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Abstract

:

Grating interferometry is an environmentally stable displacement measurement technique that has significant potential for identifying the position of the wafer stage. A fast and precise algorithm is required for real-time calculation of six degrees-of-freedom (DOF) displacement using phase shifts of interference signals. Based on affine transformation, we analyze diffraction spot displacement and changes in the internal and external effective optical paths of the grating interferometer caused by the displacement of the wafer stage (DOWS); then, we establish a phase shift-DOWS model. To solve the DOWS in real time, we present a polynomial approximation algorithm that uses the frequency domain characteristics of nonlinearities to achieve model reduction. The presented algorithm is verified by experiment and ZEMAX simulation.
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1. Introduction


Owing to its better environmental stability, an interferometric displacement measurement technique based on diffraction grating is an alternative to a laser interferometer for identifying the position of a wafer stage in a photolithography scanner [1,2,3]. For ultraprecision positioning of the wafer stage in a nonvacuum environment, the sensor and the displacements calculation algorithm are critical to the performance of the measurement system [4]. The algorithm is used to calculate the precise 6-DOF displacement of the wafer stage in real time using phase shifts and eliminate a rotation–translation coupling (similar to tilt-to-length coupling in a laser interferometer) and geometric errors, such as the Abbe and cosine errors [5,6,7].



For a multiple-DOF measurement system, the displacements calculation algorithm can be regarded as a method to solve unknown displacements by using known sensor readings. One simple approach is establishing a linear readings–displacements model using various approximations and deriving its closed-form solutions. Although this method has high resolution and excellent real-time performance, its calculation precision degrades with an increase in the rotation range because its nonlinearities such as rotation–translation coupling and geometric errors are neglected [8,9,10]. To achieve ultraprecise displacements calculation, establishing a precise readings–displacements model is a prerequisite. It is a common practice to use affine transformation to establish an exact functional relationship among displacements of the sensor and the measured object, and to consider the sensor reading as a linear function of the displacements of the sensor [11,12]. For a grating interferometer system, this modeling method ignores the nonlinear relationship between the phase shift and the displacements of the encoder (DOE) caused by rotation–translation coupling. Moreover, the model established by this method has no closed-form solution and can only be solved precisely by an iterative numerical algorithm, which has a large computational effort and cannot meet the requirements of real-time measurement [13]. In a similar study on the laser interferometer system, Gao et al. analyzed the changes of the external optical path of the laser interferometer caused by rotation using the above modeling method, and they established a precise model containing tilt-to-length coupling. The closed-form solution is derived after nonlinear model reduction using information from symmetrically arranged additional interferometers [4]. However, because absolute symmetry does not exist in actual measurement due to manufacturing and assembly errors, the method is still not precise enough. Ultraprecision requires a complex computational model, while real-time performance requires a simple model; therefore, it is challenging to achieve both goals simultaneously.



In this paper, we present an algorithm that can calculate the 6-DOF DOWS in a photolithography scanner in real time with ultraprecision. According to the two factors that cause the phase shift of the grating interferometer based on the Doppler effect—the diffraction spot displacements and the change in the internal and external effective optical paths—the exact relationship between the phase shift of each grating interferometer and the 6-DOF DOWS is established with affine transformation. To solve the DOWS in this complex model in real time, a polynomial approximation (PA) algorithm is presented in which model reduction is achieved by the frequency domain characteristics of the nonlinearities.




2. Readings-displacements Modeling Method


As shown in Figure 1, most advanced photolithography scanners adopt a planar motor drive system and a grating interferometer displacements measurement system [14]. The measurement system comprises four grating interferometers and is used to measure the 6-DOF DOWS relative to the projection lens. During the exposure process of the photolithography scanner, the wafer stage moves to some areas where only three encoders are active because another moves out of the area covered by the grating. Therefore, displacements calculation algorithms using both 4-active and 3-active encoder readings are necessary.



