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Experimental evidence of photonic band gap in hybrid Si/SiNOCH multilayer structure at the infrared range

Keywords: Photonic band gap materials, (HMDSO+N2), PECVD, Sputtering, Spectroscopy infrared

Hybrid one dimensional photonic crystal (1D PC) based on alternating layers of inorganic materials, the silicon (Si), grown by radiofrequency magnétron sputtering and organic compound, HMDSO mixed with nitrogen N2 (HMDSO+N2), deposited by radiofrequency Plasma Enhanced Chemical Vapor Deposition (RF-PECVD) for different N2/HMDSO flow rate at a fixed power of 200W. As the refractive index of silicon (Si) is n=3.4, to obtain a good contrast index between the inorganic and organic layers leading to appearence of large photonic band gap, we have varied the flow of the mixed gaz (HMDSO+N2) for having a lower refractive index 1.7 correponding to a layer with the same chemical composition element of the SiNOCH material as confirmed by IR measurement. After optimization of the Si and SiNOCH thickness layers with respect to the Bragg low, we have measured the photonic band gap (PBG) of Si/SiNOCH photonic structure through transmission and reflection spectra. The PBG appears after 5 periods of alternating layers with a width of 740 nm in the near infrared (NIR) region centred at 1500 nm. Our experimental results are interpreted succesfully by a theoretical model based on the transfer matrix method (TMM).

Introduction

PCs are artificial structures with periodic arrays of two dielectric materials having different refractive indexes. This periodicity induces the appearance of frequency range in which the propagation of light is forbidden and is called photonic band gap (PBGs) that are functionally analogous to electronic band gaps for semiconductor crystals. The introduction of photonic crystals by Yablonovitch and John in 1987 [START_REF] Yablonovitch | Inhibited spontaneous emission in solid-state physics and electronics[END_REF][START_REF] Yablonovitch | Photonic band-gap structures[END_REF][START_REF] Skorobogatiy | Fundamentals of Photonic Crystal Guiding[END_REF] has been the subjet of intensive research because their attractivity in many applications in photonic devices, optoelectronic and telecommunication, such waveguides, cavities, efficient lasers [START_REF] Painter | Two-dimensional photonic band-gap defect mode laser[END_REF][START_REF] Loncar | Low-threshold photonic crystal laser[END_REF], optical fibers … [START_REF] Knight | All-silica single-mode optical fiber with photonic crystal cladding[END_REF][START_REF] Knight | All-silica single-mode optical fiber with photonic crystal cladding: errata[END_REF]. PCs can be fabricated with three types: one-(1D), two-(2D) and threedimensional (3D) PCs [START_REF] Bellingeri | Optical properties of periodic, quasi-periodic, and disordered onedimensional photonic structures[END_REF][START_REF] Li | Controllable introduction of defects into colloidal photonic crystals by co-assembly of latex spheres with different diameters and refractive index[END_REF]. 1D PCs is attractive since its production relatively easy to achieve through many deposition techniques when compared to 2D and 3D PCs, and its modeling by analytical and numerical calculations is simple [START_REF] Kong | Tellurite suboxide based near-infrared reflector and filter[END_REF]. Onedimensional PCs are elaborated by depositing alternatively layers of low-and high-refractive index in Bragg mirror structure with many methods such as rf sputtering, PECVD, pulsed laser deposition (PLD), and sol-gel [START_REF] Sahel | Optical filters using Cantor quasi-periodic one dimensional photonic crystal based on Si/SiO2[END_REF][START_REF] Amri | Experimental evidence of the photonic band gap in hybrid one dimensional photonic crystal based on a mixture of (HMDSO, O2)[END_REF][START_REF] Němec | Pulsed laser deposited amorphous chalcogenide and alumino-silicate thin films and their multilayered structures for photonic applications[END_REF][START_REF] Rahmat | Development of a novel ozone gas sensor based on sol-gel fabricated photonic crystal[END_REF]. These deposition techniques can be utilized to fabricate a 1D PCs using TiO2/SiO2 for the visible region [START_REF] Jena | Omnidirectional photonic band gap in magnetron sputtered TiO2/SiO2 one dimensional photonic crystal[END_REF], GaAs/AlAs for the near infrared (NIR) region [START_REF] Park | GaAs-based near-infrared omnidirectional reflector[END_REF] and Ge/Zns for the infrared (IR) region [START_REF] Wang | Effective modulation of the photonic band gap based on Ge/ZnS one-dimensional photonic crystal at the infrared band[END_REF]. Recently we have developed new generations of hybrid photonic crystals, and we have elaborated two photonic structure derived from the same organic materials HMDSO diluted respectively in oxygen and nitrogen. One from a unique gas mixture of (HMDSO+O2), which gives, by varying the flow of oxygen an hybrid photonic crystal formed with alternative layers of high and low refractive indexes, corresponding to HMDSO and SiO2 materials, respectively [START_REF] Amri | Experimental evidence of the photonic band gap in hybrid one dimensional photonic crystal based on a mixture of (HMDSO, O2)[END_REF], and the other from using a mixture of (HMDSO + N2) which gives by the variation of the RF power an hybride photonic crystal with altenative layers corresponding to SiCxNyOzH and α-Si3N4 with a good refractive index contrast [START_REF] Amri | Photonic band gap and defect mode of one-dimensional photonic crystal coated from a mixture of (HMDSO, N2) layers deposited by PECVD[END_REF].The third hybrid structure is based on two materials, one inorganic silicon (Si) deposited by sputtering magnetron RF, and the other organic hexamethyldisiloxane (HMDSO) deposited by PECVD [START_REF] Amri | Hybrid photonic crystal based on Si and HMDSO layers deposited by sputtering and PECVD[END_REF]. This structure can have potential applications in many fields of optical communication. In the present work we are interested in the elaboration of one-dimensional photonic crystal coated from inorganic material, the silicon and a mixed gaz of organic compound (hexamethyldisiloxane: HMDSO) with nitrogen N2, deposited alternatively by sputtering and PECVD, with high and low refractive index of 3.4 and 1.7 corresponding, respectively, to Si and (HMDSO+N2). After optimizing the thickness layers, with respect to Bragg mirror law and light wave range, we have characterized the chemical composition of the layers (HMDSO+N2) by infrared spectroscopy, and then we determined experimentally by transmission and reflection measurement the minimal period numbers which led to the appearance of the photonic band gap operating in the IR wavelength range in our photonic structure. In addition, the experimental transmission and reflection spectra were simulated by using a theoretical model based on tranfer matrix, which enables to study the evolution of the photonic band gap in the range of 0.8-2.5μm.

