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ABSTRACT 

 

We report on design, simulation and fabrication of ultimate and compact 3D close-geometries optical microcavities. 
These are based on the extension of the so-called 2.5D nanophotonic approach where a quasi 3D control of the photons 
has been soon demonstrated by our group. A tight control of photons, spectrally and spatially, in a small air region 
inside a circular regular pattern of high index material-based nanopillars is demonstrated when adjusting the number of 
pillars, their diameters and the diameter of the pillar-circle. Bottom-up approach based on InP nanowires grown by 
molecular beam epitaxy and top-down approach based on high aspect ratio anisotropic etching have been developed for 
fabricating these optical microcavities. 
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1. INTRODUCTION 
Micro-Nano-Photonics can be defined as the control of photons within the tiniest possible space during the longest 
possible time. The generic conceptual and technological brick is the optical microresonator. This presents the ability to 
confine photons within tiny volumes which is essential for the efficient operation of a wide range of active micro-nano-
photonic devices, including low threshold micro-lasers and non-linear optic devices.  

In the same way, tight control of the emission diagram can be realized thus yielding to propose new optical 
functionalities such as collection, cascability, routing…The general approach to achieve strong confinement of photons 
consists in high index contrast structuring of space at the wavelength scale. In this regards, multiple demonstrations 
have been made with microdisk-, micropillar- and one- or two-dimensional (1D – 2D) photonic crystals-based 
microcavities. All these have been developed using well-controlled planar technological approaches. 

Experimental demonstrations have shown their relative limitation of the final confinement range. Three-dimensional 
(3D) photonics crystals can block photons in any direction and are expected to make possible their ultimate control. 
However, their practical fabrication over large areas without any defects is extremely complex and can be considered as 
challenging. In our group, significant progress for quasi 3D control of photons have been achieved along a 2.5D 
nanophotonic approach which can be considered as an extension of planar 2D photonic crystal exploiting the vertical 
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direction1-8. Today we propose a new concept of trapping photons in real 3D optical microresonators that can be 
assimilated to ‘photon cages’. It is mainly a question of exploring and of combining new scientific and technological 
concepts based on engineering of optical modes and micro-nanostructuring to generate objects of various closed 
geometries at the wavelength scale in order to achieve a real 3D control of the light.  

This new optical configuration allows to artificially control and drastically enhance the electromagnetic field in the 
central part of the cage in the air region yielding to new sensing or trapping of nanoparticles in fluidic (gas or liquid) 
ambiances. 

2. PHOTON CAGE BASIC PRINCIPLES: FROM 2,5D TO 3D 
 
PC-based photonic devices operating in the waveguided configuration have been principally aimed so far at forming the 
basic building blocks of integrated photonics and have been the topics of considerable amount of research worldwide, 
resulting in an ever growing number of new device demonstrations, so much so that it may be stated today that PCs 
have entered within the realm of practical devices.  

Optical losses, which result from the unwanted coupling of waveguided modes with radiated modes are however 
considered as a major drawback of PC-based photonic integration and restrict the operation of the devices below the so-
called light line, where this coupling is theoretically impossible. This leaves not much room in the (frequency, wave 
vector) or (ω, k) space for a lossless operation of the devices. In that respect, the constraints are less stringent in the so-
called membrane approach, where the waveguide slab is formed by a high-index dielectric layer (e.g., semiconductor 
layer) embedded in low-index cladding layers. This approach has been adopted by most groups in the field. The 2D PC 
formed in planar waveguide slabs are far more accessible than 3D PC, since they may be fabricated using planar 
technological schemes, which are familiar to the world of integrated optics and microelectronics. They result in more 
compact structures. 

The problem of optical losses, however, can be approached from a completely different perspective. Instead of 
attempting to confine the light entirely within the waveguide structures, the latter can be deliberately opened to the third 
space dimension by controlling the coupling between waveguided and radiation modes. In this case, the exploitation of 
the optical power is achieved by accurately tailoring the optical radiation into free space. The operation of the devices is 
based on the resonant coupling between radiated optical modes and slow Bloch modes waveguided in the membranes, 
which are laterally patterned to form a PC (figure 1). Along this line, a new class of compact surface addressable 
structures using PC in the waveguided configuration has been proposed in the recent literature and has given rise to a 
flourishing production of devices including compact wavelength selective reflectors2, surface emitting microlasers3-6 or 
nonlinear devices7-8. It has been proposed recently that a major extension of planar technology through exploitation of 
the third (“vertical”) dimension by using a so-called multilayer approach, where the lateral high-index contrast 
patterning of layers would be combined with a vertical 1-D index contrast patterning. 

 

 
Figure 1 : Illustration of the resonant coupling between a waveguided mode and a radiative mode 
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Here, it is more appropriate to think in terms of “2.5-dimensional” photonic structures which can be considered as an 
intermediate step between 2D and 3D.  2.5D PC have been shown to provide a quasi-3D harnessing of the light at the 
wavelength scale, via the controllable interplay occurring between waveguided confined photons and radiated photons 
propagating through the planar multilayer structure, at a far lower technological cost than pure 3D PC. 

