Comparison of gradient index and classical designs of a narrow band notch filter
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ABSTRACT

Rugate structures, as well as gradient refractive index films in general, attract a lot of interest. The gradient index systems may provide advantages in both, optical performance and mechanical properties of the optical coatings. Rugates have shown to be specially interesting for design of notch filters. A lot of theoretical work on design of rugate filters has been done in the last decades. However, only few of the designs could be deposited, which is often caused by practical problems, e.g. preparing materials with the desired refractive index values. In this paper two different gradient refractive index designs are compared to a classical high-low stack. One gradient design is synthesized by an apodized sinusoidal structure that is approximated by homogeneous sublayers. The other one is based on an apodized sinusoidal structure as well, but it is approximated by a hybrid structure, i.e. a combination of linear gradient index ramps between the lowest and the highest refractive index applicable and homogeneous layers of high index values. The two gradient designs take into account the constraints posed by limitations of the real deposition systems. Both designs are compared to a classical high-low stack and the advantages and drawbacks of each approach are commented.
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1. Introduction

Notch filters, also known as minus or band stop filters, are optical components having very low transmittance in a narrow spectral range but a high transmittance elsewhere. They are mainly used in Raman and fluorescence spectroscopy, laser systems and as laser protective coatings. The ideal notch filter would have one hundred percent of reflectance in the required rejection band and zero reflectance outside of this region. The quality of the filters are estimated by their width of the blocking band, the steepness of the transition between rejecting and transmitting region, the thickness of the coating and their optical density OD (that is a measure of the strength of the reflectance peak and defined as negative logarithm of transmittance). For example, the optical density of an ideal notch filter equals 5 in the required rejection band and its reflectance would be zero outside of this region.

 It is well known that a quarter wave HL stack gives a fundamental stop band, i.e. region of high reflectance, as well as odd harmonic stop bands1. The fundamental stop band is positioned at the wavelength that is equal to four times the layers optical thickness. The bandwidth of the stop band increases with the ratio of the minimal and maximal refractive indices used in the design. A smaller difference of these indices results in a narrower bandwidth, but also in a lower optical density at the same total thickness. Therefore, it is convenient to estimate how many pairs of HL layers of the given materials will be necessary to achieve the desired optical density.

The refractive index profile of a quarter wave stack can be understood as a square wave function and thus be represented by a Fourier series. Each term of the series then generates a specific stop band of the transmittance spectrum2. The first term is a sine wave refractive index function that corresponds to the fundamental stop band. This gradient index structure is known as a rugate. It gives the stop band at the same position as the quarter wave stack, but in this case there will be no harmonic stop bands since they are represented by other terms in the series. Continuous gradient index structures like these are known as rugates.

The origin of  sidelobes is in the mismatch of the equivalent refractive index of the coating and refractive index of the surrounding media. In order to eliminate sidelobes, an amplitude apodization function is applied to the first Fourier term. Quintic (that is polynomial function of the 5th order) or Gaussian apodization were demonstrated to be excellent for this purpose2,3. Additionally, quintic apodized refractive index layers, alone or superimposed to the sine function, can be added to both ends of the structure to finally match its average refractive index to the one of the surrounding media4. However, the sidelobe suppression is very often improved at expense of reflectance in the stop band. Partial apodization applied to only a number of end periods of the rugate can eliminate the sidelobes significantly, maintaining the good optical density. Another solution to preserve a good reflectance would be increasing the number of periods in the filter, since OD increases about linearly with their number5.

In this paper three designs of a narrow notch filter centred at the wavelength of 532 nm are presented. One of the designs is a classical HL system. A second is a rugate system synthesized by an apodized sinusoidal structure that is approximated by homogeneous sublayers. The last presented design is a combination of the two first mentioned. It is also based on an apodized sinusoidal shape, but is approximated by a hybrid structure, i.e. a combination of linear gradient index ramps between the lowest and the highest refractive index applicable and homogeneous layers of high index values.

2. METHODOLOGY

Generally, designing of a notch filter starts with the choice of the materials that will be suitable for achieving the desired bandwidth of the rejection band and simultaneously satisfy requirements for mechanical stability. Typically, the quarter wave stack is generated having sufficient number of pairs to obtain satisfactory reflectance. One of the following three approaches is normally applied for elimination of sidelobes6:

a) The filter can be designed to have minimum sidelobes in a medium having the refractive index appropriate for simplification of the design, which is then matched to the real surrounding media
. Later, the thickness of this ‘dummy’ medium can be reduced to zero, without effecting the performance of the filter.

b) Another approach is gradual reduction of the thickness of the high index material with respect to the low index material in the outermost periods. In this way also the width of the high reflectance zone can be varied. 

c) The third possibility is refinement of the starting quarter wave stack by one of the numerical methods, allowing at first only the outermost layers to be optimised and then gradually increasing the number of layers free to be altered, until the desired performance is achieved.