Basic materials and deposition layers

The Periodic layers Si/(HMDSO+N2) have been deposited alternatively by radiofrequency magnetron sputtering (RFMS) and Plasma Enhanced Chemical Vapor Deposition technique (PECVD) at low pressure.

Silicon Si

Silicon Si thin films have attracted much attention in application for advanced electronic devices such as thin film transistors and solar cells [START_REF] Juang | Formation of n-channel polycrystalline-Si thin-film transistors by dual source/drain implantation[END_REF][START_REF] Gall | Growth of polycrystalline silicon on glass for thin-film solar cells[END_REF]. Various techniques have been explored for fabricating Si thin films, plasma-enhanced chemical vapor deposition (PECVD), CVD. However, magnetron sputtering is also a promising method for the preparation of Si thin films, because the crystallinity can be controlled easily [START_REF] Hashim | Room-Temperature Deposition of Silicon Thin Films by RF Magnetron Sputtering[END_REF]. Thin films growth can be substantially modified by ion bombardment during sputtering [START_REF] Sahel | Optical filters using Cantor quasi-periodic one dimensional photonic crystal based on Si/SiO2[END_REF]. In this technique many parameters can be controlled during this sputtering process to get good crystalline quality such as, substrate bias power, temperature, pressure and mixing gas. In this work, we attempt deposition at room-temperature using RF magnetron sputtering [START_REF] Sahel | Effect of sequence built on photonic band gap properties of one-dimensional quasi-periodic photonic crystals: Application to Thue-Morse and Doubleperiod structures[END_REF]. We produced pure argon plasma (Ar) with an RF of 300W and a total pressure of 10 Pa, in order to obtain homogeneous layers.

Gas mixture (HMDSO+N2)