Novel class of highly efficient and broadband mirrors have been recently proposed using single-layer high transverse-
index contrast photonic crystal mirrors (PCM)9-11. These single-layer PCM are able to provide very efficient and 
broadband reflectivity with a very small thickness. Vertical Fabry Perot cavities (VFPC) have been extensively studied, 
especially for the realization of vertical-cavity surface emitting lasers (VCSELs). These are traditionally composed of 
two Distributed Bragg Reflectors (DBR) which reflectivity has to be sufficient in order to obtain highly resonant cavity, 
which is particularly necessary for laser emission in VCSELs. As a consequence, DBRs consist generally in very thick 
layer stacks. We demonstrated the smallest conceivable high Q vertical Fabry-Perot cavity, using ultra-thin and highly-
efficient photonic crystal slab mirrors instead of conventional DBRs (see figure 2 and 3)11. Use of two PCM improves 
significantly the vertical compactness of the filter layers. The selectivity of the filter is, to a large extent, controlled by 
the lateral escape rate of photons out of the PCM area or, in other words, by the time that it takes to the hybrid resonant 
optical mode to extend over an area exceeding to that of the PCM. 

 

 
Figure 2 : Schematic representation of a classical DBR-VFPC (a) and a PCM-VFPC (b) 

 

 
Figure 3 : Schematic and experimental realisation of InP-based PCM-VFPC11 

 
Now, we propose to extend the 2.5D concept to real 3D directly by generating 3D microcavities presenting closed 
geometries deviating from these ultimate photonic crystal mirrors-based vertical Fabry-Perot microcavities. These 
‘photon cages’ can be seen as ‘physical’ deformation of the geometry of the vertical microcavity as shown 
schematically in figure 4. 
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Figure 4 : Schematic representation of the concept 'from 2.5D to 3D’ microcavity 

 
By generating these micro-objects with various closed geometries (spires, tubes, rolls…) at wavelength scales combined 
with dedicated optical modes engineering in the low index parts (air region) it may yield to tight control of the photons 
spatially and spectrally. Since these objects are mainly composed by air, their ability to sense or trap nanoparticles 
which can interfere with the cage resonant modes are drastically enhanced. Moreover, if we are able to induce directly 
on the dimensions of the object (mechanical, optical and/or electrical modification), efficient modulation (tuning) of the 
optical properties may be achieved. 

3. DESIGN OF A PHOTON CAGE 
 

The photon cage used in our approach can be illustrated schematically as presented in figure 5. This is based on a 
vertical regular circular array of high index semiconductor material nanopillars with high aspect ratio. 

 

  
Figure 5 : Schematic 3D representation of the photon cage 

 
The design of this “cage” can be made by considering in a first step the reflectivity characteristics of a PCM composed 
of a 1D periodic array of Si (n=3,5) pillars in air (figure 6). The reflection spectrum is calculated by 2D FDTD for light 
polarization parallel to the pillars axis. Optimization of the parameters (pillars diameter D, period a) leads to a 
broadband mirror with reflectivity larger than 99.5% in the 1500-1600 nm wavelength range. 
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Figure 6 : Theoretical reflectivity spectra of a 1D array of a periodic array of Si pillars. The parameters are a=1µm, D=0.27µm. 

 

This linear 1D PC structure is then ‘deformed’ in order to obtain a circular cage of pillars with the same period (a=1µm) 
along the circle delimiting the cage. Therefore, the only adjustable parameter is the number of pillars, N. 2D FDTD 
calculations are used, assuming pillars with infinite height, to characterized the resonant modes of such a structure. Due 
to its quasi cylindrical nature, this cavity exhibits Whispering Gallery-like modes which are affected by the periodic 
corrugation at the circular boundary (see examples on figure 7).  

 
Figure 7 : Electric field distribution for two resonant modes of a N=18 cage 

 

As we aim at confining the electromagnetic energy in the middle of the air cavity, we focus our design on the “radial” 
mode (left of figure 7, corresponding to an azymuthal order m=0 in the conventional WGM classification). The highest 
quality factor, Q=7000, is obtained for a cage with N=18. Then, a slight modification of the pillar diameter, from 
D=0.27µm to D=0.26µm (less than 4%), leads to Q=5x104.  

It is worthwhile to notice that an extremely high concentration of the field is reached at the center of the cage, although 
the cavity is composed of more than 95% of air. More specifically, we calculate a mode surface, defined as the inverse 
of the normalized field intensity maximum, of 0.7λ2. when the cavity surface is about 11λ2. 

