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Abstract

:

The design and performance of a high-efficiency broadband and polarization-independent reflective grating is reported. The physical mechanism of the gratings can be described by the modal method. By using rigorous coupled wave analysis (RCWA) and simulated annealing (SA) algorithms, the parameters of grating were optimized. The calculated diffraction efficiencies of −1st order for TE and TM polarizations in Littrow mounting exceeded 95%, from 988 nm to 1122 nm, and by over 98% in the bandwidth ranging from 1015 nm to 1085 nm, with the value of polarization-dependent loss (PDL) lower than 0.06 dB. Moreover, the electric field distribution of the grating was simulated by the finite element method (FEM), which demonstrated that most of the energy of the incident light was diffracted to the −1st order and the electric field was distributed almost outside the grating. In addition, the great fabrication tolerances and incident angle tolerance ensured high performance of the designed grating in manufacture and application. With its properties of high efficiency, broadband, and polarization-independence, the designed grating should be of great interest for lots of practical applications, including chirped pulse amplification (CPA), interferometers, and spectrometers.
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1. Introduction


As an excellent optical dispersion component, diffraction gratings are widely used in interferometers [1,2], spectrometers [3], spectral beam combining system [4,5,6], CPA technique [7,8,9] and so forth. In the mentioned technologies, high-efficiency broadband polarization-independent reflective gratings are more favorable for practical applications. Diffraction efficiency is an important specification for evaluating the quality of diffraction gratings, as it directly affects the output power of the optical system. Furthermore, the broadband and polarization-independent characteristics help to improve the utilization of incident light. Multi-layer dielectric (MLD) gratings attract more attention than conventional reflection metal gratings, because they feature few losses and high diffraction efficiency. Martz et al. designed and manufactured an MLD grating with three etched layers and a measured diffraction efficiency greater than 96% in wavelengths from 780 nm to 820 nm [10]. Mao et al. reported a polarization-independent multi-layer dielectric grating with a diffraction efficiency of over 97%, ranging from 1050 nm to 1080 nm [11]. In Reference [12], a series of polarization-independent multi-layer dielectric gratings were proposed, and the measured diffraction efficiency was over 98%, varying from 1023 nm to 1080 nm. However, the design of MLD gratings requires particular strategies [13,14,15,16], which makes the work more complicated. In addition, MLD gratings are often stacked by different materials, causing mechanical stress between the films, which leads to cracks on the grating surface in large-size gratings [17]. This problem can be mitigated by the metallo-dielectric hybrid grating [18]. The solution is to add a metal layer as a mirror to reduce the number of stacks of films with different refractive indices, thereby reducing the mechanical stress between the films. In addition, metal mirrors can also increase the spectral tolerance and angular tolerance. Federico Canova et al. designed and manufactured a metal–mirror based multi-layer grating and the diffraction efficiency exceeded 97% with 200 nm bandwidth for TE polarization [19]. However, this grating is limited in some practical applications because of the polarization-dependent characteristics. Reference [20] proposed a polarization-independent mixed metal dielectric reflective grating. The −1st order diffraction efficiencies for TE and TM polarizations were greater than 90% at a bandwidth of more than 120 nm centered at 800 nm. However, the diffraction efficiency of the grating is not satisfactory, which limits the maximum output power of the optical system.



In this paper, a high-efficiency, broadband and polarization-independent double-layer reflective grating with a double-layer dielectric rectangle groove is proposed. The physical mechanisms of the reflective grating can be explained by using the modal method and the parameters of the grating calculated and optimized by the RCWA algorithm [21] and the SA algorithm [22]. In CPA applications, when the short-pulse lasers used Nd: YLF as the gain medium, the center wavelength of the output laser was 1053 nm [23]. Therefore, the operating wavelength of the designed grating was centered at 1053 nm. The diffraction efficiencies of the designed grating, with optimization parameters of −1st diffraction order for TE and TM polarizations, exceeded 98%, ranging from 1015 nm to 1085 nm, with the Littrow incident angle of 46.35°, and the average diffraction efficiency for the range from 1000 nm to 1100 nm was 98.92%, with an average PDL of 0.051 dB. Simulated by FEM, the electric field distributions of the designed grating for TE and TM polarizations clearly demonstrated the high efficiency of −1st diffraction order. Moreover, the fabrication tolerances and the dependence of diffraction efficiency on the incident angle are described here in detail. The results clearly demonstrated the feasibility of the designed grating in fabrication and application.




