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The emergence of large-aperture telescopes has fueled the need for testing and assisted alignment of large-scale 

optical systems. Computer-generated holograms (CGHs) have proven to be a useful method for aspheric optical 

testing and assisted alignment, and large-sized CGHs are required for large-scale aspherical systems. However, 

the maximum size of CGH is generally in the range of 6 to 9 inches owing to its current lithography capability. 

Stitching technology is a promising method for realizing larger-sized CGHs. As a proof of concept, a CGH with 

an aperture of 80 mm is fabricated using multistep lithography to investigate the overlay errors in stitching. The- 

oretical derivations reveal that additional tip/tilt aberrations are introduced owing to the overlay errors, which 

commonly couple with aberrations from adjustment errors. Therefore, to budget the effects of overlay errors, an 

evaluation method is proposed in this study. The evaluation results guide the separation and compensation of 

coupling aberrations in measurement. It is verified that the accuracy of a stitching CGH is considerably improved 

from 0.156 𝜆 to 0.017 𝜆 in terms of RMS after compensation. The findings obtained in this study during the de- 

velopment of stitching method and error evaluation are expected to promote the technology development and 

improvement of testing accuracy in stitching CGHs. 
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. Introduction 

Astronomical telescopes can expand human eyes and have become

ndispensable instruments in space exploration, earth imaging, and

any other fields. With the increasing demands of high resolution and

arge field of view (FOV), modern telescopes are being developed for

arge-aperture primary mirrors. For example, the Large Synoptic Survey

elescope (LSST) is a large FOV survey telescope system with an 8.4 m

rimary mirror [1] . With an equivalent aperture of 24.5 m, the primary

irror of the Giant Magellan Telescope (GMT) consists of seven 8.4 m

egmented mirrors [2] . 

Interferometric testing, a high-precision measurement technology,

ombined with computer-generated holograms (CGHs) has become the

ost efficient and widely used method for optical testing [3–8] and as-

isted alignment [ 9 , 10 ]. For optical testing and assisted alignment of ex-

remely large aperture telescopes, it is vital to develop large-sized CGHs

ver 12 inches. However, these large-sized CGHs pose challenges on

attern accuracy and lithography equipment. 

Generally, electron beam lithography [11] or laser direct writing

12] are used for CGH fabrication, yet it is difficult for electron beam
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ithography to achieve large-sized pattern plotting. Owing to the ad-

antages of high scanning speed and exposure efficiency, laser direct

riting lithography has been widely used in CGH fabrication. However,

he capability of CGH fabrication commonly limits the maximum size of

GHs in the range of 6 to 9 inches, which obviously cannot satisfy the

emand of large size. 

In order to fabricate larger-sized CGHs, stitching becomes a feasi-

le and necessary approach. To date, there has been few report on the

se of stitching techniques for manufacturing larger-sized compensator

GHs. However, the stitching techniques have advanced considerably

n the field of large-sized gratings. For example, scanning beam inter-

erence lithography is a widely used and mature technique that enables

he large size of gratings by using scan-stitching techniques [13] . Mas-

achusetts Institute of Technology has used this method to fabricate a

eter-sized grating [14–15] . Inspiring from scan-stitching techniques, a

ultistep lithography method based on laser direct writing is proposed

nd implemented in this study to fabricate stitching CGHs. 

As a wavefront compensator, it is vital for CGH to analyze the er-

or sources and evaluate the testing accuracy. Some studies have been

onducted on error analysis including fabrication [16–18] , pattern dis-
g). 
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Fig. 1. Light path and surface pattern of the 

designed CGH. 
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Table 1 

Fabrication parameters for the stitching CGH. 

Items Parameters 

Laser energy/mW 105 

Laser focus/mm − 40 

CD bias/nm − 100 

Photoresist thickness/nm 500 

Chromium film thickness/nm 100 

Processing stripe width/ 𝜇m 80 
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ortion [19] , encoding [20–22] , and so on [ 23 , 24 ]. To measure the vari-

tions in duty cycle and etching depth of CGH, Cai et al. [25] developed

 reconstruction device for a diffractive optics calibrator (DOC), while

.P. Korolkov from the Novosibirsk State University developed a novel

pectrophotometric method to evaluate the uniformity of etching depth

26] . Murphy et al. proposed an interferometric method for measuring

GH imaging distortion [27] . Peterhänsel et al. discussed the limitations

f applying scalar diffraction theory in CGH with sub-micron period and

nalyzed the sensitivity of the wavefront phase using the rigorous cou-

led wave theory [28] . However, few study has been published on the

verlay errors of stitching. 

