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Abstract. The optical characterization of the Si-ZnO hybrid photonic device fabricated and 

studied in this work revealed its ability to selectively enhance the reflectance on specific 

wavelengths in the border of VIS-NIR range. This ability was attributed to the coupling of 

the embedded micro-cavities in the photonic crystal. The results found suggest the presence 

of a photonic band gap around the border of VIS-NIR range in the hybrid photonic structure 

studied. 

1.  Introduction 

Photonic crystals (PhC) have demonstrated to be a good alternative to control the flow of light to 

develop new technology. Its interest have been growing incredibly every year since they were found 

as promising solutions for specific areas of study such like telecommunications [1-4] and light 

extraction on LEDs [5] for cite some of them.  Two dimensional (2D) photonic crystals are of 

particular interest since many fabrication methods are currently available for this kind of structures 

like chemical assisted ion beam etching (CAIBE), reactive ion etching (RIE) and focused ion beam 

(FIB) milling [6, 7], among others. In this work a two-dimensional hybrid PhC was fabricated on a 

silicon (Si) substrate coated with a zinc-oxide (ZnO) thin film. The PhC was directly milled over 

the Si-ZnO hetero-structure using the FIB fabrication method. The photonic structure was described 

by circular air columns in square lattice and an array of 16 coupled quasi-circular micro-cavities 

embedded in the photonic crystal body. Reflectance measurements at normal incidence carried out 

on this photonic device revealed reflectance selectivity for wavelengths in the border of VIS-NIR 

ranges. 

2.  Sample fabrication 

In order to fabricate the sample, a silicon substrate was coated with a ~240 nm thick ZnO thin film 

deposited by the Assisted Chemical Vapor Deposition (AACVD) method [9]. The hybrid PhC was 

milled directly on the Si-ZnO hetero-structure on a large area of 84 x 84 μm
2
 using a Focused Ion 

Beam system. The photonic crystal milled showed a lattice constant a=1.05 μm and circular air 

columns of radius r=0.57a.The main parameters of the photonic crystal described above were 
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achieved by setting a dose of 200 nC/μm
2
 and 1000 pA of irradiating current during 15 seconds per 

single hole using the spot milling shape. A pattern of 16 quasi-circular micro-cavities of about 10 

μm in diameter and a lattice constant of ~20 μm was embedded in the photonic crystal describing a 

secondary square lattice. The sample was designed including a pattern of micro-cavities in which 

each cavity has dimensions in the next order of magnitude compared to those of the regular square 

lattice photonic crystal. This was to identify whether these micro-cavities can be coupled between 

them to induce a photonic band gap in the PhC. Also, the square lattice pattern was selected with 

the aim in find a complete band gap when including the micro-cavities by measuring reflectance at 

normal incidence since this structure is well known to show partial band gaps for transversal 

electric (TE) or transversal magnetic (TM) modes [8]. Redeposition of eroded material was 

observed during the FIB milling process driving a rough surface on the photonic crystal area as 

result. Figure 1 shows the design of the complete photonic crystal structure and a single micro-

cavity of the PhC device can be observed in the inset. 

 

Figure 1. Design of the hybrid PhC with 16 

patterned micro-cavities embedded in the PhC 

body. Inset: SEM micrograph of single optical 

micro-cavity. 

3.  Experimental details 

Optical characterization of the hybrid photonic crystal was performed by measuring the optical 

reflectance at normal incidence using a similar experimental set up as used by Stumpf et al in Ref 

[10]. In order to measure reflectance on the photonic crystal two light sources as probe light were 

used: a He-Ne laser emitting at 633 nm and a multichannel fiber coupled laser source which emits 

785, 852, 1310 and 1550 nm wavelengths. These wavelengths were used with the aim in identify 

the optical properties of the hybrid photonic hetero-structure in a discrete broad spectra on VIS-NIR 

ranges. The ZnO thin film was removed from the substrate surface once reflectance measurements 

were completed on the hybrid photonic crystal. Figure 2 shows a close view of the photonic 

structure after ZnO thin film removal where it can be observed the PhC topography that has been 

predicted in previous theoretical investigations for FIB fabrication method [11].  
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Figure 2. Micrograph of PhC on bare silicon 

after ZnO thin film removal in close view.  

 

 

In the optical characterization of the sample both polarizations of light TE and TM modes were 

considered. In fact, the results of optical reflectance obtained for both polarizations were very 

similar, showing only very small differences between them. This finding was expected due to the 

PhC symmetry which determines that the light at normal incidence observes the same pattern on the 

photonic crystal surface for either TE or TM modes. The optical characterization of the hetero-

structure showed a high reflectance level on the hybrid photonic crystal area at the border of VIS-

NIR range wavelengths and a low level for NIR wavelengths. Particularly, reflectance measurement 

carried out at the border of VIS-NIR range showed that level obtained for 852 nm was higher than 

level measured at 633, 785, 1310 and 1550 nm on the hybrid photonic crystal as depicted in Figure 

3. The optical characterization was repeated on the PhC remaining on bare Si in order to determine 

the ZnO thin film contribution on the optical properties of the hybrid PhC. Figure 3 also shows the 

reflectance measurements of the PhC after the ZnO thin film removal. Here, it is noticeable that the 

reflectance magnitude was almost constant in the photonic structure on bare silicon for all the probe 

wavelengths 633, 785, 852, 1310 and 1550 nm. Furthermore, it was observed that the reflectance 

level of the photonic crystal on bare silicon only provides a uniform small gain compared to 

reflectance measured for uniform silicon substrate. Continuous dotted line in figure 3 represents the 

reflectance measured, using a Varian Cary 5000 spectrophotometer, on plain Si-ZnO substrate as a 

reference. 
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Figure 3. Reflectance measurement at 633, 785, 852, 1310 and 1550 nm 

wavelengths in PhC before and after ZnO thin film removal.  Reflectance of 

silicon substrate and Si-ZnO hetero-structure are included for comparison 

purposes. 

 

4.  Discussion 

It was observed a peak reflectance level at 852 nm probe wavelength in the hybrid PhC. Therefore, 

the hybrid photonic structure enhanced selectively wavelengths in the border of VIS-NIR ranges 

rather than NIR wavelengths. Moreover, reflectance measurements on the photonic crystal in bare 

silicon showed a constant reflectance level which was increased uniformly for all wavelengths 

probed in the border of VIS-NIR ranges compared to the reflectance measured for plain silicon 

substrate. This indicates that photonic crystal with embedded micro-cavities pattern fabricated on 

bare Si substrate did not contributed in the reflectance modulation as the hybrid Si-ZnO photonic 

crystal did. Hence, the role of ZnO thin film in the photonic hetero-structure was relevant for the 

optical behavior here obtained. It was noticeable that the whole hetero-structure system, i.e. the PhC 

with embedded micro-cavities milled on Si-ZnO, is coupled to selectively enhance the reflectance 

around 852 nm. This finding strongly suggests the presence of a photonic band gap around this 

wavelength in the hybrid photonic crystal studied in this work.  Further experimentation has to be 

completed to confirm this statement sweeping in a continuous way a region around the border of 

VIS-NIR wavelengths. 
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5.  Conclusions 

It has been confirmed that the hybrid photonic crystal discussed in this work was able to promote 

the magnitude of reflectance at the border of VIS-NIR wavelengths range. This finding suggests the 

presence of a photonic band gap around the border of VIS-NIR ranges for this hybrid PhC. 

Furthermore, it is concluded that ZnO thin film coating on the photonic hetero-structure clearly 

improves the reflection in this silicon based photonic crystal promoting a photonic band gap 

appearance. 
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