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ABSTRACT   

We show the possibility of polarization-selective amplification of a defect mode in an active photonic crystal through the 
excitation of surface plasmon resonance in a 2D periodic array of spheroidal metallic nanoparticles embedded in the 
structure. The array acts as a polarizer whose spectral characteristics depend on the shape of the nanoparticles and the 
periodicity of the array. The modal selectivity of the amplification is due to the strong dependence of the surface 
plasmon assisted light scattering by the nanoparticles on the relative orientations of their anisotropy axis and the 
polarization direction of the incoming light wave. We show that effective defect mode suppression, for a well-chosen 
polarization, can be achieved if the nanoparticles array is embedded in regions of high localization of the optical field. 
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1. INTRODUCTION  

For many years photonic crystals (PC) have been the topic of intensive investigations. Owing to the periodic modulation 
of the refractive index in a PC, its transmission spectrum exhibits a photonic bandgap, i.e. a frequency interval for which 
electromagnetic waves cannot propagate through the structure. This property is of particular interest for practical uses 
since it allows the control of optical radiation, for instance in laser technology and data-transmission systems. By playing 
on the geometry, dimensions and constituents of PCs, it is possible to control their spectral characteristics [1] and to 
improve considerably their functionalities. For example, breaking the periodicity of the structure introduces one or 
several extremely thin transmission peaks in the photonic bandgap. Using materials whose optical response can be 
altered (via their non-linear, resonant, magneto-optical, etc., properties) allows further versatile control of the bandgap. 
Further interesting effects can be obtained by including metallic-dielectric nanocomposite media in a microcavity 
embedded in a PC. For instance, metallic nanoparticles (NPs) arranged in 2D or 3D arrays can efficiently modify the 
amplitude and the phase of an electromagnetic wave whose frequency is close to the plasmon resonance of the NPs [2-6]. 
The transmission spectra of such NP arrays depend on the nature of the metal, the size, shape and surface/volume ratio of 
the NPs, as well as the periodicity of the array. The use of composite media with non-spherical metallic NPs has been 
shown to allow a polarization-sensitive control of the resonance modes of PC-based structures [7, 8]. 

In this paper, we investigate theoretically the influence of a 2D array of metallic NPs placed in an amplifying defect 
layer in a 1D PC. We demonstrate that in order to obtain polarization-selective amplification of the defect mode, the 2D 
array should be placed in the regions of the maximal filed localization in the defect layer. We show that a maximal 
amplification or a nearly total suppression of the defect mode can be achieved, respectively for a polarization state of the 
incoming wave parallel or perpendicular to the long axis of the NPs. 
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2. DESCRIPTION OF THE SYSTEM AND GENERAL ANALYSIS 

We consider a photonic structure composed of two distributed Bragg reflectors (DBRs) (AB)N and (BA)N separated by a 
composite microcavity (CDC) (Fig. 1), where A, B and C are layers of non-magnetic semiconductor materials, and D is 
an active (amplifying) region which ensures the amplification of electromagnetic waves propagating through the 
structure. The system is surrounded by vacuum, and we assume that an incident plane wave in the near-infrared regime 
impinges under normal incidence on the left-hand side of the structure, at z  0 of a Cartesian coordinate system whose z-
axis is perpendicular to the interfaces of the system. The time dependence of the electromagnetic fields is taken as 

texp	( i )ω , where   2c/0 is the angular frequency of the incoming plane wave with wavelength in vacuum 0. The 

dimensions of the layers along the x- and y-axes are much larger than their thicknesses along the z-axis, so that the 
boundary effects along the x- and y- directions are neglected. 

 

Figure 1. Schematic of the structure. (a) Two DBRs (AB)N and (BA)N are separated by a composite microcavity consisting of 
an amplifying layer D surrounded by two identical cladding layers C. The blue line shows the longitudinal distribution of the 
optical field intensity in the structure. (b) 2D array of metallic NPs. The distance between the centers of neighbouring NPs is 
p, and the lengths of the polar and equatorial axes of the NPs are 2a1 and 2a2, respectively. 

Layers A and B are made of isotropic semiconductor materials GaAs and AlAs with dielectric permittivities A  and B  

[9], respectively. Their thicknesses dA = 115.5 nm and dB = 134 nm satisfy the Bragg condition of resonant reflection 

    0Re Re 4   A A B Bd d  at 0  1.55 µm.  

