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ABSTRACT   

This paper reports on investigation and possible applications of the optical elements based on one-dimensional (1D) 
multi-component photonic crystal (PCs). The gap map approach and the transfer matrix method were used in order to 
mathematically describe multi-component 1D PC structures. We have found that the introduction of the additional 
regular layer into PC affects the properties of high-order PBGs, resulting in their vanishing in the certain range of the 
wavelengths and the formation of wide regions of total transparency instead. Tuning the number, position and width of 
these regions of total transparency in Si PCs has been demonstrated using the map of transmission bands. By analogy 
with multilayer dielectric coatings the additional component in multi-component Si PCs can be considered as an 
antireflection layer.  The experimental results for the high-contrast multi-component PCs based on SiO2-Si-SiO2-Air 
structure with wide transmission bands are demonstrated in this study. The suggested approach can also be applied to the 
design of any micro- and nano- structured semiconductor or dielectric materials for application across wide 
electromagnetic spectrum.  

  Keywords: 1D Photonic Сrystal, Tunable Photonic Сrystal, Multi-component Photonic Сrystal, Photonic Band Gap, 
Photonic Gap Map 

 

1. INTRODUCTION  
Miniaturization and integration of the optical devices, such as filters, polarisers, splitters and switches in electro-optical 
microcircuits is the key goals for realisation of all Si based microphotonics 1. One of the great expectations is associated 
with the research and development of the optical devices operating on photonic band gap (PBG) effect, namely devices 
based on Si Photonic Crystal (PC) structures 2,3. Owning to the PBG effect, which is the total reflection of all frequencies 
of light within this gap; Si PCs are used as broadband Bragg mirrors or reflectors 4. The operational wavelength of these 
devices possesses a high sensitivity to the refractive indices, n, and thickness, d, of all the components of PC. The Si-
based PCs are normally composed of two-components, which are primarily Si with high refractive index nH= nSi and any 
other material with lower refractive index nL< nSi. Furthermore, by changing the value of nL, tuning and switching ON- 
and OFF- of the PBGs can be achieved 5. By variation of the refractive index of one of the PC component, using the 
external forces, or by introducing any disorder of the components in PC structure the narrow transmission peaks can be 
formed within the PBG. Thanks to these narrow transmission peaks a variety of Si PC band-pass filters have been 
proposed nowadays 6-9.  By varying the angle of incidence of light these Si PC band-pass filters, which reflect or transmit 
the certain polarization, can be designed10.  
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Recently, a new model of multi-component PCs has attracted a great attention of researchers 11-14. The effect of tuning 
and switching of PBGs in multi-component PCs can be achieved by variation of the optical thickness of the additional 
regular components. For Si-based PCs  it was shown that variation of the thicknesses of the additional component, for 
example SiO2  or Si3N4, can be performed with the high accuracy, thus providing one with the precise engineering of the 
optical properties in PBG devices14. In other words the multi-component PC with the additional component of certain 
thickness can be an equivalent to the ordinary two-component Si PC infiltrated with the certain filler. At the same time, 
from the practical point of view, precise alteration of the thicknesses of the additional components can be easier and 
more effective than changing and finding of the fillers in ordinary PC device.  
 
In this paper, we have focused on the investigation of 1D multi-component PCs based on grooved Si with an additional 
regular component. The 1D structure was chosen due to certain advantages over the other type of PCs that mainly related 
to their simpler fabrication and integration into photonic integrated circuit and the possibility of formation the omni-
directional bands (ODBs) 15-17 at the same time. Using the Gap Map (GM) approach18 we have demonstrated that the 
introduction of the additional SiO2 component into 1D PC mirror can, under certain conditions, result in the 
disappearance of certain number of the PBGs in the extended range of Si filling factor. We applied the GM approach to 
generate the map of transmission bands (TBs) in order to observe the effect in the entire range of Si filling factor and in a 
wide wavelength range. The generated maps of TBs have demonstrated the formation of the ultra-wide transmission 
bands over the suppressed PBGs in a whole range of possible filling factors. The obtained TBs exhibit a high 
transmission value (T> 0.99) and a substantial bandwidth for the oblique incidence of light. These wide regions of 
transparency can be utilized for fabrication of antireflective structures for integrated photonic devices, optical 
biochemical sensors, as well as tunable polarizers operating in a wide range of angles of incidence. Based on the 
generated map of TBs the PC filter with ultra-wide pass-band characteristics have been successfully fabricated and 
characterized.  