A common approach to the synthesis of rugate filters is based on the inverse Fourier transform relation between a spectral function Q(λ) and the refractive index profile. The spectral function is, in fact, a function of the desired optical performance of the final system. One of the problems of this method is that Q-function is not known exactly, but only its approximate values7-9. The performances of rugate designs presented in this paper were obtained following the classical matrix method based on subdividing the graded index profile into sublayers of corresponding constant refractive indices. Such defined design can then be refined by a numerical optimisation technique. Similarly to the classical optical system synthesis, the deviation of the performance of the model from the desired target values is minimized during the optimisation.

2.1.
Specifications and designs

The performance of the required notch filter should satisfy the following demands under normal incidence: reflectance (no back side reflections included) should be lower than 10% in the wavelength range 400-515 nm and 550-700 nm, transmittance in the range 530-534 nm should be lower then 0.01% 
and the total physical thickness of the design should not exceed 10 μm significantly. Three different approaches have been applied to model the filter and three different designs were obtained. As substrate material BK7 glass was taken in all three cases. For the sake of clarity in the comparison of the designs, it is assumed that all the materials and the substrate are free of absorption.

2.2.
Classical HL design

For the multilayer design SiO2 and Ta2O5 were chosen as low and high index materials with refractive indices of 1.473 and 2.153 at 532 nm, respectively. As initial design, a fifth-order stack (5H5L)15 with 15 periods has been set providing both, the desired bandwidth and optical density. This design has a total physical thickness greater than 10 µm. Using higher order stop bands it is also possible to set different optical thickness of the H and L layers within the period, whereby the sum of the optical thickness defines both, the bandwidth and the spectral position of the stop bands. In this sense, a stack (3.7H .3L)36 fulfils the requirements for bandwidth, total physical thickness, and optical density, but a lot of sidelobs occurs. Needle optimisation technique was finally applied to this stack to eliminate  the sidelobes.

2.3.   Rugate design
The design is derived analytically, by superposing a sinus-trail of 70 main periods by an apodizing function (
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), applied to the first 330 layers and ending 180 layers. This forces the apodization to the substrate refractive index. Additionally, this profile is multiplied by a nearly linear function to lift the general mean of the refractive index profile. This lowers the index of refraction range in order to meet the low reflection bandwidth. Using 732 sublayers, the total thickness equals 10.68µm. Refractive indices for each sublayer are calculated as a mixture of SiO2 and TiO2 including the material dispersions according to Lorentz’ theory. 

2.4.
Hybrid design

The hybrid design was obtained utilizing the numerical optimisation software, that was recently developed by Tikhonravov et al10-11, starting from 45 zigzag periods with a refractive index ranging from 1.6 to 1.75 and of total thickness around 7µm. During the calculations, each ramp, i.e. linear gradient layer, was subdivided into 9 sublayers of constant refractive index that was calculated as a mixture of SiO2 and Nb2O5 materials following a simple linear equation:
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Here nH and nL stand for indices of pure materials, i.e. Nb2O5 and SiO2, and ( is approximated by the fraction of the high index material, that can take values between 0 and 1. It was previously experimentally proven that this relation well approximates the refractive index of the mixture of this two materials12
. 

 The refractive indices and thickness of each ramp were free to be optimised. Calculations lead to the apodized half-sinusoidal profile (Figure 5
). The advantage of numerical optimisation is the possibility to control values of the design parameters, such as refractive index in individual points, thickness or steepness of ramps. For example, due to the limitations of the available deposition technology (the obtained coating is intended to be produced by co-evaporation of the two materials by electron beam guns in a Leybold Syrus Pro 1100 deposition plant), it was preferable to limit the number of ramp end-point refractive index values. Therefore, end refractive indices of periods adjacent to the substrate, as well as those towards air, were fixed at values 1.750 and 1.594, both at the wavelength of 532 nm. The last one was the minimum refractive index assumed to be well reproducible by the deposition system. In the centre of the coating, the high value was fixed at 1.80. Also, due to the technical reasons, it is not possible to obtain arbitrarily steep refractive index gradients. Hence, maximally allowed change in refractive index was 0.5 in 25 nm of thickness. Adding new periods, followed by optimisation of the thickness and final introduction of  a SiO2 layer at the end of the design, in order to improve the transmission in the pass bands, led to the final model. 

3. RESULTS AND DISCUSSION

The resulting HL design is presented in Figure 2. It has 106 layers and total physical thickness of 10.205 μm. The individual sublayers range in thickness from 7.6 to 329.1 nm (Figure 1
).  The thickness of each of layer was changed by the optimisation procedure but, corresponding to the original design approach, most of the thin layers are L layers and most of the thick ones are H layers.  
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Figure 1. Thickness of layers through the HL design. The first layer is adjacent to the substrate.