To establish the precise phase shift-DOWS model, the grating interferometer system of the wafer stage shown in Figure 1 is reduced to some coordinate systems (CSs) and points, as shown in Figure 2. The 6-DOF DOWS CS OsXsYsZs relative to the projection lens CS OlXlYlZl is the measured DOWS (Dxl,Dyl,Dzl,Rxl,Ryl,Rzl). Points A, B, and C represent the key points in which the measuring beams change directions and are used to demonstrate the modeling method. When the relationship between the position of all key points and the DOWS is determined, the change ΔL of the total length of all measuring beams and diffraction spot displacements ΔS in the Xgi direction can be calculated. Then, the phase shift φ of interference signal can be given by


φ=−2παpxΔS+−2πnλΔL,



(1)




where α is the diffraction order, px is the grating pitch in the Xgi direction, n is the refractive index in the air, and λ is the wavelength of the laser.



The relationship between the DOE and ΔL, ΔS is more intuitive, and therefore, DOWS is first converted to the DOE in the CS OgiXgiYgiZgi. Rotational displacements can be transformed by the transformation matrix between the CS OlXlYlZl and CS OgiXgiYgiZgi, and the translational displacements are transformed by Equation (2). When the DOE (dxgi,dygi,dzgi,rxgi,rygi,rzgi) is computed, the transformation from CS OgiXgiYgiZgi to CS OEiXEiYEiZEi can be represented by matrix QEigi. In the CS OEiXEiYEiZEi, the homogeneous matrix of point A that does not change with the DOE is a constant matrix AEi. The computation of the homogeneous matrix of point B requires the use of geometric constraints for beam AB: the direction vector DEiAB of beam AB can be calculated by the azimuth π and the Littrow angle θl; the Z coordinate of point B in the CS OgiXgiYgiZgi is 0. According to these constraints, Equation (3) is set to solve Bgi.





Egi=[dxgidygidzgi1]T=Qgil−1QslEsiEsi=[mxsimysimzsi1]T, i=1,2⋯KQgil=[Rot(txi,tyi,tzi)[mxsimysimzsi]T0001]Qsl=[Rot(Rxl,Ryl,Rzl)[DxlDylDzl]T0001],



(2)




where Egi is a homogeneous matrix representing the translational DOE (dxgi,dygi,dzgi) of the grating interferometer #i; Esi represents the position (mxsi,mysi,mzsi) of encoder #i in the CS OsXsYsZs; Qgil is a transformation matrix representing the position and orientation of #i grating in the CS OlXlYlZl; Rot(txi,tyi,tzi) is a rotation matrix corresponding to the (txi,tyi,tzi) based on Euler angles (z-y-x extrinsic); Qsl represents the transformation matrix formed by the DOWS (Dxl,Dyl,Dzl,Rxl,Ryl,Rzl); and K is the number of active encoders.


QEigi=[R3×3T3×10001]=[Rot(rxgi,rygi,rzgi)[dxgidygidzgi]T0001]BEi=AEi+[sinθlcosπsinθlsinπcosθl0]T|AB→|Bgi=QEigiBEi,bgi31=0,



(3)




where |AB→| is the length of the beam AB, bgi31 is the Z coordinate of point B in the CS OgiXgiYgiZgi, and θl is the Littrow angle.



According to the above method, we establish the relationship between the position of all key points and the DOE. Then, ΔL(DOE) and ΔS(DOE) can be obtained, and the phase shift φ(DOE) is derived. Because φ(DOE) contains several trigonometric and inverse trigonometric functions, it cannot be expressed by an explicit function, and its computational efficiency is very low. Considering that the three rotational displacements are very small, φ(DOE) can be simplified to a polynomial with the Taylor series expansion at the point (rxgi,rygi,rzgi)=(0,0,0), as shown in


φ=2πdxgipx+u(rxgi,rygi,rzgi)dzgi+v(rxgi,rygi,rzgi),



(4)




where u and v are the polynomials of (rxgi,rygi,rzgi).