2. DESIGN CONSIDERATIONS AND THEORETICAL CALCULATIONS  
2.1 Modeling of multi-component photonic crystal structure 

Micro-structured Si with deep linear grooves 19 is considered here as a model for the ordinary 1D PC structure. This 
structure consists of alternating layers of materials with high, nH, and low, nL, refractive indices. The refractive index of 
Si for the H-component in the IR range is chosen to be nSi=nH=3.42.  The refractive index of air for the L-component is 
nair=nL=1. In this case, the refractive index contrast is ∆n=nH/nL=3.42/1 and the obtained PC can be considered as a high-
optical contrast PC. Therefore, only a small number of periods, m, is required to obtain a PBG with a reflection of greater 
than 0.99.  Let us consider an example of this 1D PC with the number of periods m=5. The refractive index of the 
incoming and outgoing medium, n, is taken as 1.  We would like to investigate the impact on optical properties caused by 
insertion of an additional regular t-layer with a refractive index nt < nSi (for example nt = 1.5), which can be deposited or 
grown on the Si walls of the 1D PC structure with a definite lattice constant, A=DH+DL, where DH and DL are 
thicknesses of H and L- components, respectively (Fig. 1). 

 

Fig. 1. Schematic fragment of multi-component 1D PC for the model with fixed value of the lattice constant А. The thicknesses of H, 
L and t layers are DН, DL, Dt, accordingly. 
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Calculations of the reflection and transmission spectra of 1D PCs with a filling factor of the Si walls fSi=DH/A, are 
performed using the Transfer-Matrix Method (TMM) 20. This method is attractive due to the ease of introduction of an 
arbitrary number of additional layers at any point in the TMM’s equation. As demonstrated earlier the best analysis of 
the optical properties of PC structures can be performed using a combination of simulated by TMM reflection/ 
transmission spectra and GM approach21-25.  In the course of  the GM calculations we assume that the lattice constant A 
and the t-layer thickness, Dt, do not change, since the t-layers with refractive index nt were introduced on both sides of 
the Si wall (H-component) in our PC structure. To create a GM of PBGs or stop-bands (SBs) we need to generate the set 
of reflection spectra for each value of the filling factor fSi=DH/A ranging from 0 to 1. Next, values of frequency satisfying 
the required criterion for PBG formation (R>0.99) are selected.  However, when drawing the GM for a multi-component 
PC, the range of possible Si filling factors fSi=DH/A, required for the formation of SBs, is reduced to below a specific 
value of maxfSi=(A -2Dt)/A 14,26. The limit, placed on the value of fSi, is due to the fact that the value of DL decreases as a 
result of the introduction of the additional components. When generating fSi, the values of DH for both two-component 
and the three-component PCs are the same and, therefore, we can compare two different PC structures using a single fSi 
scale. 

Utilization of the GM approach gives a visual representation of the transformation of the PBG areas during the transition 
from a two-component to a multi-component PC14, 26. The GM approach enables us to choose the parameters required for 
the engineering of the optical devices based on grooved Si 19, which have application in integrated microphotonics. In 
particular, we can identify the range of frequencies that can be practically realized for these structures, and, therefore, 
establish the design criteria for different regions of the infra-red (IR) spectrum. All the optical characteristics, presented 
in this study, utilize the normalized frequency NF=A/λ units and, therefore, can be applied to a wide range of structure 
sizes, including micro- and nano-structures. 

 

2.2 Suppression of Stop Bands in 1D Bragg Mirror      

In Figure 2 we compare the GMs over a wide range of NF for an ordinary two-component “Si-Air” PC (grooved Si) and 
for multi-component  PC based on the same “Si-Air” structure after introduction of the regular  t-layer with thickness of  
Dt= 0.10A. It is apparent that the lower SBs are least affected by the addition of the t-layer, retaining a similar area and 
experiencing a negligible red shift in frequency. At the same time, inspection of the high-order SBs over the entire range 
of NF, reveals regions of frequency, or equivalently wavelength, for which SBs are suppressed, with R<0.99. Note that 
the SBs determined for the original “Si-Air” PC structure are not suppressed over the entire NF range (Fig.2). A detailed  
examination  of  the  suppressed  high-order  PBGs  in  these  frequency  regions  reveals  that SBs are not only  
 

