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ABSTRACT   

The reported “stopped rainbow” concept in tapered metamaterial1 and plasmonic2 guiding microstructures has revealed 
the possibility to obtain local wave enhancement together with spatial chromatic resolution.  Recently, this phenomenon 
has also been demonstrated in graded defect waveguides in photonic crystals3. As the wave is stopped in such single 
mode defect waveguides, the energy of the stopped wave will be restricted due to the limited volume of the mode, which 
seriously limits the “brightness” (i.e. its local intensity) of the trapped rainbow. For many applications more desirable 
would be to stop the light in a bulk of a structure, and to harvest the energy of the stopped wave across all the structure, 
without any principal restrictions imposed by the mode volume. Such stopping of waves in bulk of a structure has been 
shown for acoustic waves in sonic crystals recently4 and also for electromagnetic waves in multilayer dielectric slabs5. 
However high radiation losses in the latter case are inevitable due to the weak index confinement. Here we present a first 
experimental demonstration of stopped microwave in a chirped 3D photonic crystals. We show that the complete 3D 
photonic bandgap may significantly reduce the external losses and we also show that the local intensity can be enhanced 
up to two order of magnitudes. This allows an important increase of absorption/photodetection of microwave radiation. 
We further demonstrate that the different microwave components stop and reflect at different depths of the chirped 
structure, which offers a frequency-resolved microwave detection. 
 
Keywords: Slow light, microwave detection, photonic crystals, trapped rainbow 
  

1. INTRODUCTION  
   

Efficient electromagnetic energy harvesting requires well designed artificial structures. Among such artificial materials, 
photonic crystals (PhCs) are excellent candidates to control and manipulate electromagnetic waves. Owing to their 
unique structural dispersion characteristics, PhCs have been already shown to exhibit wave localization and efficient 
absorption phenomena via distributed Bragg reflection6, guided resonance7 and micro8- or nanocavities9. While such 
approaches are able to yield high absorption efficiencies, their operational frequency bandwidths usually suffer from 
intrinsic resonant effects. A more powerful approach would be to merge multiple resonances within a single structure. 
In other words; a cascade of optical resonators, where wave localizations would be adiabatically tuned along the 
structure, could offer an ideal environment for a broadband and frequency-resolved electromagnetic wave detection. 

The so-called “trapped (or stopped) rainbow” effect observed in metamaterials1 and plasmonic guiding microstructures2 
has been reported to exhibit chromatically resolved wave localizations along the structure. Similar effects has been also 
demonstrated in various other schemes, like two dimensional (2D) PhC3,10, hyperbolic metamaterial11 and plasmonic12 
waveguides by adiabatically tuning (or chirping) the structural parameters along the direction of propgation. However, 
in such waveguiding structures the modal volume of the stopped light is inevitable restricted by the spatial dimensions  
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of the defect waveguide, which seriously limits the local intensity of the stopped wave. Such a limitation could be 
overcome by stopping and localizing the electromagnetic wave along a bulk of structure. In this regard, a bulk sonic 
crystal (the acoustic analogous of PhCs) has een experimentally demonstrated to exhibit chromatically resolved acoustic 
intensity enhancements up to 20 times4. On the other hand, in the realms of PhCs a systematic study involving 
experimental analyses is still lacking, to quantitivaly estimate the local field enhancement for electromagnetic waves. In 
this study, we present a three dimensional (3D) PhC (namely a woodpile PhC) to experimentally demonstrate in the 
microwave regime that an incoming wave can be gradually slowed down and experience a significant intensity 
enhancement. We further show that, the position where the wave stopping and the intensity enhancement occur depends 
on the operational frequency. Merging local field enhancement together with the spatial separation of the frequency 
components could offer efficient detection of frequency-resolved microwave. 

We should note that similar “rainbow trapping” based frequency-resolved electromagnetic wave detection metamaterial 
schemes have been already proposed13,14 and experimentally verified at the microwave15 and mid-infrared16 regime. 
However, in these studies the absorption readily stems from the lossy metamaterial components, rather than an 
exclusive absorber. Therefore, the control and optimization of the absorption process is rather difficult to tailor, due to 
inherent material properties. Moreover, the read-out of the absorbed energy is difficult to perform and only indirect 
absorption measurements (by measuring the reflected power) have been performed in such metamaterial structures15,16, 
which limits their integrability with complex photodetection schemes. On the other hand, in the present study we 
demonstrate an absorption-free all dielectric PhC configuration which can be easily integrated with various absorbers. 
The read-out process could then be performed easily by electrical17 or thermal18 measurements, rendering the proposed 
structure more compatible with various integrated photodetection schemes. 