For stitching CGHs, the primary errors are overlay errors introduced

y stitching, which are bound to affect the testing accuracy. This eval-

ation work about the effects of overlay errors on wavefront has great

ignificance for stitching CGHs. In this study, an evaluation method is

stablished to analyze the wavefront aberrations introduced by stitching

nd the evaluation results are used for error compensation to improve

he testing accuracy of stitching CGHs. 

As a proof of concept, a stitching CGH with an aperture of 80 mm is

esigned and fabricated using multistep lithography to investigate the

verlay errors. The pattern design, stitching method, and experimental

ow are described in Section 2 . Three kinds of overlay errors in stitch-

ng are analyzed and discussed in Section 3 , and the theoretical deriva-

ion of evaluation model is provided in the supplemental document. In

ection 4 , the wavefront of an experimental stitching CGH is measured,

nd the measurement results are evaluated and compensated with re-

pect to the overlay errors. The main conclusions are summarized in

ection 5 . 

. Experiment 

.1. Design of a stitching CGH 

For experimental verification, a stitching CGH with three functional

egions is designed on a substrate with diameter D = 80 mm and thick-

ess d = 8 mm. The main region with a diameter of 45 mm represents

he master hologram for testing a calibration ball. The focal length of the

rst diffraction order is f cgh = 143 mm at wavelength 𝜆 = 632.8 nm. The

ight path and surface pattern designed by Zemax are shown in Fig. 1 ,

nd the period of fringe at the edge is about 240 lp/mm. The align-

ent region is used to align the CGH with the interferometer at the

hird reflection order. The alignment region ranges between diameters

f 50 mm and 65 mm. Moreover, three circular holes are asymmetrically

rranged in the main region for data processing and defocus adjustment.

A special positioning region is designed to assist the stitching process

n secondary lithography, which is composed of cross marks and caliper

ulers as shown in Fig. 2 . The positioning region in stitching CGHs has

wo main functions. On the one hand, the calibration and determination

f the center position between the multistep lithography processes are

erformed for stitching with the aid of the cross marks at the top and

ottom of the same axis. On the other hand, the caliper rulers with dif-

erent precisions (4 𝜇m and 200 nm) are used to determine the overlay

rrors. The gray and blue patterns are drawn respectively by two-step
2 
ithography, and the final stitching caliper rulers are observed using a

onfocal microscope to measure the overlay errors. 

.2. Stitching procedure 

Two-step lithography based on laser direct writing is developed to

abricate the stitching CGH, and its procedure is depicted in Fig. 3 . The

ntire pattern is divided into two parts (pattern 01 and pattern 02) for

titching, and the diffraction microstructures of these patterns are fab-

icated on the same substrate. 

First, a photoresist layer with a thickness of 500 nm is spin-coated

nto the chrome-on-glass substrate. The initial half part (pattern 01) is

ompleted after the first exposure, development, etching, and resist re-

oval. The other half (pattern 02) is fabricated using the same process

fter recoating the photoresist and stitching. A laser scanning lithog-

aphy system DWL4000 (Heidelberg Instruments Mikrotechnik GmbH,

ermany) is used to write the patterns [29] , and the fabrication param-

ters of setup are listed in Table 1 . 