 
Fig. 2. GMs for a two-component Si-Air PC (light regions) and for a multi-component PC with n t=1.5 and Dt=0.10A (dark regions) 

over a wide range of NF; maxfSi=0.80.  The calculations are performed at normal incidence of light with number of periods m=5. 
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significantly suppressed, but can actually disappear, with R=0. It is obvious that the regions of transmission could appear 
in these regions of frequency instead. Let us calculate a set of transmission spectra for a multi-component 1D PC with a 
t-layer thickness of Dt=0.1A over a range of fsi values from 0.08 to 0.1 with a step size of δfSi=0.001 (Fig. 3(a)). Indeed, 
the transmission bands (TBs) are formed between the suppressed PBGs, with R less than 0.99. It is clear from Fig. 3(a) 
that the TB’s range is constant for filling factors, fSi, in the range 0.083 to 0.093, that is, with a change in the filling factor 
of Δf =0.093-0.083=0.01. Additional detail can be seen in Fig. 3 (b), where the transmission range is expanded across the 
range of transmissions from 0.97 to 1 in order to increase the clarity of the diagram. As shown in Fig. 3(b), the width of 
the TBs is also dependent on the selection of the cutoff transmission value. For example, if a cutoff transmission was 
chosen as 0.995, then the TBs within a narrow range of NF will appear narrower and less uniform than those for a cutoff 
level of 0.99. The choice of an appropriate cutoff level is an important design criterion when engineering practical device 
structures. Let us consider an example of the design of a real band-pass filter based on the three-component PC model 
from Fig. 3. Suppose the lattice period, A, is 3000 nm and the Si-wall thickness, DH= fSi·A, is 260 nm, corresponding to a 
filling factor fSi=0.087. According to Fig. 3b, such an optical filter has a wide pass-band with bandwidth of 0.36 NF (350 
nm) centered at NF=1.7 or a wavelength λ=A/NF=1760 nm. From Fig. 3a the filling factor deviation ∆fSi is up to 0.03, 
which corresponds to the possible Si wall thickness deviation ∆DH=30 nm for this particular example filter.       
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Fig. 3. The transmission spectra T for multi-component PC with t-layer refractive index nt=1.5 and thickness 

Dt=0.10A for (a) fsi=0.08…0.1. (b) The same as in figure (a) shown for clarity in expanded transmission scale for fsi= 
0.087. The calculations are performed at normal incidence of light with number of periods m=5. 

 
2.3 Influence of the additional component thickness on the formation of transmission bands.      

 
Now that we have established the general criteria for TB formation, we can plot a map of the regions of transparency 
(RTs) for the multi-component PC by analogy with the GM for PBGs10, 21. In order to avoid plotting very narrow peaks 
with high transmission, T>0.99, from the spectrum in Fig. 3(b) (see, for example, peaks at NF=1, 2.2, 2.4) we need to 
define a minimum range of ∆NF>0.01, which provides transmission values T>0.99. Removal of the narrow regions, by 
defining ∆NF<0.01 greatly improves the clarity of the TBs.  In Figure 4 (a) the map of TBs is demonstrated with the 
GM, simulated for the “Si-Air” PC structure with additional component with refractive index nt=1.5 and thickness 
Dt=0.13A. It is apparent, that the TB regions are located between the SBs areas of the corresponding PC structure. Note 
the total suppression of high order SBs over a range of NF from ~1.1 to ~1.5. This NF range also contains the widest 
TBs. This is also confirmed by the transmission spectrum, shown below in Fig. 4 b. Therefore, we conclude that the third 
layer in 1D PC structure can be treated as an antireflection layer by analogy with multilayer dielectric coatings. 
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Fig. 4.  a) The GM of stop-bands (R>0.99), denoted as SBs, and map of transmission bands (T>0.99), denoted as TBs, for the multi-

component PC with nt=1.5and Dt=0.13A. b) The transmission spectrum T for the same multi-component PC for fsi=0.117.  The 
calculation is performed at normal incidence of light with number of periods m=5.  

It should be noted that the SBs determined for the  ordinary PC structure, shown in Fig.2, are not suppressed over the  
whole NF range and, therefore, originally  have no wide TBs in this range.  
 
