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Abstract—Metamaterial dielectric resonators represent a 
promising path toward low-loss metamaterials at optical 
frequencies. In this paper we utilize perturbations of high 
symmetry resonator geometries, such as cubes, either to overlap 
the electric and magnetic dipole resonances, thereby enabling 
directional scattering and Huygens’ metasurfaces, or to induce 
couplings between the otherwise orthogonal resonator modes to 
achieve high-quality factor Fano resonances. Our results are fully 
scalable across any frequency bands where high-permittivity 
dielectric materials are available, including microwave, THz, and 
infrared frequencies.

I. INTRODUCTION

High intrinsic Ohmic losses exhibited by metallic
resonators limit their applicability to resonant metamaterials 
operating at infrared and higher frequencies. A promising 
alternative building block is represented by dielectric 
resonators (DRs), which could be used to develop low-loss 
resonant metamaterials. The reason for this is that lossy Ohmic 
currents of metallic resonators become substituted for low-loss 
displacement currents in DRs. 

However, the use of DRs is not without its own challenges:
achieving the desired resonant properties while maintaining a 
sufficiently small resonator size and spacing requires the use of 
very high permittivity materials. At THz and microwave 
frequencies, permittivity values larger than 100 are readily 
available. In contrast, at infrared wavelengths, the largest 
permittivity available is approximately 32 (for example, for 
lead telluride). In this way, designing the geometric details of 
the DR and assembling them into metamaterials, while still 
maintaining effective medium behavior is challenging; yet,  as 
will be shown in this paper, it is possible.

In this paper, we will make use of perturbations [1-3] of 
high symmetry DR geometries, such as cubes and spheres, 
either to overlap the electric and magnetic dipole resonances, 
thereby enabling directional scattering [3-6] and Huygens’ 
metasurfaces [3, 7, 8], or to induce couplings between the 
otherwise orthogonal resonator modes to achieve high-quality 
factor Fano resonances. Both directions open up new avenues 
towards practical applications of all-dielectric metasurfaces, 
including ultra-lightweight flat optics such as lensing and
wave-front manipulation with Huygens’ metasurfaces [9]. 

Importantly, this approach is frequency scalable and could be 
used from microwave to near-infrared frequencies.  

II. DIRECTIONAL SCATTERING AND HUYGENS’ METASURFACES

The use of perturbation techniques [1, 2] can lead to DR
geometries that selectively adjust the spectral locations of the 
resonances. Split-cubes or split-spheres were the suggested 
designs to overlap the electric and magnetic dipole resonances
in the same frequency band. For example, to shift the 
magnetic resonance frequency upwards towards the electric 
resonance frequency, the splits should be arranged in such a 
manner as to selectively interact with the electric field pattern 
of the magnetic resonance and leave the electric resonance 
unaffected.

In this paper, as shown in the insets of Fig. 1, we consider 
a DR cube containing a split in the midplane transverse to the 
plane wave propagation direction, creating a small gap 
between the two half cubes. We analyze two values of the gap, 
namely 100 and 200 nm, to show that the perturbation causes 
the magnetic dipole resonance to move towards the electric 
dipole resonance. For simplicity, we describe the electric and 
magnetic dipole moments in terms of electric and magnetic 
dipole polarizability tensors [10]: 

locmmlocee , HαmEαp  (1)

where 
ee

α and 
mm

α are the electric and magnetic dipole 

polarizability tensors and locE and locH are the local electric 

and magnetic fields acting on the resonator. The polarizability 
tensors will be diagonal with equal components for isotropic 
resonators. The split cubes will exhibit diagonal polarizability 
tensors, however some components will be different from each 
other. For this reason, we show only the transverse 

components, here marked as ee and mm .

Using full-wave simulations [3, 11, 12], we estimate the 
electric and magnetic dipole polarizabilities of full cubes and 
split cubes. Figure 1 shows the electric and magnetic 
polarizabilities for a full cube as well as split cubes with two 
different gap widths as shown in the insets. 
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Fig. 1. The frequency location of DRs’ electric and magnetic polarizabilities is controllable through geometry. Solid: Real part; dashed: imaginary part. (a) Ful l-

cube. (b) Split-cube with gap = 100 nm. (c) Split-cube with gap = 200 nm. The monochromatic time harmonic convention  tiexp is assumed. 