In the above procedure, stitching needs to be performed between

he first- and second- step lithography. A high-magnification microscope

nd the high-precision two-axis stage of DWL4000 are employed to per-

orm stitching of patterns with the aid of cross marks shown in Fig. 2 ,

nd the stitching principle is shown in Fig. 4 . After the first-step lithog-

aphy, the CGH with pattern 01 is re-placed on the two-axis stage, and

is the angle deviation between the coordinate x ’ oy ’ of the CGH and

he coordinate xoy of the stage. A pair of cross marks on the x’ or y’ axis

re searched in pattern 01 by using the microscope, and their center co-

rdinates ( x 1 , y 1 ) and ( x 2 , y 2 ) are determined in the xoy -plane. The an-

le deviation 𝜃 is equal to arctan ( ( 𝑥 1 − 𝑥 2 )∕( 𝑦 1 − 𝑦 2 ) ) , which is corrected

n the second-step lithography through the rotation of pattern 02. The

enter of the CGH pattern is setup at ( 
𝑥 1 + 𝑥 2 

2 , 
𝑦 1 + 𝑦 2 

2 ) for the second-step

ithography. 

.3. Error evaluation 

CGH plays a primary role in determining the accuracy of optical test-

ng; therefore, error evaluation of the stitching CGH is necessary. The

rror evaluation includes the measurement of overlay errors resulting

rom the stitching procedure and the wavefront accuracy of the stitch-

ng CGH. 

First, a confocal microscope (Olympus, OLS 4100) is used to observe

he caliper rulers under a 50 × magnification objective lens, as shown in
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Fig. 2. Distribution of functional regions and 

pattern design of positioning region. 

Fig. 3. Fabrication procedure of two-step lithography 

for a stitching CGH. 

Fig. 4. Principle of pattern stitching and calibration process. 
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ig. 5 . The gray and blue patterns of the caliper rulers are plotted based

n the above two-step lithography. The transverse and longitudinal de-

iations can be determined from the alignment of the comb-teeth of the

ulers, and the measurement accuracy is 200 nm. 

Second, a schematic of the optical path for evaluating the wave-

ront aberrations of the stitching CGH is illustrated in Fig. 6 , and

he experimental setup is depicted in Fig. 7 . In this setup, a calibra-

ion ball with extremely high precision (0.6 nm RMS), which is con-

iderably higher than the accuracy of CGH, is used as the test sur-

ace. Thus, the test results can directly represent the wavefront accu-

acy of the CGH. The design parameters of the light path are listed in
able 2 . a  

3 
. Analysis of overlay errors in stitching 

In this section, the wavefront aberrations induced by the overlay

rrors in stitching CGHs are discussed and simulated. In Fig. 8 (a), pat-

ern 01 is completed by first-step lithography, and its coordinate system

 R o R y R is taken as a reference. Stitching pattern 02 with errors deter-

ines the actual coordinate system x E o E y E . A schematic diagram of the

oordinate transformation of the stitching pattern between the actual

nd ideal is shown in Fig. 8 (b). 

In the stitching process, because the two parts of the holographic

atterns are drawn on the same substrate, there is no translation error

long the z-axis. Overlay errors of stitching can be described by the
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Table 2 

Parameters of experimental light path. 

Items Parameters 

Wavelength 𝜆 632.8 nm 

Reference sphere F # 3.3 

Focal length of reference sphere f 0 330 mm 

Focal length of CGH f cgh 143 mm 

Distance from focal plane to CGH u 500 mm 

Distance from CGH to calibration ball v 200 mm 

Fig. 5. Measurement method of overlay errors in stitching CGHs. 

Fig. 6. Optical path for wavefront measurement of the stitching CGH. 

Fig. 7. Experimental setups for wavefront measurement of the stitching CGH. 
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4 
ransverse deviation a ( Fig. 9 (a)), longitudinal deviation b ( Fig. 9 (b)),

nd rotation angle deviation 𝛾 (( Fig. 9 (c)). 

For a stitching CGH with these overlay errors, the relationship be-

ween ( x E , y E ) and ( x R , y R ) can be expressed as follows: 

 

𝑥 𝐸 
𝑦 𝐸 

) 

= 

( 

cos 𝛾 − sin 𝛾
sin 𝛾 cos 𝛾

) ( 

𝑥 𝑅 
𝑦 𝑅 

) 

+ 

( 

𝑎 

𝑏 

) 

(1)

The transmittance function of the designed CGH can be expressed as

 

( 𝑥 𝑅 , 𝑦 𝑅 ) = exp 
[ 
− 

𝑖𝑘 

2 𝑓 𝑐𝑔ℎ 
( 𝑥 𝑅 2 + 𝑦 𝑅 

2 ) 
] 