Figure 2. Refractive index profile of HL design.

The refractive index in the rugate design ranges from 1.582 to 1.958, at the wavelength of 532 nm. The refractive index profile is shown in Figure 3 and the corresponding reflectance in Figure 4. The performance illustrates the power of rugates to suppress completely sidelobes and ripples even in much wider wavelength range than initially required (400-700 nm). The reflectance out of the rejection band is around 5% to the left of the reflectance peak and 4% to the right and fulfils the requirements (R < 10%). In the other two designs, the target reflectance was defined as 0% in the mentioned transmittance region, so this is why the rugate has higher reflectance there. 
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Figure 3. Refractive index profile of the rugate design. 

Figure 4. Performance of the rugate model presented at Fig. 3. Transmittance is kept low, without sidelobes and ripples, also  far out of the required region.

In Figure 5, the apodized profile obtained after free optimisation of refractive indices is presented. The final design is shown in Figure 6. It should be noted that the peak value of refractive index in the hybrid design is often followed not by a ramp but by a layer of constant refractive index, which is the main characteristic of this kind of coatings. The total thickness is 10.667 μm. The minimum thickness of a homogeneous mixture layer is 8.78 nm and the minimal thickness of the ramp is 10 nm. Thus, the criteria of maximal change in refractive index of 0.5 in 25 nm of thickness was met in the design.
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Figure 5. Apodized hybrid design obtained as a result of free optimisation of refractive indices, from an initial design whose indices were 1.6 and 1.75. 

Figure 6. Final hybrid design, with added SiO2 layer at the end towards the surface.

As can be seen in Figure 7, all three designs show very similar reflectance. In order to evaluate and compare them, one should verify their thickness, OD, full 
width at half maximum (FWHM), etc. The classical HL design has achieved the lowest OD in the reflectance peak region (530-534 nm) and thus the best transmittance at the central wavelength of 532 nm. But at the same time it shows the lowest number of periods and the lowest thickness due to its highest refractive index contrast, compared with the other two designs. It is the characteristic of gradient
 index designs to require more thickness than the classical HL stack for the same quality of the performance. Steepness of the transition between pass and rejection band is around 1 nm for the change from 20% to 80 %, while FWHM is around 32 nm, for all three models. Comparing the rugate and the hybrid design one can notice wide pass band in the case of the first and slightly better OD and smaller thickness in the case of the second. Due to the simpler refractive index profile, i.e. linear ramps and constant amplitude of the periods, the hybrid design is perhaps less demanding for implementation and production in a deposition system. The results and comparison of presented notch designs are summarised in Table 1. 

Table 1. Comparison of the notch designs and their performances.

	
	HL
	rugate
	hybrid

	materials (high/low)
	Ta2O5 / SiO2
	TiO2 / SiO2
	Nb2O5 / SiO2

	contrast of n (nmax  - nmin) in the rejection region
	0.681
	0.236
	0.156

	nmax / nmin @ 532 nm
	2.153 / 1.473
	1.958 / 1.582
	1.800 /  1.594

	T / R @ 532 nm
	0.0016 / 99.9984
	0.0118 / 99.9882
	0.0093 / 99.9907

	FWHM (nm)
	31
	33
	32

	OD
	4.76
	3.92
	4.01

	number of periods
	53
	70
	66

	dtotal / dmin
	10205 / 7.6
	10680.46 / -
	10666.67 / 8.78

	naverage @ 532 nm
	1.939
	1.739
	1.685
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Figure 7. Comparison of the calculated reflectance spectra of the three notch designs.

4. CONCLUSIONS

Comparison of classical HL, rugate and hybrid notch design, modelled to satisfy the same requirements,
 showed that the graded index designs need more thickness for the same optical density then the HL stack. However, the advantage of the gradient index approach is better sidelobes and ripple suppression, specially in the case of the rugate design. The hybrid design has simpler refractive index profile compared to the rugate and is easier to adapt to different deposition systems. 

It is shown that for the set specifications the HL design is more favourable than the rugate approaches. In fact, as a conclusion from the maximum principle13, in the case of normal incidence
 the optimum design will be the one using only two materials, having maximal possible refractive index contrast. Therefore, regardless of the different materials resulting in slightly different optical constants used for the three designs, it is not astonishing that the HL-stack shows the best optical performance. In the case of oblique incidence, this conclusion holds no more and then gradient index designs may show similar or even better optical properties than their HL-counterparts, as it has been recently demonstrated for the case of omnidirectional broadband AR coatings14. Yet, the advantages that are expected from rugates regardless of the angle of incidence are improved mechanical and tribological properties15,16 and higher laser induced damage threshold17. 
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