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Introduction 

This microscope objective lens is an essential part of the SMASH (Smart Alignment Sensor Hybrid) 

sensor that is used for high precision lithography wafer alignment. Various lasers with different 

wavelengths can be directed through this objective to illuminate alignment marks; the diffracted 

higher-order beams will then be collected by the same objective to provide alignment signals. The 

goal of this project is to design an objective with sub-micron level of axial color correction. 

SMASH sensor objective is a customer driven product. As such, its design inputs were derived 

from interactions with ASML Wilton D&E group and our faculty adviser Julie Bentley. 

Background 

During the semiconductor manufacturing process, wafers are rapidly moving beneath the primary 

lithography lens. How accurately the wafer is positioned under this exposure lens directly 

determines the quality of semiconductor products. Therefore, alignment marks are placed on the 

wafer at the beginning of the manufacturing process to ensure the precision of wafer position. The 

ASML PAS 5500 uses wafer alignment marks that are diffraction gratings which are oriented  in 

both vertical and horizontal directions. In the measurement side of this machine, the marks are 

illuminated with a He-Ne laser at a single wavelength near 632.8 nm. The zero order reflected 

beam is blocked while higher order diffracted patterns of marks are focused on the alignment 

sensor. Since this objective is placed in the measurement side as a double path system, it needs to 

have transmission as high as possible to ensure that enough light can reach the detector. 

Figure 1: (a) ASML alignment marks [1]. (b) A graph illustrating signals obtained by this 

scanning alignment system [2]. The maximum energy point which occurs at time t0 

representative of coincidence of mark center and the sensor alignment axis.  

 

1. Background Introduction 

(a) (b) 
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The alignment sensor requires our objective to produce diffraction limited wavefront. The sensor 

contains a self-reference interferometer which splits the collected beam into two paths, rotates one 

path by 180 degrees, and makes them interfere. Therefore, our customer requires us to minimize 

odd order fringe Zernike coefficients because those asymmetrical terms will introduce extra errors 

when the beam is rotated 180 degrees. Additionally, our customer desires to have this objective 

corrected for a wide range of wavelengths, focusing all design wavelengths at the same spot. This 

longitudinal focal shift specification plays a key role in our design process, since it is the most 

difficult part to meet requirement. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: This is a simplified diagram of illuminating and imaging parts before the 

interferometer. Red box: illuminating part. Blue box: signal imaging part. Our task is to 

design the objective lens at the lower right corner of this figure. The objective is a critical 

component of this setup because it is part of both the illuminating and imaging parts. The 

objective needs to provide uniform illumination onto the mark and collect the higher-order 

diffracted light. 

 

 

 

 

Self-reference 
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Lens Specifications 

Numerical Aperture 0.6 

Field of View (mm) ± 0.05 

Wavelength (nm) 527-537, 628-638, 770-780, 845-855 

Design Wavelength (nm) 532, 633, 775, 852 

Focal Length (mm) 15 

Working Distance (mm) ≥ 7.7 

Overall Length (mm) < 62.3 

Vignetting No vignetting 

Transmission ≥ 90% (nominal) 

Anti-reflection Coating All surfaces excluding cemented surfaces 

Reflectivity < 0.3% each surface (nominal) 

AOI & AOR on surfaces 

(degree) 

≤ 35 

Temperature of operation 

(ºC) 

22 ± 0.5 

RMS Wavefront (wv) 

(priority) 

< 0.05 for all fields and wavelengths (as-built) 

Longitudinal Focal Shift 

(μm) 

< 0.5 (as-built 0.7) 

Asymmetrical Aberration Odd Order Fringe Zernike P-V: < 0.15 wv 

(Zernike Coefficients: 7, 8, 10, 11, 14, 15, 19, 

20, 23, 24, 26, 27, 30, 31, 34, 35) 

2. Specification 

Table 1: Specification table for our design of the Alignment Sensor objective. The 

bottom three rows are the performance specifications. A detailed explanation of 

Longitudinal Focal Shift and how we evaluated this constraint is presented in 

Section 6 and 10. 
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Packaging Specifications 