2. Design


The structure of the reflective grating with a double-layer dielectric rectangle groove is shown in Figure 1a. The rectangular groove of the reflective grating consists of two dielectric layers. The first layer of the groove is HfO2 with the refractive index    n 1    and the second layer is made of silicon with the refractive index    n 2   . The match layer of the designed grating is made of fused silica with the refractive index    n 3   , which serves as the connection layer. When incident light illuminates the grating, the TE-polarized wave (electric field vector perpendicular to the   x o z   plane) and TM-polarized wave (magnetic field vector perpendicular to the   x o z   plane) are diffracted to the −1st diffraction order with high efficiency. Figure 1b shows the refractive indices of the materials of the three-layer dielectric layers at operating wavelength [24,25,26]. The material of the metal mirror is silver, and its thickness is set to 200 nm, which is significantly larger than the skin depth of the metal to prevent light transmission through the metal mirror to the substrate. Silver has high reflectivity and low absorption at the operating wavelength, which is beneficial to obtain high diffraction efficiency and wide bandwidth of the reflective gratings. However, silver is easily oxidized. The match layer, made of fused silica, is also used as a protective layer. The refractive index of silver at 1053 nm is 0.12483 + 7.3009i, which was taken from Reference [27]. The period of grating is  Λ  and the duty cycle of the grating is   f ,   defined as the ratio of ridge width to period. Respectively,    h 1   ,    h  2     and    h 3    represent the thickness of the first layer, the second layer and the match layer. The incident angle  α  is the Littrow angle with incident wavelength of 1053 nm, which can be expressed as:


  α = arcsin (  λ  2 Λ   )  



(1)




where  λ  is the wavelength of incident light.



Diffraction occurs when incident light strikes the grating, and the diffraction order is determined by the grating equation which can be expressed as:


  sin  θ m  = sin  θ i  + m  λ Λ   



(2)




where    θ i    is the incident angle and    θ m    is the mth order diffraction angle. (m is an integer.)



When the wavelength and the period satisfy    λ 2  < Λ <   3 λ  2    only two diffraction orders of   m = 0   and   m = − 1   are produced. Fewer diffraction orders indicate that the energy of the incident light is more easily coupled to the main diffraction order, which facilitates the design of high-efficiency gratings.



The physical mechanism of the diffraction process of the designed grating can be explained by the modal method [28,29]. Incident light excites propagation modes with different effective refractive indices at each layer. The effective refractive index of the propagation mode is obtained by solving the dispersion equation [30]. The high-density gratings with Littrow incident angle only have two propagation modes corresponding to an effective refractive index greater than 0. The effective refractive index of the other modes is imaginary number and disappears rapidly with propagation. Therefore, these evanescent modes are neglected in the modal method. The two propagation modes produce phase differences as it propagates through each dielectric layer. The propagation modes are coupled to each other at the exit surface of the grating and the efficiency is determined by the accumulated phase difference. Moreover, the diffraction efficiency of the −1st order reaches its maximum when the accumulated phase difference between the two propagation modes is an odd multiple of π/2.



In order to obtain a high-efficiency, broadband and polarization-independent grating structure, RCWA was used to calculate the diffraction efficiency of grating. This is also called the Fourier Modal Method. RCWA expands the electromagnetic field and the dielectric constant of the material by a Fourier series, and solves Maxwell’s equations by getting the eigenvalues and eigenvectors of the   n × n     matrices, where  n  is the number of harmonics retained in the field expansion. In RCWA, the truncated order  m  can control the dimension of the matrices. The relationship between  n  and  m  can be expressed as:   n = 2 ×  (  2 m + 1  )   . Figure 2 shows the curve of the calculated diffraction efficiency variation with the truncated order. It can be clearly seen that when the truncated order was large enough   ( m > 5 )  , the diffraction efficiency tended to be stable. In this work, the truncated order was set to 20, which was sufficient to ensure the accuracy of the RCWA. Therefore, RCWA is an effective tool for dealing with periodic structures, especially diffraction gratings. In addition, SA algorithms were used to optimize grating parameters    {  f ,  h 1  ,  h 2  ,  h 3  , Λ  }   . The SA algorithms could replace the task of optimizing grating parameters with the task of finding the minimum value of the merit function:


  M F = {  1 N    ∑   λ i     λ N     [   ( 1 − D  E  − 1 , T E   (  λ i  ) )  2    +   ( 1 − D  E  − 1 , T M   (  λ i  ) )  2  ]  }   1 / 2     



(3)




where DE−1,TE and DE−1,TM are the diffraction efficiencies of −1st order for TE and TM polarizations, respectively.