Hexamethyldisiloxane (C6H18OSi2 -HMDSO) is an organosiloxane compound, its chemical properties are important due to the presence of silica, Si and CH3 radicals, and is often used in the plasma polymerization because its higher organic character and high vapor pressure, it is relatively non-toxic and with low production cost.. Due to these interesting properties, HMDSO has been employed for plasma polymer layer deposition in many different fields [START_REF] Gotoh | Wettability control of PET surface by plasma-induced polymer film deposition and plasma/UV oxidation in ambient air[END_REF][START_REF] Grimoldi | AFM and contact angle investigation of growth and structure of pp-HMDSO thin films[END_REF]. The mixture of HMDSO and nitrogen N2 (HMDSO+N2) offers the possibility to obtain a variety of thin films with a high quality of the same composition and where the structure can be varied with the flow rate of (HMDSO/N2 ), which gives thin films with different refractive indexes [START_REF] Amri | Photonic band gap and defect mode of one-dimensional photonic crystal coated from a mixture of (HMDSO, N2) layers deposited by PECVD[END_REF]. The deposition in HMDSO-containing plasmas gives the possibility to obtain stable hydrophobic materials, and can be used as a precursor deposited in thin layer by the PECVD technique. PECVD provides advantages, due to the low deposition temperature and to the variety of reactions which take place in the plasma, the production of layers with various properties by changing simply some deposition parameters, it enables to the preparation of coatings with a wide range of properties as wetting and sticking behavior… [START_REF] Rombaldoni | Thin Film Deposition by PECVD Using HMDSO-O2-Ar Gas Mixture on Knitted Wool Fabrics in Order to Improve Pilling Resistance[END_REF][START_REF] Alexendrov | Remote AP-PECVD of Silicon Dioxide Films From Hexamethyldisiloxane (HMDSO)[END_REF].. Before the layers deposition, the substrates are etched with argon plasma in order to remove any surface residual contaminants. These layers are deposited by varying respectively, the deposition time and the gas mixture (HMDSO+N2) flow rate, and by maintaining constant the total pressure at 7×10 -3 torr, the RF power at 200 W and the substrate temperature at room temperature.

Optical characterisation of layers

Refractive index of Si and (HMDSO+N2) layers

Refractive index of Si

Refractive index nSi is deduced directly through the transmission and reflection spectra from the fit of the experimental curves using the software which gives the optical constants: the refractive index n, the extinction coefficient k, the absorption coefficientα, and the real and imaginary dielectic constants 1 and 2 . Figure 1 shows the evolution of the refractive index of the silicon layer corresponding to a time deposition of t = 5 min. We can note that the static refractive index extrapolated for high wavelengths is nSi = 3.4, which is in accordance with the reported values in the literature [START_REF] Sahel | Optical filters using Cantor quasi-periodic one dimensional photonic crystal based on Si/SiO2[END_REF]. 

Refractive index of (HMDSO+N2)

Layers issue of the (HMDSO, N2) mixed gaz are deposited for different flow on glass substrate with a fixed RF power 200W during a time of 5 mn. Transmission and reflection spectra of this layer are perfomed by using a Varian Carry 5E spectrometer in the UV-VIS-Near IR range and are adjusted with a commercial Softwar. Refractive index of these layers obtained for the high wavelength is presented in figure 2. It shows the evolution of refractive index with different flow of nitrogen N2 at fixed pressure and power. We note a decrease of the refractive index with increasing flow ratio N2 / HMDSO from 2.1 to 1.7. To elaborate our photonic structure, we have used the lower index n=1.7 for the organic layer, to have the best contrast index ∆n between this layer and the silicon one. The contrast ∆n is then 3.4 -1.7=1.7. Our photonic crystal consists of an alternating layers of Si/(HMDSO, N2), the layer Si with refractive index 3.4 deposited by sputtering and the second layer (HMDSO, N2) with refractive index 1.7 deposited by PECVD.

Thickness layers of Si and (HMDSO,N2)

The choice of the thicknesses dSi and d(HMDSO,N2), respectively, of the layers Si and (HMDSO+N2) is not arbitrary, and must verify the conditions of Bragg: (nSidSi= n(HMDSO,N2)d(HMDSO,N2)=λ0/4). For a Bragg wavelength λB equal to the reference wavelength λ0 = 1500 nm and for the considered indexes nSi = 3.4 and n(HMDSO,N2) = 1.7, so the layer thicknesses should be dSi = 110 nm and d(HMDSO,N2),= 220nm. The measure of thickness of each layer is obtained by using a DEKTAK 3ST profilometer which gives an accurancy of about 5 nm. As the thicknesses depend on the deposition time, for obtaining the disered values of dSi and d(HMDSO,N2), we have realised thickness calibration which consists in depositing on the glass substrate a single layer of Si or (HMDSO,N2) and for each layer we have varied the deposition time in the range 1 -6 min and measured the samples thickness.

Figure 3 shows the calibration curve which presents a linear dependence between time deposition and thickness, which allows the determination of deposition time corresponding to the desired thickness. Finally, we found for, respectively, dSi =110nm and d(HMDSO,N2)=220nm deposition times t1 = 1:30 min and t2 = 2:30 min, respectively. Our one-dimensional considered photonic crystal is a periodic arrangement of silicon and (HMDSO+N2) layers of, respectively, refractive indixes nSi = 3.4 and n(HMDSO,N2) = 1.7 , and thicknesses dSi =110nm and d(HMDSO,N2)=220nm. 