Figure 3: This graph illustrates the total volume constraint, including lens and housing 

volume. The blue region indicates the maximum lens volume. The green region and blue 

region together indicate the maximum volume for this objective. Housing thickness is not 

specified. 
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    ELEMENT   RADIUS OF CURVATURE                    APERTURE DIAMETER 

    NUMBER    FRONT        BACK       THICKNESS       FRONT      BACK        GLASS 

    OBJECT            INF              INFINITY 

      1    -21.7276 CC   -68.9053 CX     1.7000      18.1042    18.9961    NZK7 Schott 

                                         1.5000 

      2     73.1732 CX   -21.2483 CX     5.1659      19.8585    19.9581    STIH11 Ohara 

      3    -21.2483 CC   -39.4809 CX     1.7000      19.9581    20.1346    SLAM66 Ohara 

                                         0.7000 

                                     APERTURE STOP        19.4400 

                                         1.6168 

      4   -209.5519 CC    25.7628 CC     1.7000      19.0607    18.4798    NKZFS4HT Schott 

                                         1.9352 

      5     24.3441 CX   -21.3370 CX     6.3651      18.9282    18.6690    SFPL53 Ohara 

      6    -21.3370 CC   -43.3287 CX     1.7000      18.6690    18.9604    NLASF43 Schott 

                                         4.0000 

      7    -24.9170 CC    32.2506 CC     1.7000      18.4377    19.6206    NSF10 Schott 

      8     32.2506 CX   -36.1410 CX     4.7944      19.6206    20.3787    SFPL53 Ohara 

                                         0.7000 

      9     46.6139 CX   -29.4304 CX     5.3524      21.5805    21.7673    CAF2 

09:29:49

UR_Senior Design Scale: 2.80 ZYN  21-Apr-17 

8.93    MM   

3. Final Lens Design 

Push around 

compensator 

Airspace 

compensator 
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                                         1.3154 

     10     23.3259 CX    58.8664 CC     4.3000      20.5305    19.3422    SFPL53 Ohara 

                                         4.0000 

     11     14.1797 CX    29.6846 CC     3.1372      16.5158    15.3963    SFPL53 Ohara 

                                         0.7000 

     12      9.2309 CX    15.0615 CC     2.9176      13.2854    11.7053    SFPM2 Ohara 

               IMAGE DISTANCE =          8.8936 

     IMAGE            INF                                  0.1001 

Figure 4: Final objective design with 12 elements with lens prescription. The push around 

and airspace compensators are used to ensure the high manufacturing yield.  

We perform Monte Carlo analysis on this design and our analysis indicates that this design has 

96.6% probability to satisfy the longitudinal focal shift, RMS wavefront and odd order Zernike P-

V requirement at the same time after random perturbation. We use one push around compensator 

and three airspace compensators to ensure this high manufacturing yield with appropriate tolerance 

on each element. 

 Minimum Tolerance Values Our Tolerance Values 

Test Plate Fit 

(Fringe) 

3  3 

Irregularity (Fringe) 0.025 & 0.111 (bonded surface) 0.08 & 0.111 (bonded surface) 

Thickness TOL 

(mm) 

0.005 (lens) & 0.05 (air gap) 0.025 (lens) & 0.05 (air gap) 

Index TOL 0.0005 0.0005 

V-Number TOL 0.8 % 0.8 %  

Element Wedge 

(mm) 

TIR 0.005 TIR 0.005 

Element Tilt (mm) TIR 0.005 TIR 0.005 

Element Decenter 

(mm) 

TIR 0.005 TIR 0.005 

Element Roll (mm) TIR 0.005 TIR 0.005 

 

Table 2: Table of minimum tolerance values and tolerance used by our design. We can see 

that for irregularity and thickness, our design actually has looser tolerance which can 

reduce the manufacturing cost.  
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(Materials: H: HfO2, L: MgF2, A: Al2O3) 

Design 1 for high refractive indices substrates (S-TIH11, S-LAM66, N-LASF43, N-SF10): 

 

 Figure 5: Design data table of Design 1. 

 

Figure 6: One example of transmission plot of Design 1. The substrate is S-TIH11, and 

maximum incident angle 16.6°. 

 

 

4. Final Coating Design 
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Design 2 for medium refractive indices substrates (N-ZK7, N-KZFS4, S-FPM2): 

 

Figure 7: Design data table of Design 2. 