In the optimization process, the incident wavelength varied from 1000 nm to 1100 nm with an interval of 5 nm (N = 21) and the incident angle was Littrow angle at 1053 nm. Furthermore, the grating parameters were confined in the ranges of:   0.2 < f < 0.8  ,   500   nm < Λ < 1650   nm  ,   100   nm <  h 1  < 1000   nm  , and   100   nm <  h 2  < 1000   nm  . Finally, the optimized grating had a duty cycle of 0.423, a period of 727.6 nm, a first layer thickness of 256.0 nm, a second layer thickness of 139.2 nm and a match layer of 231.6 nm.




3. Results and Discussion


Figure 3 shows the diffraction efficiency and the PDL of the designed grating with optimized parameters. The diffraction efficiencies of −1st order for TE and TM polarizations in Littrow incident angle of 46.35° exceeded 95% from 988 nm to 1122 nm, and over 98% in the bandwidth ranging from 1015 nm to 1085 nm. The average diffraction efficiencies for TE and TM polarizations of −1st order in the range from 1000 nm to 1100 nm was 98.92% and the average diffraction efficiency was defined as:


   η ¯  =  1 2   {   1 N   [    ∑   λ i   N    (  D  E  − 1 , T E   (  λ i  ) + D  E  − 1 , T M   (  λ i  )  )     ]   }   



(4)







As a polarization-independent device, polarization-dependent loss (PDL) was used to evaluate the polarization sensitivity of gratings [31]. The equation of PDL can be expressed as:


  PDL = 10 ×   log   10   [   max ( D  E  − 1 , T E   , D  E  − 1 , T M   )   min ( D  E  − 1 , T E   , D  E  − 1 , T M   )   ]  



(5)







As shown in Figure 3, the value of the PDL of the designed grating was only 0.037 dB at 1053 nm, and the average PDL from 1000 nm to 1100 nm was 0.051 dB which was low enough to ensure the high performance of the polarization-independent characteristic. According to the analysis of the diffraction property, the designed grating achieved excellent and desirable characteristics of high efficiency, broadband and polarization-independence.



In order to verify the operating state of the designed grating with optimized parameters, the electric field distribution of the designed grating was analyzed. Figure 4 shows the electric field distributions for TE and TM polarizations of the designed grating calculated by the FEM [32]. When the plane wave impinged on the grating under Littrow mounting at 1053 nm, the electric field distributions of the incident region and the reflective region were almost the same, which meant that most of the energy of the incident light was diffracted to the −1st diffraction order. The electric field distribution of the designed grating clearly demonstrated the proof of the high diffraction efficiency of the −1st order of the designed grating for TE and TM polarizations. In addition, the high laser-induced damage threshold (LIDT) could provide potential for optical system expansion to higher power output [33,34]. It can be seen from Figure 4 that most of the electric field was distributed outside the grating, which helped to increase the LIDT. Moreover, this distribution not only appeared at 1053 nm but also at around the bandwidth from 1000 nm to 1100 nm.



In the fabrication process, the structure of the grating always differs from the optimized parameters. Thus, it was necessary to analyze the fabrication tolerance of the designed grating. In addition, the designed grating required a large incidence angle tolerance, because the incidence angle deviates slightly from the intended angle in practical application. In this section, the variation of the diffraction efficiencies with duty cycle and thickness of each layer at Littrow incident angle of 46.35° were calculated by RCWA. There was only one variable of grating parameter in each calculation, the other parameters were fixed as optimized parameters.



Figure 5 shows the diffraction efficiencies of −1st order versus incident wavelength and duty cycle for both TE and TM polarizations. When the duty cycle ranged from 0.39 to 0.48, the diffraction efficiencies for TE and TM polarizations exceeded 95%, varying from 1000 nm to 1100 nm. The duty cycle is defined as the ratio of ridge width to period, which means that the fabrication tolerance of the line width of the grating was over 65 nm. As shown in Figure 6 and Figure 7, the diffraction efficiencies of −1st order for TE and TM polarizations exceeded 95%, varying from 1000 nm to 1100 nm, with Littrow incident angle of 46.35° when    h 1    ranged from 180 nm to 275 nm and    h 2    ranged from 133 nm to 142 nm, respectively. The fabrication tolerance of the second layer was smaller than that of the first layer. According to the previous analysis, since the material of the second layer had a higher refractive index, the corresponding effective refractive index of the second layer was also higher than the first layer. Therefore, the accumulated phase difference between the propagation mode varied significantly with the thickness of the second layer, which led to a smaller fabrication tolerance for the second layer. Moreover, the highly reflective layer consisted of the match layer and the metal mirror. In general, the diffraction efficiency of the metal–mirror based reflective grating exhibits periodic variations with increase of the thickness of the match layer in a wide range [35]. Therefore, the match layer tends to have a certain fabrication tolerance. Figure 8 shows the diffraction efficiencies of −1st order versus incident wavelength and the thickness of match layer for both TE and TM polarizations. The diffraction efficiencies of −1st diffraction order for TE and TM polarizations exceeded 95%, varying from 1000 nm to 1100 nm, in Littrow mounting, when    h 3    ranged from 220 nm to 247 nm. The properties of great fabrication tolerance of duty cycle and the thickness of the three dielectric layers demonstrated the potential of the designed grating in the fabrication process.