(2)

The transmittance function of a stitching CGH with overlay errors is

odified as 

 

( 𝑥 𝐸 , 𝑦 𝐸 ) = exp 
{ 

− 

𝑖𝑘 

2 𝑓 𝑐𝑔ℎ 

{ [
( 𝑥 𝐸 − 𝑎 ) cos 𝛾 + ( 𝑦 𝐸 − 𝑏 ) sin 𝛾

]2 
+ 

[
( 𝑦 𝐸 − 𝑏 ) cos 𝛾 − ( 𝑥 𝐸 − 𝑎 ) sin 𝛾

]2 } 

} 

= exp 
{ 

− 

𝑖𝑘 

2 𝑓 𝑐𝑔ℎ 

[
( 𝑥 𝐸 − 𝑎 ) 2 + ( 𝑦 𝐸 − 𝑏 ) 2 

]} 

(3) 

There is no parameter 𝛾 (rotation angle deviation) in the above equa-

ion. It means that the transmittance function of a stitching CGH is in-

ependent of 𝛾, and therefore the rotation error has no effect on the

avefront. In addition, the rotation error originates mainly from the or-

hogonality error between the guide rails of the lithography equipment,

hich has been calibrated to less than 0.2 𝜇rad. Thus, the rotation an-

le deviation of a stitching CGH can be ignored, and the following dis-

ussion will focus on the overlay errors of transverse and longitudinal

eviations. 

Next, a parameter model is established to evaluate the effects of over-

ay errors on wavefront according to the designed light path, as shown

n Fig. 10 . It is known that the wavefront returning to interferometer

hrough a perfect CGH must be an ideal plane wave without phase er-

ors [30] , and the derivation is described in Part A of the supplementary

ocument. 

In Fig. 11 , an overlay error in the transverse deviation a is introduced

nto the evaluation model. The propagation of the reflected light from

he calibration ball through the initial half (pattern 01) as reference is

ndicated by a green line, and that through the other half with transverse

eviation a is indicated by a red line. For a stitching CGH, the initial

alf, which is taken as reference, is regarded as part of a perfect CGH,

o the wavefront aberrations caused by the overlay errors will exist in

he stitching half part. 

According to Eq. (3) , the transmittance function of a stitching CGH

ith transverse deviation a can be modified as 

 

( 𝑥 𝐸 , 𝑦 𝐸 ) = exp 
{ 

− 

𝑖𝑘 

2 𝑓 𝑐𝑔ℎ 

[
( 𝑥 𝐸 − 𝑎 ) 2 + 𝑦 𝐸 

2 ]} 

(4)
Fig. 8. (a) The mismatch problem of a stitching CGH with 

overlay errors. (b) Schematic diagram of coordinate trans- 

formation of stitching patterns. 
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Fig. 9. Overlay errors of (a) transverse deviation a , (b) longitudinal deviation b and (c) rotation angle deviation 𝛾. 

Fig. 10. Layout of parameter model for wavefront evaluation. 

Fig. 11. Layout of the evaluation model for a stitching CGH with transverse 

deviation a . 
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5 
The final wavefront through a stitching CGH with transverse devia-

ion a is described as 

 

′
4 ( 𝑥 3 , 𝑦 3 ) = A 0 exp 

{ 

− 

i 𝑘 
𝑓 0 

[ 

𝑎𝑢 

𝑓 𝑐𝑔ℎ 
𝑥 3 − 

( 

𝑎𝑢 

𝑓 𝑐𝑔ℎ 

) 2 
] } 

(5)

Eq. (5) indicates that transverse deviation a causes tip aberration in

he wavefront of the stitching part, and the phase error 𝜙t ( x 3 , y 3 ) can

e expressed as 

𝑡 ( 𝑥 3 , 𝑦 3 ) = − 

2 𝜋
𝜆

( 

𝑎𝑢 

𝑓 0 𝑓 𝑐𝑔ℎ 
𝑥 3 

) 

(6)

As for longitudinal deviation b introduced into the stitching part,

he conclusion is similar to that of transverse deviation based on above

valuation model. The transmittance function can be expressed as 

 