In the absence of microcavity, the transmission spectrum of the PC formed by the juxtaposition of those DBRs exhibits a 
photonic bandgap with a transmittivity peak, or defect mode centered on wavelength 0 1.55 µm because the central 
layer of a (AB)N(BA)N PC (a so-called defect layer, with thickness 2dB), breaks the periodicity of the structure. Similarly, 
the presence of the (CDC) microcavity seen as a defect layer can introduce one or several defect modes inside the 
bandgap. Here, the cavity consists of two identical GaAs cladding layers (such that C A   but with thickness 

404nmCd ) surrounding an active region with an overall thickness dD = 104 nm. This active region, similar to the 

structure described in Ref. [10], is a GaAs-based multiple quantum well VCSEL in which four 

0.591 0.409 0.028 0.89 0.08Ga In N As Sb  quantum wells are separated by 0.047GaN As  barrier layers. The thicknesses of all those 

layers are chosen such that the microcavity introduces a single defect mode centered on wavelength 0  1.55 µm. If, as 
is the case here, the thicknesses of the layers composing the active region D are much smaller than 0, then it can be 
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described with good accuracy by an average dielectric permittivity     D D Di  obtained within the frame of an effective 

medium approximation [11]. Despite the optical absorption taking place in some of the layers of this VCSEL-based 
cavity, the active equivalent layer D provides an overall amplification of an electromagnetic wave around 0 1.55 µm, 
with 0 D . 

In the following, we assume that a single 2D array of spheroidal metallic NPs is placed inside the microcavity either in 
one of layers C or in layer D. All metallic NPs are identical and characterized by aspect ratio 1 2 1 2( )  a a a a , where 

a1 and a2 are the half-lengths of their polar and equatorial axes, respectively. The NPs are ordered in a periodic 2D array 
with a square unit cell whose period p is the interparticle distance, such that the long axis of the NPs is parallel to the x-
axis of the Cartesian coordinate system (see Fig. 1). Translational invariance is assumed along the x and y axes (see Fig. 
1(b)). Note that  1 2 02 ,2 , / Re [ ], { , }  ma a p m C D . Such a structure exhibits pronounced anisotropic optical 

properties, and its reflection and transmission spectra depend significantly on the direction of polarization of the incident 
radiation [12, 13]. 

In order to calculate the spectral characteristics of the photonic structure with an embedded 2D array of NPs, we use the 
transfer matrix formalism. The transfer matrix of the whole structure is obtained through a sequential product of interface 
matrices (associated to either dielectric-dielectric interfaces or to the 2D array of NPs, i.e., 4N + 5 interfaces in total) and 
propagation matrices (associated to the 4N + 4 homogeneous layers sandwiched between consecutive interfaces). The 
transfer matrix for an internal interface separating two dielectric media with relative permittivities 1j   and j , involves 

complex Fresnel reflection ( jr ) and refraction ( jt ) coefficients [14, 15]: 
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The matrix associated to the first (respectively, last) interface of the system is similarly obtained with relative 
permittivities 1 and A  (respectively, A  and 1) on the left-hand (respectively, right-hand) side of the interface. The 

transfer matrix for an anisotropic 2D NP array, on the other hand, is expressed in terms of reflection coefficient NP
,x yr  that, 

even at normal indidence, depends on the polarization state of the incoming light wave. For the two orthogonal 
longitudinal (parallel to the x-axis) and transverse (parallel to the y-axis) polarization states, these coefficients and the 
corresponding interface matrix for the NP array are [16]: 
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where    , , ( )x y p m x y p m mV g          is the complex polarizability of an individual spheroidal NP in an external optical 

field applied along the x- or y-axis, 0 02 / k  is the wavevector in vacuum, p  and m  are relative permittivities of the NP and 

surrounding medium, respectively, 2
1 24 3V a a  is the volume of the NP, and ,x yg  is a geometric factor accounting for the 

influence of the shape of the NP on its induced dipolar moment, with       1 1 2 1 22 2 2= 1 1 1 arcsin 1xg    
 

     and 

= (1 ) 2y xg g  [17]. 

The optical fields at two adjacent interfaces jth and (j+1)th surrounding the jth homogeneous layer j are related via the propagation 

matrix ˆ
jF  defined as [14]: 
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Overall, the complex amplitudes of the incident iE , reflected rE , and transmitted tE  optical fields are related through 

the transfer matrix , 1 1 2 2 . 4 4 4 5
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ=x y x y N NG I F I F I F I  

 
of the entire structure, with 
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and the reflectivity and transmittivity of the system are obtained as 

 
2 22 2

11 21
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3. NUMERICAL RESULTS AND DISCUSSION 

For the numerical calculations discussed in this Section, we take the following values for the dielectric permittivities of 
the PC layers at 0 = 1.55 m: 11.255 0.027  A i , 8.36 B 	 [9], 12.869 0.214  D i  [10]. The NPs are made of silver 

(Ag) and their relative permittivity is taken to follow the Drude model, with  2 2( ) = ,       p p i  where 

p  1.35×1016 rad·s1 is the plasma frequency in silver,   5 is the contribution of its crystal lattice, and   5.5×1013 
s1 is the relaxation rate describing the effective electron scattering rate in that crystal [18]. The length of the polar axis 
of NPs is 2a1 = 20 nm, the aspect ratio of the NPs is ξ = 3.6, and the period of the NP array is p = 90 nm. 