 

2. METHODOLOGY 
The structure we propose is based on a 3D woodpile PhC19,20 configuration, whose interlayer distance az(z) along the ΓX' 
([001], z- propagation) direction is gradually varied. The general schematic illustration of the proposed PhC structure is 
shown in Fig. 1(a). The structure was constructed using alumina (Al2O3) cylindrical rods, as shown in Fig. 1(b). 
Moreover, the detailed schematic description of the the xz- cross sectional view is given in Fig. 1(c). The height and 
radius of the Al2O3 are equal to h = 152.3 mm and r = 3.18 mm, respectively, while its refractive index is equal to 3.13. 
The in-plane rod distance is equal to axy =18.0 mm. The total structure consists of 30 layers, with each layer containing 7 
rods. 

 

 
Figure 1. (a) Schematic, (b) photographic and, (c) cross-sectional illustration of the chirped 3D PhC. The red and green 
arrows reveal the direction of the incoming light for the cases with decreasing and increasing chirpings, respectively. 
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To create a smoothly changing local photonic bandgap (PBG) variation along the z- propagation direction, the interlayer 
distances az(z) were varied between 27.0 mm and 18.0 mm. Here, the term local PBG implies the PBG of an infinitely 
extended PhC structure with an interlayer distance corresponding to a particular depth of a structure.  

 

3. RESULTS AND DISCUSSIONS 
 

The local PBGs have been numerically calculated by the plane wave expansion21 (PWE) method and are given in Fig. 
2(a) for various interlayer distances. Figure 2(a) reveals that the PBG encounters a continuous redshift with respect to a 
decreasing interlayer distance. It is worth noting that, since both the upper and lower PBG cutoff frequencies can be 
adiabatically tuned by varying the interlayer distance, the proposed structure is able to gradually slow down a 
propagating coming from both the +z and –z directions. Furthermore, finite difference time domain22 (FDTD) method is 
employed to numerically calculate the spatial intensity distributions (see Fig. 2(b)). A broadband Gaussian source has 
been used to excite the structure. Figure 2(b) evidences that a both decreasing and increasing chirping can be employed 
for wave localization. We further note that a wave propagation along a decreasing chirping results in a wave localization 
at the upper cutoff, thus the electromagnetic energy will be concentrated mostly in the air regions. Conversely, wave 
propagation along an increasing chirping will result in an electromagnetic energy concentration mostly in the dielectric 
regions. This is also apparent from Figs. 3, where the intensity distributions have been calculated at the X' point for 
different polarizations by the FDTD method.  Furthermore, Figs. 3 suggest that in the case of transverse magnetic-like 
(TM-like, electric field is concentrated in the x- direction) polarization, the wave energy is concentrated around the y- 
directed Al2O3 rods. Contrarily, in the case of transverse electric-like (TE-like, electric field is concentrated in the y- 
direction) polarization, the wave energy is concentrated around the x- directed Al2O3 rods. We therefore conclude that, in 
order to obtain a polarization independent electromagnetic energy harvesting scheme, the absorber to be implemented 
should be placed between the x- and y- directed Al2O3 rods (to not break the rotational symmetry). 

 

 
Figure 2. (a) The variation of the PBG (along the ΓX' propagation direction) with the interlayer distance show that both the 
upper and the lower cutoff frequencies can be adiabatically tuned by tailoring the local period along the propagation 
direction. (b) The spatial intensity distributions for various frequencies marked in (a) are shown. While operating at the 
upper cutoff region requires a decreasing chirping (I, II, III), operating at the lower cutoff frequencies requires an increasing 
chirping (IV, V, VI). The amplitudes of the electric field intensities are normalized by the intensity of the source at the 
respective frequencies. 
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Figure 3. Electric field intensity distributions at the (a-b) upper cut-off frequencies and (c-d) lower cut-off frequencies for 
(a-c) (transverse magnetic) TM-like and (b-d) (transverse electric) TE-like polarizations. All modes are shown at the X' 
point. The TM-like and TE-like polarizations correspond to cases where the electric field is concentrated in the x- and y- 
directions, respectively. 