This figure presents polarizabilities in units of m3, i.e. the 
electric polarizability in Eq. (1) has been normalized to the 

host absolute permittivity 0 h  . First, let’s analyze the results 

for the full cube: we observe a magnetic dipole resonance (red 
triangles) around 28.31 THz followed by an electric dipole 
resonance (black squares) around 38.37 THz. Then, let’s 
understand the effect of introducing a gap in the split cubes: it 
is evident such gap causes the magnetic resonance to move 
toward higher frequencies (red triangles), while leaving the 
frequency location of the electric resonance frequency almost 
unaffected (black squares). In particular, for the 200 nm split 
cube of Fig. 1(c), the magnetic dipole resonance (38.97 THz) 
is nearly overlapped with the electric dipole resonance (39.47 
THz). This is an interesting effect that we will investigate in 
what follows for the purpose of directional scattering and 
Huygens’ metasurfaces.

 h 0ee /

mm

(a)

(b)

  mm0ee /  h

Kerker condition

Fig. 2. (a) Polarizability result shown in Fig. 1(c), where we mark a

frequency that satisfies the first Kerker condition with the dashed-dotted 

vertical line. (b) Scattered radiation pattern of an isolated split cube resonator 

excited through plane wave incidence for two excitation frequencies, 25 and 

37.29 THz. Forward scattering is evident (i.e. only one lobe at 180
degrees) when the first Kerker condition is satisfied. Only data between 0 and 

180 degrees is reported; the scattering is specular between 180 and 360 

degrees.

An appropriate overlap of electric and magnetic 
resonances may lead to directional forward or backward 
scattering for isolated resonators [4-6]. In particular, the first 
Kerker condition [4, 5] states that an isolated resonator will 
predominantly scatter light in the forward direction when

11 ba  , with 1a and 1b the Mie electric and magnetic dipole 

coefficients. Furthermore, 1a and 1b should be significantly 

larger than any higher order Mie terms 1:, nba nn
. Since 

  3
10ee /6/ kiah   and 3

1mm /6 kib  , we can 

equivalently express these conditions through the electric and 
magnetic dipole polarizabilities defined earlier as 

  mm0ee /  h . Interestingly, we observe in Fig. 2(a) that 

this condition is (almost perfectly) satisfied for both real and 
imaginary components of the polarizabilities near 37.29 THz
(indicated by the vertical dashed-dotted orange line). The 
scattered radiation pattern of an isolated split cube resonator 
(gap of 200 nm) excited through plane wave incidence is 
shown in Fig. 2(b) for two excitation frequencies: 25 and
37.29 THz. A single-lobed radiation pattern – a signature of 
forward scattering – is obtained at the frequency that satisfies
the Kerker condition (37.29 THz). In contrast, a weaker, two-
lobed scattering pattern is observed at the nonresonant 
frequency of 25 THz for which the Kerker condition is not 
satisfied. We envision that, by further tailoring the resonator 
design to better overlap the spectral position, width, and 
amplitude of the two polarizabilities, it may be possible to 
satisfy the Kerker conditions over a frequency band, rather 
than at isolated frequencies.

To assess the applicability of these resonator geometries 
to metamaterials, consider a two-dimensional array of 
resonators arranged on a square lattice with a period of 2.6 
µm. We employ the resonator geometries of Fig. 1(a) (full 
cube) and Fig. 1(c) (single-split cube with 200 nm gap). The 
reflectance and transmittance under normal plane wave 
incidence of such arrays are shown in Figs. 3(a)-3(b). 
Profound differences are observed between the spectra 
obtained for the two geometries. The array of full dielectric 
cubes (which possess electric and magnetic dipole resonances 
at separate frequencies) exhibits two strong reflection maxima 
and two corresponding transmission minima. In contrast, the 
array of split-cubes is highly transmissive over a wide 
frequency band because of the near overlap of dipolar 
resonances as shown in Fig. 1(c). We also report the phases of 
the reflection and transmission coefficients at a distance of 8 
µm from the array plane in Figs. 3(c)-3(d) for the two arrays 
here considered. In agreement with [7], the transmission 
coefficient for the full cube metamaterial undergoes a phase 
shift of at most 180 degrees at each resonance, while the 
transmission coefficient for the split-cube metamaterial 



undergoes a complete 360 degree phase shift. This 
combination of features — high transmittance and 360 degree 
phase shift — renders the split-cube metamaterial design 
appealing for use in Huygens’ metasurfaces [7] which are a 
promising platform for the development of flat optical devices. 
We further note that the reflection behavior is opposite than 
that of the transmission: high reflectivity across a broad 
spectral range and a full 360 degree phase shift are only 
obtained for the full cube metamaterial. Thus, the full cube 
metamaterial allows us to manipulate the reflection response 
and realize a metareflector that can be very easily fabricated. 
These fundamental differences between the behaviors of the 
two metamaterials demonstrate the dramatic impact that 
perturbations at the single resonator level can have on the 
metamaterial performance at the macroscopic level.
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Fig. 3. (a) Reflectance and (b) transmittance of a two-dimensional array of 

full cubes as in Fig. 1(a) and split cubes as in Fig. 1(c) arrayed on a square 

lattice with a period of 2.6 µm. Phase of the (c) reflection and of the (d) 

transmission coefficient for the cases in (a)-(b).  