( 𝑥 𝐸 , 𝑦 𝐸 ) = exp 
{ 

− 

𝑖𝑘 

2 𝑓 𝑐𝑔ℎ 

[
𝑥 𝐸 

2 + ( 𝑦 𝐸 − 𝑏 ) 2 
]} 

(7)

The obtained final wavefront with tilt aberration can be written as 

 

′
4 ( 𝑥 3 , 𝑦 3 ) = A 0 exp 

{ 

− 

i 𝑘 
𝑓 0 

[ 

𝑏𝑢 

𝑓 𝑐𝑔ℎ 
𝑦 3 − 

( 

𝑏𝑢 

𝑓 𝑐𝑔ℎ 

) 2 
] } 

(8)
Fig. 12. Wavefront aberrations induced by 

various transverse and longitudinal deviations. 
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Fig. 13. Wavefront aberration caused by 100 nm devia- 

tion in (a) transverse direction or (b) longitudinal direc- 

tion. 
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Fig. 14. The flow of evaluation method for overlay errors in stitching CGHs. 
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The phase error caused by longitudinal deviation b in a stitching CGH

s 

𝑙 ( 𝑥 3 , 𝑦 3 ) = − 

2 𝜋
𝜆

( 

𝑏𝑢 

𝑓 0 𝑓 𝑐𝑔ℎ 
𝑦 3 

) 

(9)

The theoretical derivation of the above conclusions about overlay

rrors has been provided in the supplemental document. In Eq. (6) and

q. (9) , the coefficient of the phase error is determined by the design pa-

ameters of CGH ( u, f cgh ) and overlay errors (transverse or longitudinal

eviation). The wavefront aberrations induced by various overlay errors

or several different CGH designed parameters u / f cgh are calculated, and

he results are plotted in Fig. 12 . 

These results reveal a linear relationship between the PV or RMS

alues of the wavefront aberrations and overlay errors. Compared with

he results of transverse and longitudinal deviations, the PV value of

he aberrations with the same amount of deviation in the longitudinal

irection is approximately twice that in the transverse direction. This

s because the PV value of the tip/tilt aberration is determined by the

ffective aperture, and the effective aperture of the stitching part in the

ongitudinal direction of the tilt is a full-aperture, whereas that in the

ransverse direction of the tip is a half-aperture for a stitching CGH. 

In addition, the aberration caused by overlay errors appears more

ensitive with the increase in the ratio of design parameters u and f cgh .

he impact of overlay errors on the wavefront depends on the design

arameters of stitching CGHs; therefore, they need to be analyzed and

valuated according to specific design parameters. 

According to Section 2 , the design parameters of the stitching CGH

re u = 500 mm, f 0 = 330 mm, f cgh = 143 mm, aperture D = 45 mm and

= 632.8 nm. The wavefront aberrations caused by the transverse and

ongitudinal deviations of 100 nm are simulated, and the evaluation

esults are shown in Fig. 13 . The tip aberration ( Fig. 13 (a)) with 0.038 𝜆

V and 0.011 𝜆 RMS results from the transverse deviation in the stitching

GH, and the tilt aberration ( Fig. 13 (b)) with 0.075 𝜆 PV and 0.013 𝜆

MS results from the longitudinal deviation. Thus, when the required

avefront accuracy is less than 0.01 𝜆 in terms of RMS for the stitching

GH, the overlay errors in the transverse or longitudinal direction must

ot exceed 100 nm. However, the impact of overlay errors cannot be

gnored due to the limitation of stitching accuracy; hence, it is necessary

o evaluate and calculate them for error compensation. 

As expected, these two forms of overlay errors introduce a tip/tilt

berration in the wavefront. However, it is known that tip/tilt aberra-
6 
ions are often caused by adjustment errors during measurement of the

GH and test surface [31] . The aberrations induced by overlay errors

nd adjustment errors may be coupled, which makes it hard to directly

easure the effect of overlay errors. Hence, there is great significance

n developing a method to evaluate overlay errors by simulation. The

bove evaluation method is established to budget the wavefront aber-

ations caused by overlay errors for a stitching CGH, and the flowchart

s summarized in Fig. 14 . 