Let us now analyze the changes that occur in these wide TBs, when the thickness of the additional t-layer is varied, using 
maps of the transparency regions. For this purpose, maps of TBs for the three-component PC with t-layer thicknesses 
Dt=0.20A and Dt=0.33A were calculated (Fig.5). The calculation procedure, used to determine the TBs, and the form of 
their graphical representation are the same as that described earlier. 
 

 
Fig. 5.  a) The GMs of PBGs (denoted as SBs) and maps of TBs (denoted as TBs) for the multi-component PC with additional t-layer 

of refractive index of nt=1.5 and thicknesses (a) Dt=0.20A  and (b) Dt=0.33A. The calculation is performed at normal incidence of light 
with number of periods m=5.  

It is worth noting that, for the PC with Dt=0.20A, the TBs exhibit a different behavior than for the case of Dt=0.13A. The 
widest TBs disappear between 1.1 and 1.4, reappearing again in two NF regions, viz. from 0.5 to 1.1 and from 2.3 to 2.6. 
As shown before, these features were not observed for the ordinary two-component PC with optical contrast 3.42/1 (see 
Fig. 2 a, light grey curves). Moreover, as expected, for an additional layer thickness of Dt=0.33A, we can already see the 

Proc. of SPIE Vol. 7943  79430F-5

Downloaded from SPIE Digital Library on 17 Jan 2012 to 134.226.86.54. Terms of Use:  http://spiedl.org/terms



 

 

formation of three regions with wide TBs over the same NF range.  Thus, an increase in the t-layer thickness results in an 
increase in the number of TBs. Therefore, by changing the thickness values of t-layer we can manipulate with width and 
number of TBs in Si PC device.   
 
2.4 Influence of the oblique incidence of light on regions of transparency 

Based on the preliminary calculations performed in section 2.3, we have successfully demonstrated how the thickness of 
the t-layer is affecting the formation of the regions of transparency in multi-component Si photonic crystal. The next 
important issue, which needs further investigation, is the impact of oblique incidence of light on TBs. As it was 
demonstrated earlier 18, 25, the PBGs cannot be obtained at certain angles of incidence of light for 1D “Si-Air” PC 
structures, regardless of the filling factor fSi. In the paper 14 we have shown, that by lowering the effective optical contrast 
(e.g. from high to medium) due to introduction of the additional components, one can obtain the omni-directional SBs in 
initially high-contrast structures. The calculated omni-directional SBs for multi-component PC structure have even larger 
width, than those for the equivalent two-component structures with medium optical contrasts, for both TM and TE 
polarizations of light. The TM and TE are the Transverse Magnetic and Transverse Electric polarizations of 
electromagnetic wave, respectively. 

 Let us consider now the multi-component “Si-Air” PC system with the additional t-layer of the thickness Dt=0.2A. A 
detailed analysis have  shown that an increase of the angle of incidence of light, θ,  does not affect significantly the 
formation of TBs, which are experiencing only a blue shift in an entire range of fSi. At the same time, a large increase of 
the angle of incidence (θ >50º) leads to the widening of TBs for TM polarization and their narrowing for TE polarization.  
On the contrary, as was demonstrated in the past, the width of the SBs for TE polarization increases with an increase in 
θ, while for TM polarization it decreases 10. Therefore, we can expect that at certain conditions the wide SBs for TE 
polarization may overlap with the wide TBs for TM polarization. The  

 
Fig. 6. The GM of SBs (R>0.99) for TE-polarization (light regions) and map of TBs (T>0.99) for TM-polarization (dark regions) for 
the multi-component PC with Dt=0.2A in a wide fSi range (a) and in limited fSi range (b). The calculation is performed at angle of 
incidence θ= 60o. 
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overlapping regions determine the regions of frequency for which a multi-component PC structure  is totally transmitting 
the TM-polarized light and  totally reflecting the TE-polarized light, and, therefore, this structure is acting as a highly 
efficient polarizer.  In Figure 6a, we demonstrate the GM, calculated for θ=60o for TE-polarization, which is compared to 
the map of TBs, calculated for the same angle θ but for TM-polarization of the incident light. It is apparent from Fig.6a 
that the TBs have partially overlapped with SBs in a whole range of fSi. For clarity, the same maps are demonstrated in 
the limiting range of fSi and NF in Figure 6b.  It is clearly seen, that the overlapped regions can reach the width up to 0.05 
NF for certain values of fSi. For the example considered here, A=3 μm, this width value is equaivalent to approximately 
60 nm.   In order to demonstrate the overlapped regions  in details, as well as to show the qualities of the obtained TBs in 
transmission spectra, the T-spectra for both polarizations were calculated using a filling factor fSi=0.18 (Fig.7). The 
overlapped regions for both polarizations correspond to the maximum value of T for TM polarizion and the minimum 
value of T for TE polarization. It is also apparent, that the overlapped regions (with T>99%) demonstrate a negligible 
number of ripples on the top.   