 

 

Further numerical analyses were carried out to quantitatively estimate the intensity enhancement factor. Figure 4 show 
the cross sectional electric field intensity obtained from the center of the xy- plane. It can be inferred from this figure that 
the maximum intensity enhancement at the localization region strongly depends on the operational frequency. A careful 
inspection will reveal that this dependency arises from the phase difference between the front face of the structure and 
the localization peak. As given in Fig. 4, varying the phase difference from 0.50π to 1.00π yields a tenfold intensity 
enhancement increase. In this regard, we note that two distinct intensity enhancement mechanisms coexist in the PhC 
structure: enhancement due to slowing down and enhancement due to the internal resonance of the wave with the 
structure.  

While tailoring the slow down factor in PhCs usually requires special design rules23, the optimization of the internal 
resonance can be easily performed by varying the optical path of the propagating wave (similar to the case of a Fabry-
Perot resonator, where the distance between the mirrors can be adjusted to vary the performance of the structure). In this 
context, the first layer of the PhC structure has been exposed to a longitudinal shift (∆z) in the z- direction, as shown in 
Fig. 5(a). Figure 5(b) shows the change of the quality factor and the electric field intensity with respect to the shifting 
amount of the first layer. It can be deduced from this figure that a shift in the –z direction increases the quality factor as 
well as the field intensity up to a value. This variations can be understood from the fact that the shifting of the first layer 
causes the wave to enter the structure with a larger wavevector. A larger wavevector will induce a more sensitive phase 
condition (to meet up the internal resonance condition). In result, the internal resonance will be satisfied within a smaller 
frequency range, and a higher quality factor would be attained. Furthermore to satisfy the energy conservation, the field 
intensity will also increase with respect to the quality factor.  
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Figure 4. Cross-sectional electric field intensity distributions for frequencies equal to (a) 7.51 GHz, (b) 7.60 GHz, (c) 7.63 
GHz and (d) 7.66 GHz. The vertical dashed lines denote the entrance of the structure and the localization point. Notice that 
the enhancement factor is highly dependent on the phase difference between the reflection point and the entrance of the 
structure. 

 

Also interesting to notice from Fig. 5(b) is that the quality factor and the field intensity start to decrease after specific 
shifting value. This is also reasonable, since shifting the first layer excessively will break the translational symmetry of 
the PhC in the z- direction. In result, the first layer will become isolated from the PhC structure and the phase condition 
will be re-relaxed. 

 

 
Figure 5. (a) The first layer of the structure is being shifted to alter the resonance condition. (b) The variation of the quality 
factor and the field intensity of the localization spectrum. 
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The PhC structure was further analyzed to investigate the effect of the incident angle of the source. Figure 6 shows the 
variation of the field intensity for various frequencies. In these simulations, the FDTD method has been employed and 
only one period in both transverse xy- directions have been modelled, to speed up the computations. In this regard, Bloch 
periodic boundary conditions have been used at the transverse boundaries and perfectly matched layers have been used at 
the longitudinal boundaries. Figure 6 suggest that the field intensity drops to its 50% value, at an incident angle equal to 
45 degrees. This results show that the PhC structure can perform high intensity enhancements, even at large incident 
angles. 

 

 
Figure 6. The variation of the maximum value of the electric field intensity at the turning points depending on the incident 
angle. 

 

To quantitatively estimate the transverse losses, the reflection spectrum of the PhC has been calculated. The reflection 
spectra is then subtracted from unity to obtain the loss spectrum, as given in Fig. 7. This figure shows that the loss 
spectrum contains spectral peaks belonging to the frequencies that are in an internal resonance with the PhC structure. As 
was discussed, since these frequencies meet the required phase condition, the associated waves will encounter multiple 
roundtrips inside the structure. Therefore, the losses will be enhanced. Furthermore, we modelled a one dimensional (1D) 
multilayer structure with the same chirping parameters, to compare its loss spectra with its 3D counterpart. In this sense, 
the lateral dimensions of the multilayer structure have been taken same as in the 3D PhC case and the structure was 
illuminated with an identical broadband Gaussian source. The obtained loss spectrum is superimposed onto Fig. 7. As 
can be seen from this figure, the multilayer structure exhibits higher lateral losses, due to the absence of a 3D PBG. We 
should note that the operational frequencies for the multilayer structure is higher, as expected; since its filling ratio is 
lower than the 3D case. 

