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Abstract

:

In this paper, an optical design for a hollow planar waveguide spectrometer with Czerny-Turner is proposed. To decrease the propagation loss of the spectrometer, the design strategy of designing the tangential plane and the sagittal plane separately is proposed, corresponding to resolution and energy, respectively. The Czerny–Turner optical path is designed on the tangential plane, and the sagittal design theory and method are analyzed in detail. The ray tracing results show that the resolution of the spectrometer is better than 4 nm on the tangential plane, while on the sagittal plane, the detector receives the highest energy when the detector pixel height matches the distance between the two mirrors.






Keywords:


planar waveguide spectrometer; optical design; propagation loss












1. Introduction


Spectral analysis has been applied in scientific research and industrial production because of its sensitivity, rapidity, and accuracy [1,2,3]. In addition, since the spectrometers need to become more portable and stable to be capable of on-site applications, miniaturization is a very important development trend [4,5].



In order to reduce the volume of spectrometers, many scholars have made great efforts in various aspects [6], such as the innovation of diffractive elements. A concave grating is used to replace a plane grating to reduce the number of reflective elements [7]. The metasurface is also proved to be a diffractive optical element, achieving a resolution of 1.2 nm and an ultra-small volume of 7 mm3 [8,9]. In addition, the progress of photodetectors has also promoted the development of higher performance micro spectrometers. Many new materials, such as graphene and metamaterials, provide more possibilities for highly sensitive photodetectors [10,11]. Long-wave perfect absorbers based on plasma resonance will drive the development of infrared photodetectors in the future [12]. Ref. [13] introduces the development direction and present situation of miniature spectrometers achieved in recent years.



As a substitute for a free-propagating optical system, researchers used mirrors or a high refractive index medium to fold the dimensions of the sagittal plane, which further reduced the size of the overall optical system. This foldable optical system could satisfy the demand for the miniaturization of spectrometers, interferometers and other optical systems of 1D spectral responses [14]. The planar waveguide spectrometer based on the folded light path be easily integrated into handheld devices or space-efficient devices to provide spectrum detection services.



Foster-Miller developed wedge plane waveguide spectrometers by using highly refractive index materials, such as ZnSe, where column grating is connected to a wedge waveguide by a matched refractive index optical adhesive. The overall volume and weight of spectrometers are significantly reduced [15]. With the continuous development of micro-electro-mechanical system (MEMS) technology, the Insion company has developed a hollow planar waveguide spectrometer (HPWS) based on MEMS technology. The air is the medium, and two gilded mirrors are used as reflectors. The overall structure is processed using Lithographie, Galvanoformung and Abformung (LIGA) technology for fully automated production [16,17]. Seung-Hun Oh et al. proposed an integrated polymeric spectrometer fabricated by UV imprint lithography, which had a resolution of 5 nm for spectral band of 250 nm [18].



Table 1 provides a comparison of the key features of several micro spectrometers from the recent literature. The excellent achievements of the waveguide spectrometers above allowed for a thorough analysis of the structure, resolution and volume of the spectrometers. As a performance parameter for spectrometers, energy or sensitivity is as important as resolution, and so is HPWS. However, for the HPWS, the absorption and scattering of the mirror will cause a great loss of energy. If the numerical aperture (NA) of the light source is constant, the thickness of the HPWS determines the number of reflections of the beam in the sagittal plane. Clearly, the thinner the thickness, the more reflections and the greater the loss. On the other hand, the increased thickness would lead to a larger volume. In order to reduce Fresnel reflections, C.J. Moran-Iglesias et al. proposed adding a collimator lens in front of the slits and using fiber arrays instead of one single fiber. However, no specific design theory has been proposed.



In our previous work, we argued that the spectrometer could be analyzed in two directions. According to Coddington’s equation, the throughput and resolution of arc vector plane and meridian plane were theoretically analyzed, so that higher spectral resolution could be achieved and a more concentrated energy could be obtained [19,20]. Resolution was a factor in the direction of dispersion, which was concerned with the tangential plane. Optical flux was the characterization of how much the detector collects the energy in the sagittal plane. In this paper, an HPWS based on a Czerny–Turner (C–T) structure is designed from two aspects: the tangential plane and the sagittal plane. Then, the design result is given and the influence of the height of the waveguide (the distance between two parallel mirrors) on the energy received by the detector is discussed.




2. Design in the Tangential Plane


The optical components of a conventional C–T spectrometer include a grating, a collimating mirror, and a focusing mirror. The light beams travel through the collimating mirror and are diffracted by the grating after collimation. Then, the beams from various angles focus on the different points of the detector through the focusing mirror.