 
 
Fig. 7. The T spectra for fSi=0.18 calculated for the multi-component PC with Dt=0.2A at angle of incidence θ= 60o. The formation of 
TB for TM-polarization and SB for TE-polarization at NF= 1.62 demonstrates the transformation of the PC into TM-polarizer in 
transmission mode and TE-polarizer in reflection mode.  
 
We conclude that the introduction of the additional, regular layer into a high optical contrast 1D PC, like for example 
grooved Si, results in the appearance of wide regions of transparency for TM polarization for an oblique incidence of 
light. Using an appropriate design a photonic crystal polarizer, based on grooved Si, can be fabricated for efficient 
operation with T>99% for TM polarization and R>99% for TE polarization in a specific wavelength regions over a wide 
range of the incident angles of light. 
 

3. FABRICATION OF MULTI-COMPONENT 1D PHOTONIC CRYSTAL- AN EXAMPLE 
OF BAND-PASS FILTER.  

 
 Let us use the suggested in the previous section maps of TBs for the fabrication of the real band-pass optical filter with 
wide bandwidth operating in a mid-infrared (MIR) wavelength range. In order to introduce the third component into 
original two-component structure, we exploited thermal oxidation of the grooved Si structures. While other complex and 
more expensive deposition techniques, such as chemical vapour deposition or sputtering, can be used to deposit dielectric 
layers, thermal oxidation of Si has the advantage of having a better growth isotropy, especially for narrow, deep trenches 
and precise control of the grown thickness. Also the fundamental limitations of fabricated Si based devices, such as high 
roughness and corrugation of the etched Si surfaces, can be overcomed by oxidation smoothing. In the course of the 
model calculations we have to pay attention to the following important issues. Firstly, owing to the strong absorption 
band of Si02 around 9 μm in MIR range of spectra, the imaginary part of Si02 refractive index, nSiO2, has been taken into 
account27. As will be demonstrated later this fact does not affect significantly the TBs or pass-bands (PBs) properties of 
the proposed filter. Secondly, during thermal oxidation the 44% of oxide thickness is formed at the expense of Si wall 
while the remaining 56% of the oxide grows outside in the air. Therefore, the maximum fSi of resulting three-component 
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device will be reduced by the value ∆fSi= (2·0.44· DSiO2)/A. For fabrication convenience let us use the original grooved Si 
structure with a lattice period A= 4 µm and the thickness of the additional component DSiO2=0.18A. Only three silicon-air 
paired layers with m=3 are needed in order to demonstrate the SBs formation and their further replacement with TBs, 
making the device extremely compact and potentially low loss.  
 

 
Fig. 8. (a) The GM of SBs with R>0.99 (light regions) and map of TBs with T>0.99 (dark regions) calculated for fabricated filter based 
on PC structure SiO2-Si-SiO2-Air with m=3 for mid-IR.  (b) The same maps, demonstrated in the limited range of λ and f*Si  for clarity. 

The dispersion of SiO2 in MIR range and normal incidence of light θ=0 are taken into account during calculations. 

Figure 8a shows the maps for the discussed structure calculated in a wide range of f*Si=  fSi - ∆fSi from  near-infrared to  
mid-IR spectral ranges. As can be seen for this figure, the introduction of the regular SiO2 layers in the device (Fig.1) has 
affected the formation of SBs significantly. The limited number of high-order SBs have been vanished in a full range of 
f*Si over two wavelength regions (around 4 µm and 1.5µm). At the same time the regions of high transparency with T>99 
% (dark regions) have become significantly wider in the same wavelength regions.  It is also clear that the widest TBs 
are observed for the filling factor values less than 0.5, which actually corresponds to more realistic structures. According 
to TB’s map the final device should have a filling factor f*Si=0.145 and, therefore, the final Si-wall thickness, DH= 
f*Si·A=0.58 µm. In the Fig. 8b the same map is presented in the limited range of f*Si from 0.075 to 0.2 in order to study 
the TBs and SBs for the proposed structure in details. It is obvious that the filling factor deviation, which corresponds to 
the pass-bands of the same bandwidth and centered at the same wavelength λc, is up to 0.015. Thus, the fabrication 
tolerance can be easily estimated from the proposed TB’s map, which constitutes 60 nm for the particular demonstrated 
example filter.  
 