The order of Taylor’s expansion determines the precision of the polynomial’s reproduction of the original model, and the fourth-order Taylor expansion (cubic polynomial) can achieve an approximation precision on the order of picometers. In the practical application of the grating interferometer, the polynomial based on the design parameters cannot represent the precise nonlinearities owing to manufacturing and assembly errors. The polynomial calibrated by external sensors is more practical for the ultraprecision positioning of the wafer stage.



Equation (4) represents the phase shift-DOE model; however, the phase shift-DOWS model is required to calculate the DOWS. The DOE in Equation (4) is replaced by the DOWS by coordinate transformation, and the coefficients of polynomials are redetermined by the regression method. The phase shift-DOWS model of two interference signals φa and φb of the 2-DOF grating interferometer system in both 4-active and 3-active encoder modes can be derived as


φia=fia(Dxl,Dyl,Dzl,Rxl,Ryl,Rzl,mxsi,mysi,mzsi,txi,tyi,tzi,Cia1,Cia2⋯)φib=fib(Dxl,Dyl,Dzl,Rxl,Ryl,Rzl,mxsi,mysi,mzsi,txi,tyi,tzi,Cib1,Cib2⋯),



(5)




where Ci is the redetermined coefficient of the polynomials.




3. Polynomial Approximation Algorithm with Substitution Variables


When the grating interferometer system reads out the phase shift, the DOWS can be calculated by solving Equation (5). However, due to the very complex nonlinearity, Equation (5) has only a numerical solution rather than a closed-form solution. To calculate the ultraprecision DOWS in real time, cubic polynomials of 6 or 8 normalized phase shift (φia,φib) are employed to approximate the calculation process of two measurement modes. Owing to the complex nonlinear coupling in the phase shift, a cubic polynomial of about 120 terms is required to ensure that the calculation errors of translational displacements are less than 10 pm in a non-ideally manufactured and assembled measurement system. Such a large polynomial requires considerable computational effort to be used for real-time measurement of 10 kHz or higher bandwidths.



To further improve the real-time performance of the approximate model, a more efficient method for nonlinear model reduction is needed. The 6-DOF DOWS are set to sinusoidal motions at different frequencies, and the amplitude is set as the motion range of each DOF, as shown in Figure 3a. As shown in Figure 3b, six substitution variables (SDx,SDy,SDz,SRx,SRy,SRz), which are only dependent with each displacement by linear fitting the normalized phase shift, are established by Equation (6). When each displacement is calculated using only the corresponding quasi-linear substitution variable, the frequency domain characteristics of the displacement calculation error are shown in Figure 3c. The peak in the Fourier amplitude spectrum shows the magnitude and frequency of the error, which can be eliminated by adding a basis function corresponding to the error frequency to the PA model. By adding basis functions in the order of error amplitude from large to small until the precision requirement of the displacement calculation is satisfied, the PA model with the highest computational efficiency is established. As shown in Equation (7), the displacements calculation algorithm obtained by this method only requires 40 terms to ensure that the calculation errors of translational and rotational displacements are less than 10 pm and 1 nrad, respectively.





[SDxSDySDzSRxSRySRz]=[φ1aφ1b⋯φiaφib]C12K×6,



(6)






DOWS6×1=C26×40[SDxSDySDzSRxSRySRzSRxSRzSRx2SRy2⋯]40×1,



(7)




where C1K×6 is the linear approximation coefficient matrix of the normalized phase shift to the DOWS and C26×40 is the coefficient matrix of the PA algorithm consisting of 40 basis functions of six substitution variables.




4. Experiment and ZEMAX Simulation


4.1. Experiment


In actual measurement, the precision of the presented PA algorithm driven by data of analytical model depends on two key factors. One is the precision of geometric parameters in the phase shift-DOWS model, the calibration of which will be carried out as future work. The other is the ability of algorithm to reproduce the precision of analytical model under actual measurement noise, which is verified by the following simplified experiment instead of the extremely complex and costly system as shown in Figure 1.



