frequencies (wavelengths) ωab () and ωac () due to transitions  and  respectively. A schematic diagram of the QE is shown in Fig. 1. 


We apply a probe field to monitor the FL emission due to the transitions  and . Due to the probe field an induced polarization is created in the DNS as  which in turn produces a SPP dipole electric field at a distance  from the centre of the DNS and is found as [20, 21]


		           (10)


The constant  is called the polarization parameter and it has the values gl = -1 and gl = 2 for  and  respectively. Note that the SPP electric field depends on the polarizability factor . The polarizability factor has largest values at  and  and they are denoted as  and  respectively. For other  values the polarizability factor is negligible and can be neglected since its effect in the calculation of the FL will be negligible. Therefore, the SPP electric field given in eqn. (10) can expressed as = + where  and  corresponds to  and , respectively. Note that the SPP electric field depends on the distance r.

Let us first calculate the interaction Hamiltonian between the QE and nanoshell. The probe and SSP electric fields are falling on the QE. Hence the total field can be expressed as


					

The probe and SPP fields induce dipoles in the QE due to exciton transitions  and . Hence this induced dipole interacts with the applied electric fields and this interaction is called the exciton-SPP interaction. The Hamiltonian for this interaction is expressed in the dipole and rotating wave approximation as


            




where  stands for the Hermitian conjugate and  with ,  is the exciton creation operator. Here  is called the Rabi frequency which is associated with the transition . The first term in Eq. (12) is the Hamiltonian of the QE. The second tem is the interaction between the exciton and the external probe field Ep. The third term is due to the interaction of the excitons with the SPPs. This is also called the DDI between the QE induced dipole and DNS induced dipole. We consider that SPP frequency  lies close to exciton frequency ωac. Similarly, the SPP frequency  lies close to exciton frequency ωab.

We consider that excitons in the QE decay from excited states  and  to the ground state and lose energy due the spontaneous emission. This is called as the radiative decay rate. It is also considered that excitons also decay due the exciton-SPP interaction and lose energy to the DNS. This is known as the nonradiative decay rate. The decay interaction Hamiltonian can be written in the second quantized notation using the rotating wave approximation as


             (13)



where  and  are coupling constants for the radiative and nonradiative interactions, respectively. They are found as


                       (14)

                     (15)

where  is induced dipole moment due to the transition , operator ak is the photon annihilation operator for energy, operator  is the SPP annihilation operator for energy   and VQE is the volume of the QE. 
 
Using the master equation for the density matrix [20-24] and Eqs. (12, 13) for the Hamiltonian of the system and we obtained the following equations of motion for density matrix elements as


              (16a)

               (16b)


          (16c)           (16d)


              (16e)

Where parameters appearing in eqn. (16) are found as


                         (17)







Here  and  are called the probe field detunings. Physical quantities   and  are the decay rates of the levels  and, respectively and are found as


                        (18)



Here  and  are radiative and nonradiative decay rates respectively and found as


                    (19)                            

Note that the radiative decay rate depends on the SSP frequency and distance of the QE from the surface of the DNS. 

Finally, we calculate the expression of the FL emitted from the QE. It has been calculated in reference [21]. Following the method of this reference we calculate the FL as 


                 





where  is called the FL efficiency factor. Here  is the power emitted by the QE. To calculate the FL we need to evaluate  and  form eqn. (16) using numerical methods.
















However, we can obtain the analytical expression of  and  in the steady state. We consider that the ground state population of the excitons () larger than the population of excite states (). This gives the condition  and .  Density matrix elements ,  and  satisfy the condition . For simplicity we also consider that . This gives us  and . Solving the density matrix from Eq. (16) in the steady state for  and  and putting them in eqn. (20) we get


           (21)               

where


        


Now we calculate the FL when the two excitons have the degenerate states. This means they have . In this case the FL expression reduces to 



               



Where  is called the probe detuning and is defined as . 
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Fig. 2: (a)Plot of the FL (A.U.) as a function of wavelength (nm) for the IR800-Au-DNS. Here A.U. stands for the arbitrary unit. The core of the Au-nanoshell is made of the silica (SiO2) with radius 63 nm and he Au shell with radius is 76 nm. Au-nanoshell is coated with human serum albumin (HSA) with thickness 8 nm. The solid diamonds denote the experimental data. The solid curve is theoretical results for when the exciton wavelength and SSP wavelength are not in resonance (λsp  λab). Similarly, the dotted curve is plotted when the exciton wavelength and SSP wavelength are in resonance (λsp =λab). Other parameters are taken as  eV and , γm = 0.3 eV. The dielectric constant for the silica and HAS are taken as ϵ1 = 1.3 and ϵ3 = 1.35, respectively. (b) Plot of the FL (A.U.) as a function of wavelength (nm) and thickness of the HSA layer.