 

 

Figure 8: One example of transmission plot of Design 2. The substrate is S-FPM2, and 

maximum incident angle is 23.2°. 
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Design 3 for low refractive indices substrates (CaF2, S-FPL53): 

 

 Figure 9: Design data table of Design 3. 

 

Figure 10: One example of transmission plot of Design 3. The substrate is S-FPL53, and 

maximum incident angle is 20.0° 
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Longitudinal focal shift (LFS) is one of the most important specifications. At first, we thought 

since we need all the design wavelengths to be focused at the same spot, we can just find the best 

RMS focal point for each wavelength and calculate the biggest difference among these best RMS 

focal points. We use the chromatic focal shift (CFS) CODE V built-in macro to evaluate this focal 

shift. It seems right at the first place but it is not the longitudinal focal shift that our customer 

actually wants (more details will be discussed in section 10). We did our first round lens design 

according to this criterion. Although it is wrong, our design process gives us a solid foundation 

which helps us finish the new design quickly once we understand the correct definition of 

longitudinal focal shift. 

 

 

 

 

 

 

 

 

Figure 11: One example of Longitudinal focal shift evaluation; however, this criterion is 

incorrect. It is worth mentioning this incorrect criterion here because CFS is very easy to 

evaluate and it helps us to figure out the relation between longitudinal focal shift and 

solution space. 

 

 

 

5. Longitudinal Focal Shift Definition 1 

532 

633 

775 

852 

The biggest difference among these 
best focus locations: 0.28 μm 



Lithography SMASH Sensor Objective Design Description Document 

 

 
005 Rev Final Litho Team 13 
 

To avoid over complicating the design, we did a design form study to determine the least number 

of elements to satisfy the requirement. This is helpful for us to reduce the cost and increase 

transmission. We started with 1 doublet and 4 singlets design and optimized the design to achieve 

the best performance possible. Then we added more elements and optimized them again. We found 

out that using two doublets is necessary and at least 4 additional singlets are required to meet the 

nominal specifications (at this point, our longitudinal focal shift requirement is incorrect). 

Design Form RMS Wavefront (wv) Chromatic Focal 

Shift (µm) 

Odd Zernike P-V (wv) 

Design A:                          

1 doublet & 4 singlet 

0.15 5.0 0.29 

Design B:                          

1 doublet & 7 singlet 

0.084 1.61 0.18 

Design C:                          

2 doublet & 3 singlet 

0.15 2.36 0.34 

Design D:                          

2 doublet & 3 singlet 

0.10 2.10 0.19 

Design E:                          

2 doublet & 4 singlet 

0.036 0.50 0.028 

Design F:                          

2 doublet & 5 singlet 

0.018 0.36 0.059 

Design G:                          

2 doublet & 6 singlet 

0.020 0.37 0.060 

Design H:                          

3 doublet & 4 singlet 

0.015 0.29 0.030 

Specification ≤0.05 ≤0.5 ≤0.15 

Nominal & as-built Nominal Nominal & as-built 

Table 3: This table shows nominal performances of design forms we tried. Number in red 

indicates that the specification is not satisfied and number in green indicates that the 

specification is satisfied. It is clear that we need at least 2 doublets and 4 singlets to meet 

nominal specifications.  Design forms are shown in the Appendix. 

After evaluating nominal design performance, we used TOR function to approximate as-built RMS 

wavefront error of different design forms. The result shows that the as-built performance tends to 

be better when we have more lens elements. We concluded that we need at least two doublets and 

five singlets (Design F) to meet all specifications while providing some reasonable spaces for 

tolerancing.  

 

6. Design Form Study 
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Figure 12: Objective preliminary Design F based on our design form study. 

 

Nominal Performance 

 RMS Wavefront (wv) Chromatic Focal 

Shift (um) 

Odd Zernike P-V 

(wv) 

Design F 0.018 0.36 0.059 

Specification ≤0.05 ≤0.5 ≤0.15 

 Nominal & as-built Nominal Nominal 

Table 4: This table shows nominal performances of Design F. Numbers marked in green 

indicates that the specification is satisfied.  