Unlike a conventional C–T spectrometer, the collimating mirror and focusing mirror of PWS are cylindrical mirrors instead of spherical mirrors. The light beam travels between the two parallel mirrors through the medium of air, as shown in Figure 1. For the diffraction grating, the following formulation can be obtained:


  i + θ = δ ,  



(1)




where i is the incident angle of the diffraction grating, θ is the diffraction angle of the diffraction grating, and δ is the angle between the incident beam and the diffraction beam. Then, the grating equation reads:


  d ( sin i − sin θ ) = m λ ,  



(2)




where d is the grating constant, and m is the diffraction order. In the central wavelength λC, the incident angle iC of the grating is derived by combining Equations (1) and (2):


   i C  =   sin   − 1     −  λ C    2 d cos    δ C   2    +    δ C   2  ,  



(3)







The spectrometer ranges from 450 to 750 nm, the grating constant d in this example is set to 1.67 μm. Considering the compact structure, if the angle δC = 30°, then iC = 25.74° and θC = 4.26° can be obtained according to Equation (3).



In general, the focal length of the collimating mirror is related to the resolution. Considering the structure of the light path, the focal length of collimating mirror f1 is 40 mm, while the focal length of focusing mirror f2 is 45 mm.



The tilt angle of the collimating mirror φ1 is set near the smallest angle to decrease the off-axis angle. The tilt angle of the focusing mirror φ2 is calculated by the Shafer formulation to correct the coma; the angle φ2 can be obtained according to Shafer [21]:


    sin  φ 2    sin  φ 1    =    R 2 2     R 1 2    ⋅     cos  3   φ 2      cos  3   φ 1    ⋅     cos  3  i     cos  3  θ   ,  



(4)




where R1 and R2 are the radius of the collimating mirror and the focusing mirror respectively. The initial parameters in the tangential plane are calculated by using the aforementioned method.




3. Design in the Sagittal Plane


In the sagittal plane, the radius of collimating and focusing mirrors is infinity. Each light ray is assumed to carry the same amount of power in the light source, and the density of the light beam depends on the divergence angle.



L represents the projection of the optical path of HPWS onto the tangential plane. The number of reflections of a light ray emitted from the light source only depends on the height angle θH (the angle between the light ray and the tangential plane) and the height H (the distance between the two parallel mirrors) when L is determined, as is shown in Figure 1b. Therefore, considering the reflection of the spherical mirrors, the number of reflections in the system can be derived as:


  t =   L ⋅ tan  θ H   H  + a ,  



(5)




where a is the number of spherical mirrors. The number of reflections t is directly proportional to the tangent of the height angle θH. The propagation efficiency of a single ray is:


   η P  =  τ    L tan  θ H   H  + a   ,  



(6)




where τ is the reflectivity of the parallel mirrors. The propagation efficiency is calculated separately at different height angles. Then, the incident luminous flux is multiplied by the propagation efficiency ηP and then by the diffraction efficiency ηD of the grating at different wavelengths to obtain the output luminous flux Φout at this height angle:


   Φ  out   (  θ H  , H ) =   ∑   λ 2     λ 1      Φ  i n   (  θ H  ) ⋅  η P    (  θ H  , H ) ⋅  η D  ( λ ) ,  



(7)







The total output optical flux is the sum of the output optical flux at different height angles in the whole height angle range. The optical flux received by the detector can be described as:


   Φ D  ( H  ) =       W H  ⋅   ∑  −  θ H     θ H      Φ  out   (  θ H  , H )   , W < H       ∑  −  θ H     θ H      Φ  out   (  θ H  , H  ) ,  W ≥ H       ,  



(8)




where W is the height of the detector. When the distance between the two parallel mirrors is greater than the height of the detector, the light beyond the detector is not collected.



In order to verify the results of calculations, a model of planar waveguide spectrometer was established. The design results and simulation model are given in Section 4.




4. Simulation and Ray Tracing


In this section, a design example of an HPWS is presented. The optical design strategy of the HPWS is mentioned in Section 2 and Section 3. The fixed and optimized parameters are shown in Table 2 and Table 3, respectively. Since the optical path of the HPWS is not strictly ordered, the non-sequential mode of Zemax is selected. The initial optical path was input into the non-sequence mode, the angles were set as φ1, φ2, and the tilt angle of the detector φ3 and the distance between the focusing mirror and the detector LM2D were set as variables and optimized. The simulation model is shown in Figure 2.