Since the measuring principle is similar to that of the grating interferometer, a laser interferometer system can also use the proposed modeling and calculation methods. Therefore, we set up an experimental device with a commercial laser interferometer system and a self-made grating interferometer, as shown in Figure 4a,b. A more detailed description of the experimental device can be found in our previous research [15]. In ZEMAX (ZEMAX is software for optical system design) simulation, when the rotational displacements of the Precision Piezo Stage were within the range of ±0.05 mrad, the tilt-to-length coupling of the commercial laser interferometer system is less than 100 pm and can be ignored. The readings of commercial laser interferometer system can be regarded as linear functions of translational displacements, and therefore, the displacement calculation model of commercial laser interferometer system can be established according to Equation (2). The phase shift-DOE model of the self-made grating interferometer can be calibrated with the measurement data of commercial laser interferometer system, and the displacement calculation model of the hybrid interferometer system can be established. In the experiment, the Precision Piezo Stage performs a sinusoidal motion with an amplitude of 5 μm in the X-axis and a sinusoidal rotation with an amplitude of 10 μrad around the Z-axis simultaneously. Then, the iterative numerical algorithm and the presented PA algorithm are used to calculate the displacements of the Precision Piezo Stage with the readings of the hybrid interferometer system. Considering the measurement result of the commercial laser interferometer system as the actual value, the measurement errors of the hybrid interferometer system are shown in Figure 5. Since the iterative numerical algorithm can represent the precision of the analytical model, the results prove that the presented PA algorithm can reproduce the precision of analytical model under actual measurement noise in a system containing grating interferometers.




4.2. ZEMAX Simulation


Owing to its picometer-scale calculation precision is far less than the measurement noise of the commercial laser interferometer system and self-made grating interferometer, the performance of the presented PA algorithm cannot be verified by the experiment. To fully verify the performance of the proposed modeling and calculation method, the simulation model of the nonideally manufactured and assembled grating interferometer system in Figure 1 is built in the nonsequential mode of ZEMAX. First, a series of 6-DOF DOWS are randomly generated in their maximum range, and the phase shift is calculated by the simulation model and the presented analytical model. The error of the analytical model compared to the simulation model is on the order of 10−9 rad, and the corresponding displacement error is on the order of 10−5 pm. Then, based on the analytical model of the 4-active encoder mode, 6-DOF DOWS as shown in Figure 3a are generated to establish the substitution variables in Equation (6) and the displacements calculation algorithm in Equation (7). Finally, the phase shift corresponding to 10000 sets of random DOWS within the range shown in Figure 3a obtained by simulation are substituted into the four algorithms of linearization, iterative numerical, cubic polynomial of 120 terms, and PA with substitution variables to calculate the DOWS; the displacement calculation errors are shown in Figure 6a. The performance comparison of four algorithms is summarized in Table 1, in which the time is obtained from the calculation in MATLAB with an Intel Core i7-8700K CPU @ 3.70 GHz. When the proposed algorithm is applied to the 3-active encoder mode, the calculation error remains less than 10 pm, as shown in Figure 6b.





5. Conclusions


We presented an algorithm to calculate the 6-DOF DOWS in a photolithography scanner in real time with ultraprecision. We established the exact relationship between the phase shift of each grating interferometer and the 6-DOF DOWS based on affine transformation considering the two factors that cause the phase shift of the grating interferometer based on the Doppler effect. To solve the DOWS in real time, we presented a PA algorithm in which the frequency domain characteristics of the nonlinearities are used to achieve model reduction. The experimental results verified the ability of the proposed PA algorithm to reproduce the precision of analytical model under actual measurement noise, and the simulation results showed its performance, taking only 1.7 μs to achieve calculation errors of translational displacements less than 10 pm.