Note that the FL depends on  which is inversely proportional to r3. This means the FL depends on the DDI between the QE and DNS. For smaller distances the DDI term has large values. It also depends on the polarizability factor  which has large values at the SPP resonance energies. 

IV: Results and Discussions

Recently QE-DNS hybrids have been fabricated by several groups [9, 10] for medical purposes. First we compare our theory with the work of Bardhan et al. [9] Authors have fabricated the IR800 fluorophore (QE) and Au-DNS (IR800-DNS) hybrid system. The core of the Au-nanoshell is made of the silica (SiO2) with radius 63 nm. It is coated with Au shell and its radius is 76 nm. Finally, Au-nanoshell is coated with human serum albumin (HSA) which serves as a spacer layer to construct the DNS. After that the hybrid system was fabricated by absorbing the IR800 fluorophore molecules onto the DNS electrostatically to get IR800-DNS hybrid. They have studied the fluorescence enhancement of IR800 fluorophore as a function of distance from the surface of DNS. They found FL enhancement near-infrared region in IR800-fluorophore in the presence of the DNS by varying the thickness of the HAS spacer layer. Their measurements reveal that the quantum yield of IR800 is enhanced from 7% as an isolated fluorophore to 86% in the IR800 in the IR800-DNS hybrid. This dramatic fluorescence enhancement can be used for contrast enhancement in fluorescence-based bioimaging.
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Fig. 3: Plot of the FL (A.U.) as a function of wavelength (nm). Here A.U. stands for the arbitrary unit. The open circles and solid diamonds denote the experimental data when thickness of the silica is 7nm and 13nm, respectively. The solid and dotted curves are theoretical results for when thickness of the silica is 7nm and 13nm, respectively. The radius of the core and metallic shell are taken as 60 nm and 72 nm, respectively. Other parameters are taken as eV and , γm = 0.7 eV. The dielectric constant for the silica is taken as ϵ1 = ϵ3 = 1.3.

Now we compare our theory with above experimental data. We consider that the IR800 fluorophore molecules acts as QE and have two excitonic states with wavelength λab and λac and both states are degenerate (λab = λac). The SPP wavelength of the Au-DNS is calculated as λsp = 805 nm to agree with the experimental value. The FL theoretical and experimental data are plotted as function of the wavelength (nm) in fig. 2. The solid diamonds denote the experimental data when thickness of the HSA is 8 nm. The solid curve is plotted when the exciton wavelength and SSP wavelength are not in resonance (λsp ≠ λab). The dotted curve is theoretical results when the exciton wavelength and SSP wavelength are in resonance with the exciton wavelength (λsp = λab). There is dramatic enhancement in the FL when the exciton wavelength and the SPP wavelength in resonance. Note that a good agreement between theory and experiment is also found. We have also plotted a three-dimensional figure ad function of HAS layer and the wavelength. One can see that as the thickness of the HAS layer is decreased the FL enhancement is increased. This is also consistent with experimental results.  

Further we investigate experimental work of Bardhan et al. [1] where authors have fabricated the ICG-DNS hybrid. Here ICG molecules act as a QE. The core of the DNS is made of the silica (SiO2) with radius 60nm. The core is coated with Au shell and its radius is 72nm. Then Au-shell is coated with varying thicknesses of silica to complete the DNS. After that the hybrid system was fabricated by absorbing the ICG molecules onto the DNS surface electrostatically to complete the ICG-DNS hybrid. The outer silica shell acts as the spacer layer which can be manipulated to change the distance between the ICG and Au-shell in the DNS. They have investigated the FL enhancement of ICG molecules as a function of distance from the surface of Au nanoshell. The distance between ICG molecules and the Au-nanoshell surface is controlled by varying the thickness of outer silica shell. A fluorescence enhancement is observed when ICG molecules are spaced closer to the Au nanoshell surface. The enhancement decreases with increasing distance of the molecule from the nanoshell surface.