First, a physical model is established based on the design parame-

ers to evaluate the effects on the wavefront for a stitching CGH with

verlay errors. Next, the quantitative relationships between aberrations

nd overlay errors are obtained by deriving the propagation process

f the wavefront. The overlay errors including transverse deviation and

ongitudinal deviation of stitching fringes are measured through observ-

ng caliper rulers with a microscope. Finally, the wavefront aberrations

aused by these overlay errors are simulated and budgeted based on

he evaluation model, and they are compensated and corrected in the

easurement results to improve the testing accuracy. 
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Fig. 15. (a) Initial half pattern of the stitching 

CGH. (b) Stitching CGH after secondary expo- 

sure and development. (c) Final stitching CGH. 

Fig. 16. Overlay error measurement. Top (a) and bottom (b) stitching patterns (caliper rulers). (c) Local fringe pattern at CGH suture. 
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. Results 

.1. Fabrication of a stitching CGH 

The following images depict the several steps of the fabrication of

ur experimental CGH using the stitching method described in Section 2 .

ig. 15 (a) illustrates the product obtained after the first-step lithogra-

hy, which has been then recoated with a photoresist layer. Fig. 15 (b)

epicts the stitching pattern after secondary exposure and development.
7 
ubsequently, the final etching and resist removal are performed to ob-

ain a stitching CGH, as shown in Fig. 15 (c). 

.2. Measurement of overlay errors 

In this section, the overlay errors are measured, which are served for

he evaluation and compensation of wavefront aberrations of the stitch-

ng CGH in Section 4.4 . Fig. 16 depicts parts of the final patterns in this

xperimental stitching CGH. The black fringes represent the transmitted
Fig. 17. Wavefront aberrations of stitching CGH: 

(a) subtracting piston, and (b) subtracting piston 

and tilt. 
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Fig. 18. Wavefront aberration evaluation. (a) 

400 nm transverse deviation. (b) 400 nm longitu- 

dinal deviation. 
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a

4

 

s  

i  
egion through exposure and etching, and the gold fringes represent the

emaining chromium microstructure. In the positioning region, a pair of

ross marks and caliper rulers were observed using a microscope in the

ongitudinal direction, and the top and bottom patterns are depicted in

a) and (b), respectively. According to the dislocation of the comb-teeth

f the rulers, there are approximately 400 nm deviations in both the

ransverse and longitudinal directions, which cause the dislocation of

he stitching pattern, as depicted in Fig. 16 (c). The comparison of the

op and bottom measurement results reveals that the errors are almost
 B  

8 
he same, indicating that the deviation of the rotation angle is negligible

nd can thus be ignored. 

.3. Wavefront measurement 

Based on interferometric testing, the measurement result of the

titching CGH shown in Fig. 17 was obtained. The stitching half exhib-

ted a significant tilt aberration in the wavefront depicted in Fig. 17 (a).

ecause tip/tilt and defocus aberrations are often caused by adjustment
Fig. 19. (a) Residual wavefront aberrations after 

the compensation of aberrations induced by the 

overlay errors. (b) Final result after subtracting tilt 

and defocus induced by the adjustment errors. 



Y. Bai, Z. Zhang, T. Chen et al. Optics and Lasers in Engineering 152 (2022) 106944 

e  

f  

i  

a  

p  

m  

t  

T  

t  

o

4

 

t  

d  

t  

i  

c  

f  

f

 

d  

a  

r  

t

 

r  

e  

a  

s  

t  

p  

s  

a  

i  

c  

r  

a  

a

 

i  

1  

t  

s  

C

 

t  

i  

e  

q  

w  

t  

v  

l

5

 

a  

c  

p  

t  

f  

m  

C  

u  

a  

0  

w  

o  

t  

r  

s  

o  

o  

w

F

 

d  

p  

A  

t  

S

D

S

 

t

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

[  

[  

 

[  

 

[  

 

[

rrors, they are typically supposed to be directly subtracted. The wave-

ront obtained after subtracting the tip/tilt and defocus aberrations is

llustrated in Fig. 17 (b), which shows that the wavefront of the entire

perture is severely distorted. This phenomenon is attributed to the cou-

ling of the tip/tilt aberrations induced by the overlay errors and adjust-

ent errors. Thus, it is necessary to separate the coupling aberrations

hrough error evaluation rather than subtraction, as mentioned above.

he experimental results reveal that it is unreasonable to directly sub-

ract the tip/tilt aberrations in the interferometric optical testing based

n stitching CGHs. 