Infrared spectroscopy of (HMDSO, N2) layers

The IR absorption spectroscopy has been widely used for the characterization of thin films (HMDSO + N2). The analysis of the absorption bands and their assignment reported in previous works [START_REF] Tsankov | Infrared spectroscopic ellipsometry and atomic force microscopy study of plasma polymrised hexamethyldisiloxane layers post-treated by NH3 plasma[END_REF][START_REF] Ziari | Chemical and electrical properties of HMDSO plasma coated polyimide[END_REF][START_REF] Massines | Atmospheric pressure plasma deposition of thin films by Townsend dielectric barrier discharge[END_REF] and summarized in table 1 allow to establish the chemical groups present in thin films deposited with different flow ratio of N2/HMDSO. Figure 4 shows the evolution of IR spectra for different N2 /HMDSO flux ratio in the range 500 -3500 cm -1 , we observe practically the presence of the same absorption bands for the different ratio, but with different intensities. The band observed around 800 cm -1 is associated with the Si-C and Si-(CH3)x complexes in different bonding configurations, with a higher intensity for low ratio (i.e. low N2 flow rates) and almost disappeared for high flow.

The band around 950 cm -1 corresponds to Si-N-Si complexes, the maximum intensity is observed for the highest flow ratio and this band is shifted to 980 cm -1 , for lower flow rate . The band at 1562 cm _1 , could be attributed to N-H scissoring vibration of NH2 with a maximum intensity for the highest flow ratio. The band at 2100-2200 cm -1 corresponds to the stretching vibration of Si-H bonds, and bands around 2900 are due to the asymmetric and symmetric stretching vibration of the C-H bonds in methyl groups, the intensity of these C-H bands seems to decrease with increasing the flow rate of N2/HMDSO. The band at 3400 cm -1 is assigned to NH stretching vibration, where we note that the intensity of these bands increases with increasing the flow rate. The absorption band positions formed for the vibrations modes detected in the synthesized films with their respective frequency, are in good agreement with the results previously reported and summarised in table1 [START_REF] Tsankov | Infrared spectroscopic ellipsometry and atomic force microscopy study of plasma polymrised hexamethyldisiloxane layers post-treated by NH3 plasma[END_REF][START_REF] Ziari | Chemical and electrical properties of HMDSO plasma coated polyimide[END_REF][START_REF] Massines | Atmospheric pressure plasma deposition of thin films by Townsend dielectric barrier discharge[END_REF]. These results indiquate that the flow ratio of N2/HMDSO influences strongly the intensity of the IR absorption bands observed for the different layers. This effect can be related to the existence of functional groups such as: SiCH3 (800 cm -1 ), Si-N-Si (950cm -1 ), N-H (1562), Si-H (2170 cm -1 , 2180 cm -1 ), C-H (2960 cm -1 ) and N-H (3390 cm -1 ). We noted that the deposited materials have the same elements, but, the composition depends on the nitrogen amount contained in the gas mixture. It therefore appears that the increase in nitrogen containt induced a significant change in the layer composition. We can deduce that the layer with high flow rate of N2/HMDSO=20/2 with low refractive index is formed by silicon carbonitride compound with a more probable formula SiNOCH material.

Theoretical approch

Photonic band gap modelisation

Transmission and reflection spectra of our one dimensional photonic crystal which defined the Photonic band gap can be calculed by a theoretical model based on transfer matrix M. The photonic structure can be modelised by a discrete sequence of alternating fields of respective widths defined by the thicknesses d1 and d2 of the layers constituting this structure, electromagnetic field of two sucssive layers is connected by a transfer matrix M1 and M2 through a widely used formalism, previously reported by Max Born and Emil Wolf [START_REF] Born | Principales of Optics[END_REF]. Our grown photonic crystal is composed by alternative Si and HMDSO+N2 layers with respectively refractive indexes nSi = 3.4 and nHMDSO= 1.7, and thickness dSi = 110 nm and dHMDSO = 220 nm as discused above. The schematic representation of this periodic arrangement formed by N periods (Si /(HMDSO+N2)) and a layer Si, is shown in Fig 5. In this formalism the transfer matrixes are given by the following relationship [START_REF] Born | Principales of Optics[END_REF][START_REF] Amri | Hybrid photonic crystal based on Si and HMDSO layers deposited by sputtering and PECVD[END_REF]:
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The total transfer matrix described the field propagation is then defined by:
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M2N and M2N+1 can then be written : The reflectance R and transmittance T of the photonic crystal are given by: 
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Effect of number periods on PBG width