In fig. 3 we compare our theory with the experimental data of ICG-DNS hybrid [2]. We consider that ICG molecules act as QE and have two degenerate excitonic states with wavelength λab. The SPP 
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Fig. 4: (a) Plot of the FL (A.U.) as a function of wavelength (nm). The solid and dotted curves are theoretical results for when r = 86 nm and 112 nm, respectively. (b) Three dimensional plot of the FL (A.U.) as a function of wavelength (nm) and distance between the QE and the DNS (r). The radius of the core and metallic shell are taken as 60 nm and 72 nm, respectively. Other parameters are taken as eV and , γm = 0.7 eV. The dielectric constant for the silica is taken as ϵ1 = ϵ3 = 1.3. 

wavelength of the Au-DNS is calculated as λsp = 810nm. The theoretical and experimental date are plotted in fig. 3a. The open circles and solid diamonds denote the experimental data when thickness of the silica spacer layer is 7nm and 13nm, respectively. The solid and dotted curves are theoretical results. In plotting theoretical curves, we have considered that the exciton wavelength and SSP wavelength are in resonance with each other (λsp = λab). Note that a good agreement between theory and experiment is found when the exciton and SSP wavelength are in resonance. If this condition not satisfied, then our theory does not agree with experiments. We have also plotted three dimensional figure of the FL by varying the spacer thickness. Note that as the distance between ICG and DNS increases the enhancement decreases. This finding is consistent with experimental data of reference [10]. 

We also study the FL for the IR800-DNS hybrid when QE is in the nondegenerate state.  This means the excitons frequencies are different (). In plotting theoretical curves, we have considered that the exciton wavelength λac and SSP wavelength () are in resonance with each other. Similarly, the second exciton wavelength λab and the second SSP wavelength () are also in resonance. The results are plotted in Fig. 4a and 4b. In fig 4a the FL is plotted as a function of wavelength. The solid and dotted curves when the distance between IR800 and DNS are r = 86 nm and 112 nm, respectively. Fig 4b contains the three dimensional plot of the FL as a function of wavelength and distance between the QE and the DNS. It is found that FL spectrum has two peaks. The peak related to λab is weaker than that of λac. This is because the exciton-DDI coupling is weaker for λab peak compared to that of λac peak. Note that enhancement of the FL intensity increases as the distance between the QE and DNS decreases which is consistent the finding of the references [9, 10]. Similar results are also found for IR800-DNS hybrid. Note that the FL enhancement in the second peak is huge compared to the first peak. 

In summary, our theory is able to explain the enhancement of FL spectra of IR800-DNS and ICG-DNS hybrids. It is found as the thickness of the spacer layer is increased the enhancement in the FL is decreased. The enhancement in the FL depends on the type of the QE, spacer layer and also on the DNS. We have also found the peak of the FL can be shifted by changing the shape and size of the MNS. The FL spectra can be switched from one peak to two peaks by removing the degeneracy of the QE. Hence using these properties one can used these hybrids as sensing and switching devices for the applications of medicine. 

V: Conclusions

The light emission from QE-DNS hybrids is studied. The DNS is made of a dielectric core coated with a thin layer of metal and then further coated by second layer of a dielectric material. After that QEs are deposited on the outer surface of the DNS to fabricate the QE-DNS hybrid. When this hybrid is injected in animal or human body it is surrounded by biological cells such as cancer cells. Surface plasmon polariton (SPP) resonances in the DNS are calculated using Maxwell’s equations in the quasi-static approximation and the FL is evaluated using the density matrix method in the presence of dipole-dipole interaction. It is found that locations of SPP resonances in DNS can be manipulated by changing the size and shape of the metallic shell, the core and outer shell. We have compared our theory of the FL with the IGL-DNS hybrid where the DNS is made from the silica core, Au shell and the silica outer shell. We have also compared our theory with the second hybrid namely IR800-DNS. Here the DNS is made from the silica core, Au shell and HSA spacer layer. A good agreement between theory and experiment is found when the exciton energy in QE and the SSP energy in DNS are in resonance. We have also calculated the FL for the nondegenerate QE and found that the FL spectrum splits from one peaks to peaks. These interesting findings may be useful in the fabrication of nanosensors and nanoswitches for applications in medicine.  
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