In addition, the incidence angle of the designed grating was the Littrow angle, so the −1st order diffraction light overlapped with the incident light. In some practical applications, the incidence angle needs to be slightly deviated from the Littrow angle. Therefore, it was necessary to analyze the incident angle tolerance of the designed grating. Figure 9 shows the −1st order diffraction efficiencies versus incident wavelength and incident angle for both TE and TM polarizations. The result showed that the designed grating had a large incidence angle tolerance. Especially in the case of TE polarization, the incident angle had little effect on the diffraction efficiency within ±10 degrees of the Littrow angle. When the incident angle varied from 39.6° to 54.4°, the diffraction efficiency of −1st order exceeded 90% for TE and TM polarizations, which could meet the requirements of practical application.




4. Conclusions


The high-efficiency, broadband and polarization-independent characteristics of the designed grating are obtained by the use of proper materials for the dielectric layers and optimization of the parameters of the grating. The grating parameters were optimized by RCWA and SA algorithms and the diffraction process of the reflective grating can be explained by the modal method. The diffraction efficiencies and the PDL of the designed grating with optimized parameters were calculated, and the results showed that the diffraction efficiencies of −1st order for TE and TM polarizations exceeded 98% ranging, from 1015 nm to 1085 nm, in Littrow mounting (46.35°), and the average efficiency from 1000 nm to 1100 nm reached 98.92% with a low average value of PDL (0.051 dB). Therefore, the designed grating with optimized parameters exhibited better performance than previously reported gratings. The electric field distribution of the designed grating was simulated by FEM and the distribution demonstrated that the designed grating can diffract most of the incident light to the −1st diffraction order on the operating wavelength and has polarization-independent characteristics. In addition, most of the electric field is distributed outside the grating, which helps to improve the LIDT of the designed grating. Furthermore, the performance of large fabrication tolerance and incident angle tolerance of the designed grating demonstrate proof of the reliability of the grating’s fabrication and application. The fabrication of the double-layer dielectric rectangular grating has been reported [36] and the metal mirror can be manufactured by the method of physical vapor deposition [17,37]. In conclusion, the diffraction efficiencies and tolerance analysis of the designed metal-dielectric grating have been expounded in detail. The results indicate the potential of the designed grating in the practical application of interferometers, spectrometers and CPA systems.
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Figure 1. (a) Schematic diagram of the grating and (b) the refractive indices of the material of the dielectric layers. 
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Figure 2. Diffraction efficiencies of −1st order varied with the truncated order  m  for TE and TM polarizations at 1053 nm of the designed grating. 
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Figure 3. Diffraction efficiencies of −1st and 0th orders for TE and TM polarizations and the PDL of the designed grating. 
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Figure 4. The electric field distributions of the grating at 1053 nm for (a) TE polarization and (b) TM polarization. 
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Figure 5. Tolerance analysis of duty cycle. −1st order diffraction efficiency versus incident wavelength and for (a) TE and (b) TM polarizations. 
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Figure 6. Tolerance analysis of the thickness of HfO2 layer. −1st order diffraction efficiency versus incident wavelength and    h 1    for (a) TE and (b) TM polarizations. 
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Figure 7. Tolerance analysis of the thickness of silicon layer. −1st order diffraction efficiency versus incident wavelength and    h 2    for (a) TE and (b) TM polarizations. 
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Figure 8. Tolerance analysis of the thickness of match layer. −1st order diffraction efficiency versus incident wavelength and    h 3    for (a) TE and (b) TM polarizations. 
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Figure 9. Tolerance analysis of incident angle. −1st order diffraction efficiency versus incident wavelength and incident angle for TE and TM polarizations. 
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