 

 

 

 

19:10:24

Design 1 Scale: 2.80 ZYN  21-Apr-17 

8.93    MM   

7. Preliminary Design 1 

Push around 

compensator 

Airspace 

compensator 
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As-Built Performance 

 CFS (<0.7 µm) Odd Fringe 

Zernike P-V 

(<0.15 wv) 

RMS 

Wavefront on 

axis (<0.05 wv) 

RMS 

Wavefront full 

field (<0.05 wv) 

Probability of 

satisfying 

specification 

100% 99.8% 69.4% 65% 

Max value 0.642 0.154 0.102 0.101 

Min value 0.321  0.038  0.012  0.018  

Average value 

(�̅�) 

0.411 0.076  0.045  0.045  

Standard 

deviation (Δ) 

0.053  0.019  0.015  0.014  

�̅� + 𝜟 0.463  0.095 0.060  0.059  

�̅� + 𝟐𝜟 0.516  0.114  0.075  0.074  

Table 5: Table of as-built performance evaluation. In this case, we specifically calculate 

its mean value and standard deviation, because we assume we will only manufacture one 

of this objective for prototyping. The advantage of knowing the standard deviation is 

knowing how far away will our lens deviate from desired specification and we can come 

up with several plans to fix them during manufacturing. We will not calculate standard 

deviation for our new designs because our customer requests our design to reach 95% yield 

and we can assume we are doing mass production.  

 

Test Plate Fit 3 Fringes 

Irregularity 0.1 Fringes 

Thickness TOL 0.025 mm 

Index TOL 0.0005 

V-Number TOL 0.5 % 

Element Wedge TIR 0.005 

Element Tilt TIR 0.005 

Element Decenter TIR 0.003 

Element Roll TIR 0.008 

Table 6: Table of tolerances we used for evaluating as-built performance of Design F.  
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During our bi-weekly meetings with our customers, we update them with most recent 

developments and gain many valuable feedbacks. Most importantly, we figure out what is the 

longitudinal focal shift that our customer actually wants, which will be discussed in detail in the 

next section. 

We have noted some of the advice on the lens drawing of an old design (design F) for explicit 

demonstration. 

 

Figure 13: Objective preliminary Design F with improvement advice.  

Besides the ones noted on the drawing, other suggestions are:  

 2-3 airspace compensators can be used, which can be very helpful in improving the system 

performance with perturbations in the manufacture process.  

 We don’t need to worry about the standard deviation. We simply need to reach 95% 

manufacturing yield. 

 

8. Customer Feedback 1 
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Figure 14: Table of tolerance data with improvement suggestions. 

 

Our customer suggested that:  

 The value of irregularity can be changed to 0.025 and 0.111 fringes for bonded surfaces. 

 The thickness can be 0.005 mm and 0.05 mm for lens and air gap thickness respectively.  

 Element decenter TIR should be higher than 0.005 mm.  

 The V-number tolerance of the material should be 0.8%.   

 

After discussing with our customer and making sure that we have fully understand their 

suggestions, we adopted all the suggestions noted above and started to improve our design.  
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After consulting with Mr. Kirill Sobolev, senior design engineer in ASML, we adopt a new method 

that evaluates the longitudinal focal shift (LFS) across the entire pupil. To evaluate this 

specification, we use the Field Curve function in CODE V and select “Compute Longitudinal 

Spherical Aberration”. The maximum horizontal difference of the curve is the required 

longitudinal focal shift. 

 

Figure 15: (a) One example of longitudinal spherical aberration evaluation. (b) Connection 

between spherical aberration and chromatic focal shift. In (b), red dashed lines indicate the 

best rms focal point for each wavelength. The maximum difference among them is 

Chromatic focal shift (definition 1). 

As shown in the Figure 15 (b), the chromatic focal shift (definition 1) is the maximum difference 

among best composite foci, which is 0.28 µm in this case. The result evaluated from this plot is 

equal to the result evaluated in Figure 11. The new LFS is the difference between the leftmost 

point and the rightmost point on this plot in Figure 15 (a).  