Author Contributions


The work was realized with the collaboration of all authors. Conceptualization, W.Y., M.Z., Y.Z. and J.H.; methodology, W.Y. and M.Z.; software, W.Y., M.Z. and L.W.; validation, W.Y., M.Z. and L.W.; formal analysis, W.Y., M.Z. and J.H.; investigation, W.Y. and L.W.; resources, Y.Z. and X.L.; data curation, W.Y. and M.Z.; writing—original draft preparation, W.Y.; writing—review and editing, M.Z. and Y.Z.; visualization, W.Y.; supervision, X.L. and C.H.; project administration, X.L. and C.H.; funding acquisition, X.L. and C.H.




Funding


This research was funded by Major National Science and Technology Project of China, grant number 2018ZX02101003.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



de Jong, F.; van der Pasch, B.; Castenmiller, T.; Vleeming, B.; Droste, R.; van de Mast, F. Enabling the lithography roadmap: An immersion tool based on a novel stage positioning system. In Proceedings of the SPIE Advanced Lithography, San Jose, CA, USA, 22–27 February 2009. [Google Scholar]

	



Feng, C.; Zeng, L.; Wang, S. Heterodyne planar grating encoder with high alignment tolerance, especially insensitivity to grating tilts. In Proceedings of the International Symposium on Precision Engineering Measurement and Instrumentation, Chengdu, China, 8–11 August 2012. [Google Scholar]

	



Kim, Y.S.; Hwang, Y.S.; Jung, M.R.; Yoo, J.H.; Kwon, W.T.; Ryan, K.; Park, C. Improving full-wafer on-product overlay using computationally designed process-robust and device-like metrology targets. In Proceedings of the SPIE Advanced Lithography, San Jose, CA, USA, 22–26 February 2015. [Google Scholar]

	



Gao, Z.; Hu, J.; Zhu, Y.; Duan, G. A new 6-degree-of-freedom measurement method of XY stages based on additional information. Precis. Eng. 2013, 37, 606–620. [Google Scholar] [CrossRef]

	



Kimura, A.; Gao, W.; Arai, Y.; Lijiang, Z. Design and construction of a two-degree-of-freedom linear encoder for nanometric measurement of stage position and straightness. Precis. Eng. 2010, 34, 145–155. [Google Scholar] [CrossRef]

	



Fan, K.C.; Zhang, Y.L.; Miao, J.W.; Cheng, F. Error compensation of grating interferometer due to angular error of linear stage. In Proceedings of the 2012 IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM), Kachsiung, Taiwan, 11–14 July 2012. [Google Scholar]

	



Schuster, S.; Wanner, G.; Tröbs, M.; Heinzel, G. Vanishing tilt-to-length coupling for a singular case in two-beam laser interferometers with Gaussian beams. Appl. Optics 2015, 54, 1010–1014. [Google Scholar] [CrossRef] [PubMed]

	



Pan, S.W.; Hsieh, H.L.; Wang, W.C. 6-DOF displacements and angle measurements using heterodyne laser encoder. In Proceedings of the SPIE Nanoscience + Engineering, San Diego, CA, USA, 25–29 August 2013. [Google Scholar]

	



Li, X.; Shimizu, Y.; Ito, T.; Cai, Y.; Ito, S.; Gao, W. Measurement of six-degree-of-freedom planar motions by using a multiprobe surface encoder. Opt. Eng. 2014, 53, 122405. [Google Scholar] [CrossRef]

	



Hsieh, H.L.; Pan, S.W. Development of a grating-based interferometer for six-degree-of-freedom displacements and angle measurements. Opt. Express 2015, 23, 2451–2465. [Google Scholar] [CrossRef] [PubMed]

	



Fan, K.C.; Chen, M.J. A 6-degree-of-freedom measurement system for the accuracy of XY stages. Precis. Eng. 2000, 24, 15–23. [Google Scholar] [CrossRef]

	