3D FDTD calculations for a finite structure with a 6µm height show a drastic reduction of the quality factors (Q~600), 
indicating strong vertical optical losses. Despite this quite low value, a very good confinement is obtained. Indeed, 
considering the Purcell effect as a factor of merit, we get: 
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To a certain extent, this photons cage can be viewed as a vertical planar microcavity where the radial direction takes 
place of the vertical one. Then, it is straightforward to show, by considering the kz dispersion of the mode, that FP 
should be proportional to the height of the cage. This has to be confirmed by additional 3D FDTD simulations. 
These first theoretical calculations show that it should be very important to fabricate very high aspect ratio vertical 
circular array of nanopillars. 

4. TECHNOLOGICAL APPROACHES 
 

Today, nanosize vertical semiconducting material structures with high aspect ration are crucial for many applications. 
Two approaches are generally followed to fabricate them and more specifically nanowires (NWs). The first relies on 
bottom-up approach based on catalyst-assisted growth of vertical nanowires by Vapor Liquid Solid (VLS) mechanism12. 
The second one relies on top-down manufacturing using high-aspect-ratio anisotropic etching. Both of these 
technological approaches are well known and are constantly competiting for producing single nanofabrication standard. 

Great efforts have been made to control NWs growth directions and to enhance vertical orientation by molecular beam 
epitaxy (MBE)13-14. Many groups have obtained vertically oriented III-V NWs on Si(111) because the NWs grow 
preferentially in the <111> directions. In our group, we developed InP NWs growths on Si(001), STO(001) and 
InP(111) substrates15. For our project, first tentative of fabricating photon cages on the bottom-up approach has been 
performed by MBE. InP NWs were grown by VLS assisted solid source MBE at a growth temperature of 380°C with 
Au as catalyst metal on InP(111) substrates. 40 nm thick Au dot patterns are previously deposited by a combined e-
beam lithography writing and metal lift-off procedure (figure 8). 

 

 
Figure 8 : SEM micrographs of Au dot-patterns on InP (111)  

(diameters of about 253 nm for the dots and 7 µm for the cage)  
 

Figure 9 shows a single cage of 1µm height InP NWs grown on InP (111). We note that some NWs have grown 
parasitically, we believe that this is a consequence of not well-defined Au dot pattern by lift-off leaving on the surface 
additional metal particles. Moreover, we note that height and width of the InP NWs have to be still optimized. 
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Figure 9 : SEM view of InP NWs grown by VLS-MBE on InP (111) 

 

For the top-down approach, deep reactive ion etching (DRIE) is investigated for the realization of the nanostructures. 
Double side polished silicon-on-insulator (SOI) with 10 µm device layer and 3 µm buried oxide (BOX) was selected. 
After cleaning, the SiO2 and chromium hard masks were deposited by plasma-enhanced chemical vapor deposition 
(PECVD) and e-beam evaporation respectively. Submicron dot patterns of various size and diameters (figure 10) were 
then prepared by e-beam lithography via spin coated negative electro-resist.  

 

 
Figure 10 : Dark field picture of submicron dots-cavities for mask patterning 

 

The exposition and development are followed by three inductively-coupled plasma (ICP) etching steps. The first one is 
the transfer of the resist pattern to the chromium by using a Cl2-He-O2 recipe. Then, the second one is the transfer from 
the chromium to the SiO2 with CF4 chemistry with an excellent accuracy and reproducibility (figure 11).  
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Figure 11 : Cr/SiO2 mask pattern transferred by ICP on SOI (diameters of about 334 nm for dots and 5.78 µm for the cage) 

 
 

Finally, the silicon from the device layer of the SOI is etched all through the BOX by Bosch process. The etching use 
SF6-C4F8-O2 chemistry and the passivation use C4F8 only. Using this dedicated triple-cycling etching procedure, we 
produced with great success 10 µm height Si pillar-based cavities with different densities as shown in figure 12. 

 
Figure 12 : Dense forest of Si pillar-based circular cavities 

 

5. CONCLUSION 
 

In summary, we have demonstrated that the quasi-3D optical confinement based on the 2.5D approach can be 
theoretically and experimentally extended to a real 3D configuration. Design and simulation of the deformation of a 
linear 1D PCM into a 2D circular dots-based reflector have shown highly resonant modes located perfectly at the centre 
of this new cavity.  Comparing to microdisk-, micropillar- or 1D – 2D photonic crystals optical microcavities, the 
optical modes of such 3D microstructures should present great differences due to their particular geometries (e.g. along 
the vertical axe of the cage).  

Experimental works for producing these 3D cavities have been performed by bottom-up and top-down approaches with 
very promising results. If the first approach needs more optimization studies for growing by VLS high aspect ratio pillar 
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arrays, the second one based on DRIE is now more close to the validation of the concept. SNOM-AFM optical 
measurements are now envisaged for mapping the optical modes and for demonstrating the 3D harnessing of the light 
with the photon cage.  

A third explorative approach, also developed in our groupi, is based on the concept of self-rolling strained multilayers to 
created 3D novel microcavities of various controllable shapes (nanotubes, nanospirals, rings, cylinders…)16.  

Such novel 3D confinement in the air will produce a new class of closed nanophotonic devices for chemical and bio-
chemical sensing applications.  
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