CODE V does not have a built-in function to calculate LFS, so the best way to evaluate this value 

is real ray tracing. By finding the y coordinate and tan y value at image plane at specific pupil 

height, we can calculate the shift from paraxial image plane, ∆z = y/tan y. It is illustrated by the 

following graph: 

9. Longitudinal Focal Shift Definition 2 

(a) 

 

(b) 
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Figure 16: This diagram shows how LFS is calculated in a rotational symmetric lens 

system. 

 

This diagram shows that rays through different relative pupil heights. Since the system is rotational 

symmetric, the LFS of each ray can be simply calculated by the equation: 

∆𝑧 =
𝑦𝑖

tan 𝑦𝑖
=

𝑦𝑖
′

tan 𝑦𝑖
′ 

In this equation, ∆z denotes LFS of a single ray, yi and tan yi represent y-coordinate and tangent 

of ray i at image plane. All values with prime represent rays passing the same relative pupil height, 

but on the negative side.  

In a non-rotational symmetric system, the calculation of longitudinal focal shift is more 

complicated, because all rays are no longer focused on-axis. In any case, the longitudinal focus 

position can be calculated by finding the cross point of +y-ray and –y-ray. Because we need to 

perturb the lens system with both rotational symmetric and non-symmetric tolerance values, a non-

rotational symmetric system will be generated by irregularity, tilt, decenter, roll, and wedge 

tolerance. So we have to use this method when performing Monte Carlo tolerance analysis. 

∆z 
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Figure 17: This diagram shows how LFS is calculated in a non-rotational symmetric lens 

system. 

In this case the following equation should be used to evaluate LFS based on a pair of rays: 

∆𝑧 =
𝑦𝑖
′ − 𝑦𝑖

tan 𝑦𝑖 − tan𝑦𝑖
′ 

To calculate LFS of the lens system. We need to calculate the ∆z of rays at different relative pupil 

height and find out the difference between maximum and minimum values. In our user-defined 

Monte Carlo macro, relative pupil heights 0.0001, and from 0.1 to 1 with 0.1 increment are used 

to estimate LFS. Ray passing the optical axis, which has relative pupil height 0, is not considered 

because both y and tan y will be 0 for reference wavelength, which will cause calculation error. 

 

 

 

∆z 
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Because we adopt a new criterion to evaluate longitudinal focal shift, which is much harder to 

achieve, we have to add more elements to satisfy the requirement. We decide to go back to our 

Design H from the previous design form study and start redesigning.  

 

Figure 18: Our preliminary design 2. In order to meet such a high longitudinal focal shift 

specification, we add a triplet into the design. 

Nominal Performance Evaluation  

 RMS Wavefront (wv) Chromatic Focal 

Shift (um) 

Odd Zernike P-V 

(wv) 

Design with triplet 0.025 0.0102 0.053 

Specification ≤0.05 ≤0.5 ≤0.15 

 Nominal & as-built Nominal Nominal & as-built 

Table 7: This table shows nominal performances of the design. Numbers marked 

in green indicates that the specification is satisfied.  

 

 

 

12:05:48

Senior Design version 2.0 Scale: 2.80 UR   21-Apr-17 

8.93    MM   

10. Preliminary Design 2 
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As-Built Performance Evaluation 

 RMS Wavefront (wv) Odd Zernike P-V 

(wv) 

Longitudinal Focal 

Shift（µm） 

Yield 96 % 100 % 99.2% 

Average 0.0025 0.053 0.33 

 

Standard 

Deviation 

0.011 0.019 0.12 

 
Table 8: This table shows the yield percentage average values, and standard deviation of 

our three performance criteria. 
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Preliminary design 2 meets all specifications with satisfactory yield: 96% for RMS wavefront error, 

99% for LFS, and 100% for odd order Zernike P-V. Our final design is an upgrade to improve 

manufacturability.  

One of the most significant problem of preliminary design 2 is coefficient of thermal expansion 

(CTE) mismatch of the triplet: The first element of triplet is N-KZFS4 and the second element is 

S-FPL53. Their CTE are 7.3e-06/K and 14.5e-06/K, respectively. This CTE mismatch may cause 

catastrophic failure in shipping process. In our final design, we split the first two elements of this 

triplet, leaving an air gap in between. 