Shan, X.; Kuo, S.K.; Zhang, J.; Menq, C.H. Ultra precision motion control of a multiple degrees of freedom magnetic suspension stage. IEEE-ASME Trans. Mechatron. 2002, 7, 67–78. [Google Scholar] [CrossRef]

	



Park, W.S.; Cho, H.S. Measurement of fine 6-degrees-of-freedom displacements of rigid bodies through splitting a laser beam: Experimental investigation. Opt. Eng. 2002, 41, 860–871. [Google Scholar] [CrossRef]

	



Castenmiller, T.; van de Mast, F.; de Kort, T.; van de Vin, C.; de Wit, M.; Stegen, R.; van Cleef, S. Towards ultimate optical lithography with NXT: 1950i dual stage immersion platform. In Proceedings of the SPIE Advanced Lithography, San Jose, CA, USA, 21–25 February 2010. [Google Scholar]

	



Ye, W.; Zhang, M.; Zhu, Y.; Wang, L.; Hu, J.; Li, X.; Hu, C. Translational displacement computational algorithm of the grating interferometer without geometric error for the wafer stage in a photolithography scanner. Opt. Express 2018, 26, 34734–34752. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 19 02409 g001 550]





Figure 1. Four-grating interferometer system of the wafer stage and the concept of the encoder with Littrow diffraction for demonstrating the modeling method. Four two-dimensional gratings and the projection lens are installed in a metrology frame, and four 2-DOF encoders are mounted on the corners of the wafer stage. RP, Refraction Prism; QWP, Quarter Wave Plate; PBS, Polarizing Beam Splitter; BS, Beam Splitter; MB, Measuring Beams; RB, Reference Beams; IS, Interference Signals. 
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Figure 2. Definition of coordinate systems. The CS OgiXgiYgiZgi fixed to the CS OlXlYlZl represents the grating of the grating interferometer #i, and the CS OEiXEiYEiZEi fixed to the CS OsXsYsZs represents encoder #i. The Euler angles (z-y-x extrinsic) between the CS OgiXgiYgiZgi and the CS OlXlYlZl is (txi,tyi,tzi). The red arrows represent the typical internal and external effective optical path of the encoder. Points A and C represent the refraction points of the measuring beams, and point B represent the diffraction spot. 
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Figure 3. (a) Fourier amplitude spectrum of DOWS. (b) Fourier amplitude spectrum of normalized substitution variables and phase shift. (c) Fourier amplitude spectrum of the calculation error of Dxl with SDx. The basis functions to be added can be determined by the period of trigonometric functions of calculation errors. (d) Comparison of calculation errors between linear approximation and presented PA with substitution variables. 
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Figure 4. (a) 5-DOF experimental scheme. (b) 5-DOF experimental device. HSPMI is the commercial laser interferometer. Red lines indicate commercial laser interferometer system, and dotted lines indicate hybrid interferometer system. 
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Figure 5. Measurement errors of the iterative numerical algorithm and the presented PA algorithm in the X direction. 
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Figure 6. (a) Comparison of the absolute values of the calculation errors of the four algorithms. (b) Comparison of the calculation errors when using the presented algorithm for the 4-active encoder mode and the 3-active encoder mode. 






Figure 6. (a) Comparison of the absolute values of the calculation errors of the four algorithms. (b) Comparison of the calculation errors when using the presented algorithm for the 4-active encoder mode and the 3-active encoder mode.



[image: Sensors 19 02409 g006]







[image: Table]





Table 1. Performance comparison of the four algorithms.
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Algorithm

	
Calculation Error

	
Calculation Time




	
Translational

	
Rotational






	
Linearization

	
8.4 × 104 pm

	
11.3 nrad

	
1.3 μs




	
PA with substitution variables

	
1.8 pm

	
0.6 nrad

	
1.7 μs




	
Cubic polynomial of 120 terms

	
0.3 pm

	
9.7 × 10−4 nrad

	
13.8 μs




	
Iterative numerical

	
0.03 pm

	
2.8 × 10−4 nrad

	
67.4 μs












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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