Using the transfer matrix method, we calculated the transmission and reflection spectra by varying the number of periods N for the alternating Si and (HMDSO+N2) layers, with thicknesses dSi= 105nm, dHMDSO+N2 = 210 nm and refractive index nSi=3.4, nHMDSO+N2 = 1.7 nm, repectively as shown in Fig. 5. These theoritical spectra are reported in Fig. .8 with dashed red line for N=1, 2, 3, 4, 5and 6. These spectra alow the calculation of PBG width for the corresponding periods, Fig . 6 presents the evolution of these width as a function of the period number. We can clearly see the PBG width is only well defined after 5 periods with almost a saturation value of 740 nm. This value can then be considered as the correct PBG width. This result will be confirmed experimentally in the following section. 

Effect of the index contrast on the PBG width

To account for the effect of refractive index contrast on the PBG width, we calculated the transmission spectra of Si / (HMDSO+N2) photonic structure, by varying the refractive index of (HMDSO+N2) between its extreme values 1. We present in Fig. 7 the variation of the PBG width as a function of the index contrast obtained for the different pairs considered with 5 periods of (Si / HMDSO+N2). We note that the width increases with the index contrast. This approach is useful to elaborate photonic crystal with PBG covring a large part of IR range, which correspond to the pair (3.4, 1.7) caracterized by the largest index contrast ∆n = 1.7. 

Experimental results and interpretation

We present in figure 8 the experimental transmission and reflection spectra for the photonic structure elaborated with 3, 5, 7, 9, 11 and 13 stacks of Si/(HMDSO+N2) layers which are compared to the simulated ones, discused above, we observe a good agreement between the experimental and simulated data for which we can see that the PBG appears after 11 deposited layers (i.e 5 periods of Si/(HMDSO+N2) layers), and is centered at 1500 nm extending between 1180 nm and 1920 nm with a width of 740 nm. We conclud that five periods number are sufficient to perform a photonic crystal operating in the IR range.

Conclusion

We have elaborated a new hybrid photonic crystal based on alternative layers of inorganic materials the silicon (Si) deposited by magnetron sputtering RF and organic materials the hexamethyldisiloxane mixed with the nitrogen N2 (HMDSO+N2) deposited by PECVD. The properties of this crystal have been studied experimentally and interpreted theoretically by the transfer matrix method. The photonic band gap is well defined for 11 layers in the infrared range and has a width of 740 nm. Our results open the way for the fabrication of a new generation of hybrid photonic crystals based on an organic compound coupled to an inorganic material. These structure are low cost, easily elaborated and flexible photonic crystals which can cover a wide variety of initial products with potential applications in many fields such as telecommunication, optoelectronics and image processing, sonsors…. We plan in the future to prospect other photonic structure covering other frequency domains (UV, visible, microwave ...) and generalize our method to the elaboration of quasiperiodic photonic strucyure from various sequences (Fibonacci, Thue-Morse, Cantor ...) which have promissing to pics in optical spectroscopy ( optical filters, multiplixing system).
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 1 Figure.1: Refractive index (n) as a function of the wavelength of the Si layer, for a deposition time t = 5 min.
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 2 Figure.2: Evolution of the refractive index for different flwo ratio of N2 / HMDSO, deposited by PECVD, for a power P = 200W. The ligne is a guide for the eye.
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 3 Figure.3: Thickness calibration of the Si and (HMDSO+N2) layers.
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 4 Figure.4: IR spectra obtained for different N2 /HMDSO flow ratio, as indicated.
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 5 Figure.5: Shematic representation of the Periodic arrangement of two layers with thickness d1 and d2.

  transfer matrix elements of M1, M2N and M2N+1.Finally, the reflection r and transmission t coefficient of the overall crystal are obtained from the M2N+1 transfer matrix and are given by[START_REF] Born | Principales of Optics[END_REF] :

  Neglecting the energy losses due to light absorption and diffussion, the reflectivity and transmission verify the relation: R + T = 1.
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 6 Figure.6: Variation of the PBG width as a function of the number of periods N

  7 and 2.1 obtained for different flow, by keeping the Si refractive index value fixed at 3.4. The refractive index pairs characterizing the correponding photonic crystal are therefore, (3.4; 1.7), (3.4; 1,78), (3.4; 1.85), (3.4; 1.95 ), (3.4; 2.1).
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 7 Figure.7: Variation of the PBG width as a function of the contrast index ∆n.
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