The second improvement is increasing edge thickness. Because lens elements need extra room at 

the edge for mounting, the diameter of the real lens should be larger than that of clear aperture 

(usually clear aperture is 90% of real lens diameter for precision application). Thus the edge of the 

lens should be thick enough. 

We also improved our method of Monte Carlo tolerance analysis. Because a lens satisfying one 

performance criteria while failing another is not useful, we need to calculate the yield of lens that 

satisfies all specifications at the same time. We test whether a perturbed lens passes both RMS 

wavefront error and LFS requirement. The macro records a 1 if it passes and a 0 if it does not. The 

testing result is multiplied so only a lens passes both criteria will result in a 1. And the probability 

of getting a 1 is calculated, which is our yield. We ignore the odd order Zernike P-V criteria 

because the yield is always 100% at this stage. 

 

 

 

 

 

 

 

11. Customer Feedback 2 
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Because this objective lens is for interferometer use, high transmission is required. So anti-

reflection coatings are also very important. The most common design for broadband AR coating 

is QHQ design. This type of design has a quarter wave optical thickness (QWOT) of medium index 

material, half wave optical thickness (HWOT) of high index material of top of it and QWOT of 

low index material near the incident medium.  

In our design project, the difficulty of design comes from four factors: 

 Very broadband 

 Wide incident angle 

 Very high transmission requirement 

 Satisfying requirement for both s and p polarization 

Thus, we need more than three layers to satisfy the transmission requirement. To maintain good 

manufacturability, the maximum number of layers is 7 and no layer should have physical thickness 

less than 20 nm. 

We selected three common materials for our layer materials, MgF2, Al2O3, HfO2. Their indices of 

refraction are shown in the table below: 

 HfO2 [3] Al2O3 [4] MgF2 [5] 

532 nm 2.1207 1.7717 1.3789 

633 nm 2.1056 1.7659 1.3770 

775 nm 2.0935 1.7608 1.3753 

852 nm 2.0892 1.7588 1.3746 
Table 9: This table shows indices of refraction of three layer materials we used. 

To reduce time and cost of coating, it is desirable to design coatings that can be used from multiple 

surfaces. Our Design 1 is for substrates with refractive indices range from 1.71-1.81. Design 2 is 

for substrates with refractive indices range from 1.50-1.62. Design 3 is for substrates with 

refractive indices range from 1.43-1.44. All of these coating designs have 7 layers and the thinnest 

layer is 20 nm.  

These three coating designs can cover all surfaces of our lens and they increase the transmission 

of every surfaces to more than 99.7% in most cases. After importing these designs in CODE V, 

the overall transmission of the system is more than 93.88%, considering absorption and reflection 

between cemented surfaces.  

The as-built performance of can be reduced to approximately 90% assuming thickness error is 1% 

and indices error is 0.0005. The layer materials have good availability, and the coating can be 

deposited by common evaporation method. Thus, the cost will be reasonable even with high 

precision. 

12. Coating Design 
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Three quotes from different vendors for Design 1: 

Optimax: This vendor does not provide assembly service, so this quote only includes cost of 

element manufacturing and cost of cementing doublet. This vendor provides different AR coating 

so the real design, which uses customized coating may cost more. In addition, the lens materials 

provided by this vendor has higher tolerance values than our requirement.  

 

Figure 19: Quote from Optimax. Note: Cosmetic tolerance quoted as 20-10 scratch-dig 

per MIL-PRF-1380B. 

Shanghai Optics: This vendor’s quote is exceptionally cheap in compare with other vendors. The 

quote includes cost of assembly. 

 

Figure 21: Quote from Shanghai Optics. 

Navitar: This vendor only provides the price without any additional information, which is $32000 per unit 

assuming 10 units are manufactured.  

 

 

 

 

13. Quotes from Vendors 
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Quote from Optimax for our final Design: 

 

Figure 20: Quote from Optimax for our Final design. If we want to manufacture 100 of 

this lens, the price is $8,625 per lens. 
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Tolerance values indicate ranges of allowable manufacturing errors. The tolerance values should 

be as loose (large values) as possible without affecting lens as-built performance significantly to 

reduce manufacturing cost. We first use Interactive Tolerancing in CODE V to check the 

sensitivities of each surface and then we attempt to loosen tolerance values for insensitive surfaces.  