.4. Evaluation and compensation of overlay errors 

In Sections 4.2 and 4.3 , it is known that the measurement result of

he stitching CGH depicted in Fig. 17 (a) includes the aberrations in-

uced by the 400 nm transverse deviation, 400 nm longitudinal devia-

ion, and adjustment errors. By using the evaluation method established

n Section 3 , the aberrations induced by overlay errors are simulated and

alculated as shown in Figs. 18 (a) and (b). The simulation is based on the

ollowing parameters of the stitching CGH: u = 500 mm, f 0 = 330 mm,

 cgh = 143 mm, aperture D = 45 mm and 𝜆 = 632.8 nm. 

Based on the evaluation results, the aberration compensation is con-

ucted as follows. The tip-tilt aberrations caused by the overlay errors

re compensated into the measurement result, and Fig. 19 (a) depicts the

esult of subtracting the evaluation results in Figs. 18 (a) and (b) from

he measurement result in Fig. 17 (a). 

The wavefront after compensation exhibits a global residual tilt aber-

ation, as illustrated in Fig. 19 (a), which is caused by the adjustment

rrors that can be directly subtracted. After subtracting the residual tilt

nd defocus aberrations, the wavefront of the stitching CGH obtained is

hown in Fig. 19 (b). The result obtained after overlay error compensa-

ion can reach 0.017 𝜆 in terms of RMS, which represents a significant im-

rovement compared with the initial wavefront. The stitching trace can

till be observed in the final result, because these overlay errors cause

 gap at the suture, and the interferometer has limitations in the test-

ng of the wavefront with step characteristics. Thus, the trace cannot be

ompletely eliminated by the wavefront aberration compensation. The

esidual wavefront aberrations in Fig. 19 (b) after compensation can be

ttributed to comprehensive errors, including the fabrication, substrate,

nd measurement errors. 

Through the above evaluation and compensation of overlay errors,

t is verified that the accuracy of the stitching CGHs can be better than

/50 𝜆. This accuracy of the stitching CGH can meet the requirement of

he optical systems. If the stitching accuracy of the equipment and mea-

urement accuracy of the overlay errors are further improved, stitching

GHs can reach higher accuracy. 

Moreover, the evaluation of the wavefront aberrations induced by

he overlay errors has great significance in the development of the stitch-

ng technology and accuracy improvement of the stitching CGHs. These

valuation results serve as compensation references to guide the subse-

uent aberration correction; in contrast, it is difficult for a stitching CGH

ithout error compensation to meet the high accuracy requirements. In

his study, the stitching technology and error evaluation method are de-

eloped and practiced through experiments, verifying the feasibility of

arge-sized stitching CGHs. 

. Conclusion 

In this study, a novel multistep lithography method was developed to

chieve large-sized stitching CGHs, and an experimental CGH was fabri-

ated for errors investigation. Experimental results show that stitching

rocess introduces overlay errors into patterns, which cause the addi-

ional tip/tilt aberrations into the wavefront. However, the aberrations

rom overlay errors are coupled with that from adjustment errors in

easurement, which directly affects the testing accuracy of stitching
9 
GHs. To separate and compensate the coupling aberrations, an eval-

ation method is proposed and implemented in experimental results,

nd the accuracy of the stitching CGH has considerably improved from

.156 𝜆 to 0.017 𝜆 in terms of RMS. The accuracy of stitching CGHs can

ell satisfy the requirements of optical systems. With the development

f lithography techniques, the stitching accuracy are expected to be fur-

her improved. Large-sized stitching CGHs with high accuracy would be

ealized based on the development multistep lithography and compen-

ation methods, which has great significance in the testing of large-scale

ptical systems and the development of extremely large telescopes. In

ur future work, we intend to fabricate a high-precision stitching CGH

ith a large aperture of 600 mm using this method (Eqs. 1, 2, 4, 7, 8) . 
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