 

The PhC structure was then experimentally analyzed in the microwave regime. The experimental setup (shown in Fig. 
8(a)) consists of a network analyzer, a standard horn antenna, monopole antenna and a linearized motor stage, and is 
surrounded by microwave absorbers. The horn antenna was used to inject electromagnetic waves into the structure. 
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Figure 7. Comparison of the lateral losses encountered in a chirped 3D PhC (red solid line) and 2D PhC (blue dashed line). 
As shown in the right inset; the lateral structural sizes and the the chirping intervals of both the 3D and 2D PhCs are the 
same. In addition, both structures have been illuminated with identical sources. 

 

The electric field intensity was then measured by scanning along the center of top yz- surface in the z- direction, by 
stepping the receiver monopole antenna with the linearized motor stage with 1 mm spatial resolution. The obtained field 
intensity is given in Fig.8 (b), while the numerically obtained field intensity at the same position is given in Fig. 8(c). 
Comparing Figs. 8(b) and 8(c) shows that the experimentally obtained frequency dependent turning points matches well 
with the numerical result. The discrepancy of the electric field distributions between the numerical and experimental 
cases can be attributed to the low coupling ratio between the monopole antenna and the evanescent field components.  

 

 
Figure 8. (a) Schematic description of the experimental setup. The electric field intensities obtained at the top yz- surface 
reveal similar turning points (indicated with a white dashed line) for the (b) experimental and (c) numerical cases. 

 

To evidence the claim of an enhanced intensity inside the structure, we have placed a silicone rubber microwave 
absorber inside the PhC structure (between 10th and 11th layer), as shown in Fig. 9(a). The absorption spectrum was 
obtained by measuring the reflected and laterally leaked intensities and subtracting it from the incident energy, and is 
given in Fig. 9(b). To compare the absorption characteristics of the absorber inside the PhC and without a PhC structure, 
the absorption spectrum has been also obtained for the case of the absorber backed with an aluminum (Al) mirror. The 
acquired absorption spectrum is superimposed onto Fig. 9(b). Comparing the two absorption spectra evidences that the 
field intensity inside the PhC structure encounters an enhancement, and that this enhancement could be used to increase 
the absorption efficiency of an absorber placed inside the structure. We should note that the microwave absorber we have 
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used, has already a high absorption efficiency (around 30%). Such a high absorption could destroy the field localization 
at the stopping position and drastically change the coupling condition between the slow light mode and the absorber. 
Therefore, the use of a weak absorber and the investigation of its absorption efficiency enhancement still remains as an 
open task. 

 

 

 
Figure 9. (a) A silicone rubber microwave absorber was placed inside the 3D PhC and its absorption has been 
experimentally measured by subtracting the measured losses and reflection from the incident power (upper half). For a 
comparison, an aluminum mirror has been placed at the back of the microwave absorber and the obtained absorption has 
been measured likewise (lower half). (b) The absorption spectra are given for both cases. (a) Schematic description of the 
experimental setup. The electric field intensities obtained at the top yz- surface reveal similar turning points (indicated with 
a white dashed line) for the (b) experimental and (c) numerical cases. 

 

 

4. CONCLUSIONS 
 
In summary, we have demonstrated that a 3D PhC structure, whose period in the propagation direction is adiabatically 
tuned, can yield field intensity enhancement more than two orders of magnitude. We have discussed that such an 
enhancement originates from both the slowing down of the wave and from the resonance condition between the wave 
and the PhC structure. Furthermore, we have shown that the enhancement factor and the quality factor of the localization 
spectrum can be easily tuned by varying the longitudinal position of the first layer of the structure. Experimental 
realization at the microwave regime has verified that a critical depth exist for each frequency, at where the 
electromagnetic wave momentarily stops and encounters a soft reflection14. Further experimental analyses have proved 
that the enhanced field intensity inside the PhC structure can be used to increase the absorption efficiency of an absorber. 
We believe that the obtained results will pave the way for compact highly efficient frequency-resolved microwave 
detection schemes. 
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