Monte Carlo tolerance analysis is important because it can actually “build” 500 lenses with random 

perturbations within the tolerance ranges we specified, which let us see what is the possibility of 

building a lens that meets all the specifications. The Monte Carlo analysis program that we need 

is not included in the CODE V, so we have to write our own program (macro) to evaluate as-built 

performance of 1) RMS wavefront error, 2) LFS, 3) odd order fringe Zernike P-V. A flow chart to 

illustrate the Monte Carlo analysis process is shown in the diagram below: 

                 

Start

Acquire lens 
data

Perturb lens data 
within tolerance 

ranges 

Optimize lens with 
compensators

Save optimized 
lens as .seq file

Acquire 
performance 

data

Calculate mean, 
max, min, standard 

deviation data

end

500 trials

 

Figure 21: Flowchart that illustrates process of Monte Carlo tolerance analysis of 500 trials. 

14. Technical Note 1: Monte Carlo 



Lithography SMASH Sensor Objective Design Description Document 

 

 
005 Rev Final Litho Team 28 
 

Total indicated runout (TIR) is one common method to measure centering and assembly error, 

including wedge, tilt, decenter and roll. The value of TIR can be illustrated by the following picture: 

 

Figure 22: Diagram that illustrate TIR from CODE V user manual. [6] 

TIR for wedge is self-explainable but the concept of TIR for decenter, tilt and roll is more 

complicated. This can be interpreted by knowing how TIR is measured: 

 

Figure 23: TIR setup for measuring wedge. 

In the setup shown above [7], TIR can be directed measured by reading the dial indicator. 

Assuming the lens is well centered, the TIR value will be the value of wedge. However, any 

centering error such as tilt and decenter will cause a difference of TIR. The TIR of tilt, decenter, 

and roll is considered as TIR induced by these centering errors. In our design specification, 

centering error tolerance values are not specified, and TIR is given instead. 

 

15. Technical Note 2: TIR 



Lithography SMASH Sensor Objective Design Description Document 

 

 
005 Rev Final Litho Team 29 
 

SN2 is a useful constraint of CODE V. According to the CODE V user manual, the definition of 

SN2 is “Allows you to reduce general tolerance sensitivity to improve the manufacturability of the 

optimized lens. The range of values is from 0 to 1, with smaller numbers representing less sensitive 

surfaces.” A smaller number of SN2 indicates higher manufacturability; however, it is not always 

the case, which makes this function useful but not easy to control.  

In order to use this interesting constraint well, we think it is necessary to understand how is this 

value calculated. According to a research paper, there is one quick method to evaluate sensitivity 

of a lens surface. The sensitivity is calculated by the following equation [5]: 

𝑆 = √∑
(𝑖𝑠2 + 𝑟𝑠2)

2𝑘

𝑘

𝑠=1

 

In this equation, S represents the sensitivity value and larger S value indicates the surface is more 

sensitive to manufacturing error. i and r denotes AOI and AOR, respectively. k denotes ray 

numbers, i.e. total number of rays traced. These rays may include rays from different field, aperture, 

and wavelength. According to this paper, sensitivity of a lens surface is directly dependent on AOI 

and AOR. 

We think the SN2 value is also strongly related to AOI and AOR at the lens surface. So will 

performance multiple calculation to find out the relationship between, AOI, AOR and SN2. We 

tried the summation of angles, summation of squares of angles, and square root of squares of angles 

and tried to find out the best fit. It turns out that SN2 is closest related to summation of squares of 

AOR and AOI. The following graph shows values of summation of squares of angles, SN2 values 

of each lens surfaces of one lens: 

16. Technical Note 3: SN2 
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 Figure 24: This chart shows the plot of surface number vs normalized square sum of 

angles (blue) and normalized SN2 values (orange).  

The plot shows a little bit deviation normalized square sum and SN2. There is some deviation so 

we tried the add vignetting, weighting, center thickness, edge thickness in our calculation but none 

of them is related. We also had a chance to know some information from technical staff of CODE 

V and he said the exact weighting of SN2 is their secret.  