For the fabrication of the original grooved structure we used a fabrication process that was described in details by 
Tolmachev 19.  The anisotropic chemical etching of (110) Si by KOH was used for the initial step. The depth of etching 
was 15 μm. Following this, grooved structure was thermally oxidized at the temperature T=900 °C for 120 min in order 
to grow an oxide layer of the thickness DSiO2= 0.18A=720 nm on the top of Si side-walls. Thickness control of the SiO2 
layers was performed on witness samples using Spectroscopic Ellipsometry (see Ref. [28] for details). The R and T 

Proc. of SPIE Vol. 7943  79430F-8

Downloaded from SPIE Digital Library on 17 Jan 2012 to 134.226.86.54. Terms of Use:  http://spiedl.org/terms



 

 

spectra measurements have been performed using an FTS 6000 FTIR spectrometer in conjunction with a UMA IR 
microscope29. The aperture of the focused IR beam was 15 × 15 μm2 and the spectral resolution was 8 cm–1.  A golden 
mirror was used as a 100% reference for measurements of reflection spectra. All measurements have been performed for 
normal incidence of light. 

 
Figure 9 shows the experimental R and T spectra in comparison with the simulated ones. Apart from some excess losses, 
which may be due to optical scattering, there is good agreement between experiment and calculation. We note that the 
original grooved Si structure has the SBs centred at 3.5 μm and 4.8 µm. Thus, the original device is acting as a stop-band 
filter (Fig. 9a), while after thermal oxidation these SBs have been replaced with ultra-wide TB with bandwidth of 1400 
nm in the range of wavelength from 3.4 μm to 4.8 μm. The obtained device can now operate as band-pass filter (Fig 9b). 
The utilization of the thermally grown SiO2 for the fabrication of the multi-component PC device has resulted in the 
appearance of the negligible number of ripples (with depth up to 4-5%) on the otherwise flat-top transmission. Therefore, 
the fabricated band-pass filter can provide an ultra-wide transmission of 95-96% centred at 4.2 μm. 

 
 

Fig. 9  (a) Experimental (dashed line) and calculated (solid line) R spectra of the band-stop filter based on two-component PC 
structure Si-Air with m=3 before thermal oxidation; filling factor  fSi=0.3.  (b) Experimental (dashed line) and calculated (solid line) T 
spectra of the band-pass filter based on the same  PC structure SiO2-Si-SiO2-Air after thermal oxidation; filling factor f*Si=0.145. The 
spectra demonstrate the transformation of the SBs at 3.5 μm and at 4.8μm into the TB at the wavelength λc= 4.2 µm.  

This compact Si-based band- pass filter with ultra-wide and flat-top transmission characteristics may find a number of 
applications, such as antireflective structures, polarizers or optical sensors for biochemical molecules integrated into 
photonic and electro-optical devices. 

CONCLUSION 
The multi-component PC has been investigated by modeling them as two-component PC (grooved Si) with an additional 
regular component. The advantage of the multi-component Si PC structures for possible application in photonic 
integrated circuits has been demonstrated  using the effect of disappearance of certain number of stop-bands and their 
replacement with wide pass-bands (T>99%). The Gap Map approach has been successfully demonstrated as the universal 
tool for designing of the optical components based on multi-component PCs structures. Using this approach enables full 
visualization of the obtained SBs and wide TBs in the entire range of the filling factors. By varying the thickness of the 
additional layer, the number and the width of the TBs can be changed. With increase of the angle of incidence the wide 
TBs for TM-polarization may partially overlap with SBs for TE-polarization, transforming the multi-component PCs into 
TM-polarizer in transmission mode and TE-polarizer in reflection mode. High-contrast, multi-component SiO2-Si-SiO2-
Air PC based on grooved Si with thermally grown oxide layer SiO2 has been fabricated and characterized. The obtained 
experimental results demonstrate a good agreement with the theoretical simulations. 
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