III. HIGH-QUALITY FACTOR FANO RESONANCES

In this section, our goal is to develop a perturbed resonator 
design that allows us to obtain high-quality factor Fano 
resonances. A common feature of the DR-based Fano designs 
demonstrated so far is the reliance on multiple, distinct, near-
field coupled dielectric structures within the unit cell [13-15].  
However, reliable and repeatable control of near-field coupling 
requires exacting fabrication tolerances. It is therefore of 
interest to inquire if simpler high quality-factor Fano designs 
can be developed.  Here, we demonstrate a monolithic DR
design that achieves ultra-high quality-factors while using only 
one dielectric structure per unit cell.  Our approach relies on 
intra-resonator mixing of bright and dark modes, and is 
scalable from radio frequencies to near-infrared frequencies.  

The resonator design starts with a simple cubic resonator 
similar to the dielectric resonators demonstrated in Fig. 1(a).  
Such a high-symmetry geometry leads to orthogonal, but 
degenerate, sets of electric and magnetic dipole modes oriented 
along the x-, y-, and z-directions (along with other higher order 
multipoles). When arranged in a subwavelength metasurface, 
only the transverse (i.e. in-plane) dipole modes can couple to a 
normal external wave and this results in the usual electric and 
magnetic transmission/reflection resonances in Fig. 3.  
However, it is possible to perturb the geometry to induce mode 

mixing between the transverse electric and longitudinal 
magnetic dipole modes. A schematic design of the proposed 
perturbed DR design based upon germanium is shown in Fig. 
4(a).  Starting with a cubic geometry, a notch has been cut from 
one corner of the cube, and the adjacent corner has been 
slightly extended. Full-wave simulation of the scattering from 
an isolated resonator reveals that under electric field excitation 
conditions with the incident E-field in the x-direction, the out-
of-plane (i.e. z-directed) magnetic dipole is strongly excited 
near 10.7 m. This occurs indirectly, through coupling to the x-
directed electric dipole. For an isolated resonator, the z-directed 
dipole is free to radiate, however when placed in a 
subwavelength metasurface, the dipole’s emission is 
suppressed by the local field [16]. We show in Fig. 4(b) the 
reflectivity spectrum obtained from full-wave simulation of an 
array of perturbed Ge resonators on a barium fluoride substrate.  
Several, extremely narrow Fano resonances are observed —
the transmission spectrum (not shown) exhibits complementary 
(pass-band) transmission resonances. The quality factor of the 
reflection resonance (as defined by ff /0 where 0f is the 

resonant frequency and f is the full width at half minimum 

of the resonance) at ~ 10.7 m exceeds 1300. 
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Fig. 4. (a) A schematic of the unit cell of the Fano metasurface design. (b) 
The numerical reflectivity spectrum of the array. The inset shows a zoomed

view of the resonance at ~10.7 µm, whose quality-factor is ~1300.  
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Fig. 5. The experimentally measured reflectivity spectrum of the array in the 

inset.  The quality-factor for the resonance at 999 nm is ~350.

Next, we want to experimentally demonstrate the new Fano
design. Thus, we have designed and fabricated silicon-based 
Fano resonators operating near 1 m wavelength. We used
silicon-on-insulator wafers with a 250 nm thick silicon layer.  



The nominal side length of the resonators is 280 nm and the 
array spacing is 550 nm. We fabricated the arrays using e-beam 
lithography (the inset of Fig. 5 shows a scanning electron 
micrograph of several of the resonators in the array).
Reflectivity measurements were made using a custom built 
near-infrared polarizing microscope coupled to a high 
resolution spectrometer equipped with a CCD array detector. 
Figure 5 shows the experimentally measured reflectivity 
spectrum, which features multiple Fano resonances as expected 
from theory. The measured quality factor of the resonance at 
999 nm is about 350, in agreement with theory, confirming that 
the proposed design is effective for the purpose of obtaining 
high-quality, pass-band resonances. These resonances could be 
used to improve the efficiency of sensing devices, for example.

IV. CONCLUSION

In conclusion, we described a methodology for tailoring the 
design of metamaterial dielectric resonators by utilizing
perturbations of high symmetry resonator geometries, such as 
cubes or spheres. In this way, we can overlap the electric and 
magnetic dipole resonances, thereby enabling directional 
scattering and Huygens’ metasurfaces. We can also induce 
couplings between the otherwise orthogonal resonator electric 
and magnetic modes to achieve high-quality factor Fano 
resonances. Our results are fully scalable across any frequency 
bands where high-permittivity dielectric materials are 
available, and open up new avenues towards practical 
applications of all-dielectric metasurfaces.
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