When the design of the optical path on the tangential plane is completed, the value of L is determined. In this example, the NA of the light source is 0.12, the value of L is 151.28 mm. A linear array detector is the most common detector type for miniature spectrometers. As a typical value for a linear array detector, the height of the detector is set to 0.2 mm. The pattern of the beam on the detector can be easily obtained. This pattern is shown in Figure 3. The selected sampling wavelengths are 450, 600 and 750 nm, respectively. It is observed that the spectral resolution is better than 4nm in the spectral range.



The calculation procedure of the optical flux received by the detector is provided in Section 3. The model is also established and simulated by Tracepro software (version 7.0.3). The total power of the light source is set to 1 W, the reflectivity of the two parallel mirrors and two spherical mirrors is set to 0.97 (similar to Au coating), and the surface property of the detector is set to complete absorption. The optical flux is obtained by tracing a large number of light rays.




5. Discussion


The simulated image from the detector is processed. The function curve of optical flux with respect to the height of the waveguide is drawn, as shown in Figure 4. The calculation and simulation results of the optical flux incident onto the detector at different waveguide heights can be intuitively observed. This shows that the calculation results are in good agreement with the simulation results and proves that Equation (8) can be used to calculate the optical flux of the detector. Therefore, through Equation (8), it is convenient to quickly calculate the detector surface energy at different waveguide heights. In this example, for the detector, of which the pixel height is 0.2 mm, the optical flux received by the detector reaches a peak when the waveguide height is 0.2 mm, which is matched to the pixel height.



For a detector with a pixel height of 0.2 mm, the optical flux received by the detector reaches a peak when the waveguide height is close to the pixel height. For a conventional spectrometer, to eliminate the influence of astigmatism, it is necessary to add special optical elements or adopt special surface shapes in the optical path.




6. Conclusions


In this work, a hollow planar waveguide spectrometer (HPWS) was designed. The design process was independently carried out from the tangential and the sagittal planes. The parameters of the optical structure were derived in the tangential plane. Meanwhile, on the sagittal plane, a design theory and method was proposed to quantify the energy received by the detector and assist in its optimal design. Moreover, the relationship between the optical flux received by the detector and the height of the HPWS in the sagittal plane was discussed. The optical model was also established and simulated by raytracing software. The resolution of the HPWS was better than 4 nm, and the theoretical calculation of the optical flux received by the detector was almost consistent with the simulation results. Moreover, a detector with a pixel height of 0.2 mm is selected in the simulation. The results show that the highest energy was obtained when the thickness of the HPWS matched the height of the detector pixel. This work provides a reference for designing a hollow planar waveguide spectrometer. In the future, we will implement an HPWS with MEMS technologies. The main challenge is to make mirrors with a sufficient reflectivity and to achieve the parallelism of the two mirrors. Meanwhile, we hope to explore more design theories for other structural forms of waveguide spectrometers, such as a concave grating spectrometer.
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Figure 1. Schematic of an HPWS in the tangential and sagittal planes: (a) A C–T light path is used in the tangential plane. (b) The light path is folded by the two parallel mirrors in the sagittal plane, and the components appear cascaded along the light path. 
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Figure 2. Simulation model of the HPWS. 
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Figure 3. Diagram of the beam pattern on the detector. 






Figure 3. Diagram of the beam pattern on the detector.



[image: Coatings 12 00520 g003]







[image: Coatings 12 00520 g004 550] 





Figure 4. The function curve of optical flux with respect to the height of the waveguide. 
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Table 1. Comparison of different micro spectrometers in terms of key features.






Table 1. Comparison of different micro spectrometers in terms of key features.





	Micro Spectrometer
	Wavelength Range (nm)
	Resolution (nm)
	Dimensions

(L × W × H, mm)





	[7]
	340–780
	15
	20.1 × 12.5 × 10.1



	[8]
	350–850
	5
	54 × 42 × 9.1

(Optical system)



	[16]
	760–860
	1.2
	1 × 1 × 7

(Optical system)



	[18]
	400–650
	5
	~30 × 25 × 1.5
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Table 2. Fixed parameters of the optical system.
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	Fixed Parameters
	Value





	Spectral range (nm)
	450–750



	R1 (mm)
	80



	R2 (mm)
	90



	d (µm)
	1.67



	iC (°)
	25.74



	θC (°)
	4.26










[image: Table] 





Table 3. Initial and optimized parameters of the optical system.






Table 3. Initial and optimized parameters of the optical system.





	Parameters
	Initial
	Optimized





	φ1 (°)
	10
	11.50



	φ2 (°)
	9.4
	10.47



	φ3 (°)
	0
	1.53



	LM2D (mm)
	45
	43.38



	L (mm)
	/
	151.28
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