In most cases, decreasing SN2 values is equivalent to constraining AOI/AOR. Constraining SN2 

values decreases nominal performance, as well as surface sensitivity. Sometimes the loss of 

nominal performance is less than the decrease of sensitivity and the as-built performance is 

increased. Sometimes when the decrease of sensitivity cannot compensate the loss of nominal 

performance and the as-built performance decreases. In conclusion, there is no exact value of SN2 

that is ‘optimized’ and it multiple values should be tested to optimize as-built performance. 
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In this design description document, we show the process of designing a high NA and long working 

distance objective with sub-micron level of axial color correction. We started off by doing patent 

searching and design form studying to get some ideas of the least amount of elements to satisfy 

the specification. In order to make such a complex objective manufacturable, we performed 

detailed Monte Carlo analysis to make sure that axial color and RMA wavefront specifications are 

satisfied at the same time and have more than 95% yield.    

 

We want to express our sincere thanks to Julie Bentley and Yang Zhao for their generous and 

helpful advice. We want to thank ASML Wilton D&E group and functional group manager Adel 

Joobeur for funding and organizing the capstone coordination. During our bi-weekly meeting with 

our customer Hong Ye, Chumeng Zheng and their colleagues, they offered us many helpful 

feedbacks on our design to make it more practical and suitable for their product. From this project, 

we have learnt the importance of teamwork and communication. What we did well in this project 

is that we have finished our preliminary design early enough; therefore, we have plenty of time to 

consult ASML senior design engineers for advice. We want to thank Jerry Deng for coating advice 

and Kirill Sobolev for manufacturability advice. What we need to pay close attention in the future 

is clearly understanding the specifications at the very beginning. Misinterpreting the axial color 

specification gives us a lot of trouble in re-designing. We were glad that we had enough time to 

fix this problem in time.  

 

 

 

 

 

 

 

 

 

 

 

17. Conclusion 

18. Acknowledgement 



Lithography SMASH Sensor Objective Design Description Document 

 

 
005 Rev Final Litho Team 32 
 

1. Fuller, L. (n.d.). Introduction to ASML PAS 5500 Wafer Alignment and Exposure. 

Lecture presented in RIT, Rochester, NY. 

2. Kreuzer, J. L. (2003). U.S. Patent No. US6628406 B1. Washington, DC: U.S. Patent and 

Trademark Office. 

3. CODE V User Manual, Synopsys, Inc. 

4. Wood et al. 1990: Cubic hafnia; n 0.361-5.135 µm. 

5. Malitson and Dodge 1972: α-Al2O3 (Sapphire); n(o) 0.20-5.0 µm. 

6. Dodge 1984: n(o) 0.2-7.0 µm. 

7. Karow, H. H. (2004). Fabrication methods for precision optics. Hoboken, NJ: Wiley. 

8. M. Isshiki, D. Sinclair, and S. Kaneko, "Lens Design: Global Optimization of Both 

Performance and Tolerance Sensitivity," in International Optical Design, Technical 

Digest (CD) (Optical Society of America, 2006), paper TuA5. 

 

 

 
 

 

16:52:14

starting_4521083_1 Scale: 4.40 ZYN  07-Feb-17 

5.68    MM   

19:18:57

starting_4521083_1 Scale: 3.50 ZYN  06-Feb-17 

7.14    MM   

16:17:05

starting_4521083_1 Scale: 3.50 ZYN  07-Feb-17 

7.14    MM   

17:35:40

starting_4521083_1 Scale: 3.60 ZYN  07-Feb-17 

6.94    MM   

19. Reference 

20. Appendix: Lens Drawings of Design Form Study 

Design A Design B 

Design C Design D 



Lithography SMASH Sensor Objective Design Description Document 

 

 
005 Rev Final Litho Team 33 
 

 

 

 

 

15:49:35

JAPAN   PATENT 62_33566  870721 Scale: 4.30 ZYN  06-Feb-17 

5.81    MM   

10:18:36

starting_4521083_1 Scale: 2.60 ZYN  07-Feb-17 

9.62    MM   

15:03:58

starting_4521083_1 Scale: 2.80 ZYN  06-Feb-17 

8.93    MM   

16:38:16

starting_4521083_1 Scale: 2.80 ZYN  06-Feb-17 

8.93    MM   

Design E Design F 

Design G Design H 