 

Figure 2. Spectra of (a) polarizability of a single NP and (b) transmittivity of a 2D array of NPs embedded in a GaAs matrix 
for the longitudinal (x-) and transverse (y-) polarization states of the incoming light wave. 

First we illustrate the spectral properties of the NP array. Figures 2(a) and 2(b) show the polarizability x,y and 
transmittivity NP 2 NP 2

, ,| | |1 | x y x yt r  spectra of the 2D NP array for the longitudinal and transverse components of the 

incoming light field. Dips in the transmittivity spectra correspond to wavelengths coinciding with the resonant excitation 
of surface plasmons in the spheroidal silver particles. Due to the anisotropy of the particles, these resonances do not 
occur at the same wavelength for longitudinal and transverse polarization states (0  1.55 µm and 0  0.67 µm, 
respectively). The amplitude of the plasmon resonance is also approximately twice larger for longitudinally polarized 
light, for which the dipolar moment induced in each NP is larger than for transversally polarized light. This can be 
associated with the respective values of polarizabilities | | | | x y  (see Fig. 2(a)) for prolate spheroids (ξ > 1) aligned as 

in Fig. 1, hence a better efficiency of the coupling of the optical electric field with surface plasmons for the longitudinal 
polarization. 
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Let us now consider the active structure without embedded 2D NP array (Fig. 1(a)). As expected, its transmittivity 
spectrum (Fig. 3) exhibits a photonic bandgap and a defect mode centered on 0 = 1.55 µm. Due to the presence of the 
active composite microcavity, the transmittivity associated with that defect mode greatly exceeds 1 (see inset in Fig. 3). 
This structure does not contain any anisotropic element, so that the defect mode amplification does not depend on the 
polarization state of the incoming light. The spatial distribution of the optical intensity along the z-axis, obtained with 
transfer matrix calculations (solid blue line in in Fig. 1(a)) shows five maxima within the (CDC) microcavity: one local 
maximum at the center of the active layer D and two larger maxima symmetrically located on each side of that center. 

 
Figure 3. Transmittivity spectrum of the photonic structure without NP array. The spectrum is identical for any direction of 
the plane of polarization of the incident light wave. The inset zooms in on the spectrum around the defect mode (note the 
different vertical scales in the inset and in the main figure). 

 

Figure 4. Evolution of the transmittivity spectrum Tx (in dB) of the photonic structure, in the vicinity of the defect mode, 
with the position of the 2D array of NPs across layers C and D of the composite microcavity. The top inset shows the field 
intensity distribution in layers C and D. 

When the NP array is embedded at any location within the (CDC) microcavity, the transmittivity spectrum Ty of the 
transverse polarization remains virtually identical to that shown in Fig. 3. This is evidently due to the fact that in this 
case, the wavelength of the incoming light is too far from the wavelengths of the plasmon resonances (blue lines in 
Fig. 2) to be able to excite them, so that the presence of the NP array does not significantly affect the amplification of the 
defect mode for a y-polarized light. 

On the contrary, for the x-polarized light the position of the defect mode coincides with the surface plasmon resonance 
(see Figs. 2 and 3). In this case the transmittivity spectrum Tx is very sensitive to the position of the NP array, and the 
defect mode can be suppressed. Figure 4 shows the evolution of the transmittivity spectrum of the x-polarized light, in 
the vicinity of the defect mode, with the position of the NP array in the layers C and D of the microcavity. When the NP 
array is embedded at locations of maximal field localization, the defect mode vanishes (NP array located at one of the 
intensity maxima in the layer C) or at least significantly reduced (NP array located at the center of the layer D). In the 
latter case, the defect mode also exhibits a blue shift. On the contrary, when the NP array is placed in the region of 
minimal field localization, the plasmon resonance is not excited and the defect mode is amplified, like for the y-
polarization of light. 
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4. CONCLUSIONS 

We have demonstrated that polarization-controlled amplification of a defect mode can be achieved in an amplifying 
photonic crystal in which a 2D array of silver nanoparticles is embedded. The nonspherical shape of the nanoparticles 
ensures the suppression of the defect mode for incoming light polarized such that it can excite their plasmon polariton 
resonance. The suppression of the defect mode is most efficient when the nanoparticle array is embedded at locations of 
maximal optical field localization in the amplifying region of the structure. 
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