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Abstract: Calibration and alignment of scanning beam interference lithography (SBIL) sys-11

tems remain major challenges due to the high sensitivity of the interference pattern to multiple12

system degrees of freedom. In this work, a fringe observation system is presented as a quan-13

titative tool for the calibration and alignment of SBIL writing heads. It consists of a compact14

microscope mounted on a nanopositioning machine, enabling direct imaging of the aerial writing15

pattern onto a camera. Fringe motion is quantified using the carrier-frequency method. Based16

on this approach, a comprehensive calibration protocol was developed to characterize key de-17

grees of freedom, including fringe orientation, fringe period, pattern tilt, and positioning errors18

during the scan-and-stitch process. The writing pattern was aligned parallel to the scan direc-19

tion to ensure optimal exposure contrast. The fringe period and pattern tilts were determined20

with nanometer precision, and scan-and-stitch positioning errors were evaluated along a clas-21

sical SBIL trajectory. Finally, the effectiveness of the calibration procedure was validated by22

exposure tests in positive photo resist, demonstrating high structural quality and excellent agree-23

ment between structures and optical measurements. The presented fringe observation system24

provides a powerful tool for SBIL calibration and forms the basis for future implementation of25

in-situ feedback and compensation strategies to further improve fabrication accuracy.26

Keywords: Laser lithography, scanning beam interference lithography, gratings, diffractive el-27

ements, carrier -frequency interferometry28

1. Introduction29

Scanning beam interference lithography (SBIL) is a high-precision patterning technique. It pro-30

duces periodic grating structures by scanning a substrate through the interference field of two31

coherent laser beams. SBIL was first introduced by the Massachusetts Institute of Technology32

(MIT) in context of the ”Nanoruler” [1]. The achievable pattern quality, including period accu-33

racy and uniformity, is fundamentally determined by the optical alignment performed before the34

scan process. This initial setup requires careful calibration of fringe pattern orientation, period,35

wavefront overlap, and fringe pattern tilt. Misalignment in these parameters introduces system-36

atic errors, i.e. dosis contrast errors, that deteriorates directly the fabricated structures, making37

alignment one of the most critical steps in SBIL operation.38

The orientation of the interference fringes is governed by the relative propagation directions39

of the interfering beams. For larger exposure patterns, even microradian-scale angular devi-40

ations lead to a measurable rotation of the fringe field, which translates into systematic con-41

trast losses during long-range scanning. An automated beam alignment procedure for SBIL,42

enabling microradian-level control of the interfering beams and establishing the foundational43

methodology for modern SBIL alignment has been developed in other previous works [2, 3].44
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Complementary alignment approaches employed in high-accuracy interference lithography uti-45

lize interferometric referencing and Fourier imaging to measure and correct orientation devia-46

tions. Another approach is referencing the interference field against calibrated gratings. This47

enables angular alignment precision, reduces orientation drift and improves pattern fidelity [4].48

The fringe period is defnied by the interference angle and the laser wavelength, and it must be49

realized with high accuracy for applications such as diffraction gratings or encoder standards.50

Nanometer-level period accuracy in SBIL requires precise calibration of the beam intersection51

angle as well as wavelength stability [1]. Wavefront tilts between the beams cause local varia-52

tions in contrast, and they degrade pattern fidelity during scanning. Residual tilt can be a primary53

source of systematic error in SBIL grating fabrication [1]. Accurate wavefront matching can be54

achieved through interferometric techniques such as reference-grating metrology [5]. Further-55

more, global-alignment strategies developed for large-area interference lithography [6], provide56

additional tools with using reference grating for mapping and optimizing contrast across ex-57

tended substrates, as required for SBIL system calibration.58

Although numerous alignment and calibration strategies for interference lithography have59

been proposed, they typically require complex experimental setups and multiple independent60

measurement systems to characterize fringe orientation, period, wavefront matching, and con-61

trast. Each subsystem introduces its own alignment steps resulting in workflows that are tech-62

nically demanding and often difficult to integrate into a single coherent calibration procedure.63

Our approach is to observe the writing pattern in the substrate plane directly prior to grating64

fabrication. In combination with a nanopositioning machine [7], a fringe observation system is65

placed instead of a substrate to quantify the movement of the fringe pattern and determine the66

relevant parameters for the scanning process. Our goal was to develop one tool to quantify all67

necessary degrees of freedom for an SBIL system. This work demonstrates the alignment and68

calibration process of a complex lithography system.69

2. Degrees of freedom in an SBIL system70

The scheme of the writing head is shown in Fig. 1, left. The laser beam is reflected by a 45◦ mirror.71

At a first phase grating G1 the beam is diffracted to ± first orders. Subsequently, both beams are
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Fig. 1. Left: Scheme of the SBIL lithography head. The binary beam splitter gratings
G1 and G2 generate two collimated and coherent beams. The green marked area can
rotated around the 𝑧-axis by angle 𝛾. The mechanical setup above the microscope
objective lens MO can be laterally shifted in the 𝑥-𝑦-plane. Right: Principal scan-and-
stitch process of scanning beam interference lithography.
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diffracted at a second phase grating G2 again and are parallelized. The distance 𝛿𝑙 between G173

and G2 can be adjusted manually and defines the distance between the beams. Depending on the74

beam distance, the beams are focused at different angles after passing through the microscope75

objective, which is why the period can be adjusted via the grating distance 𝛿𝑙. Additional orders76

are neglected in the scheme because of the insignificant low intensity. With the microscope77

objective lens (MO), the two beams interfere in the focal plane, where the resist coated substrate78

is placed. The degrees of freedom of the lithography head, which define the features of the fringe79

pattern, are the fringe period 𝑝, the pattern orientation 𝛾 and the pattern tilts 𝛽𝑥,𝑦 , respectively80

the lateral shift 𝛿𝑥 and 𝛿𝑦 in relation to the position of the microscope objective lens. The green81

marked area is a rotational motion unit and rotates the linear gratings G1 and G2 around the82

𝑧-axis. The entire mechanical setup above the MO can be laterally shifted in the 𝑥-𝑦-plane to83

perform adjustments of the pattern tilts 𝛽𝑥 and 𝛽𝑦 .84

A general scan-and-stitch process of scanning beam interference lithography is shown in Fig. 1,85

right. A writing spot with a few fringes scans along the fringe orientation. After every scan, the86

spot is shifted perpendicular to the scan direction. The shift is a multiple of the fringe period87

so that the next scan line is stitched to the already exposed area. This process is repeated until88

the entire substrate area is exposed. The high-precision fabrication of diffractive elements with89

SBIL requires precise adjustment of the lithography system. The various degrees of freedom90

of an SBIL lithography head are discussed below and the effects for the fabrication process in91

photo resist are explained.92

2.1. Fringe period93

The function and therefore the application range of a diffractive optical element depends largely94

on the grating period and is directly defined by the period of the fringe pattern of the writing95

spot. Therefore, it is essential to know the exact period before the exposure process. The period96

𝑝 is defined by the wavelength 𝜆 and incident angles 𝜃1 and 𝜃2 of the two interference beams as97

𝑝(𝜃1, 𝜃2) =
𝜆

sin(𝜃1) − sin(−𝜃2)
. (1)

In the experimental setup, the fringe period can be adjusted by the position of G2. The propaga-98

tion paths of the ± first orders from G1 define the distance between the two beams and therefore99

the incident angles 𝜃1 and 𝜃2 after the MO in the substrate plane. The displacement of G2 and100

the associated change in angle are shown in Fig. 2. With 𝜃1 = −𝜃2 = 𝜃, the fringe period can101

then be expressed as102

𝑝(𝛿𝑙) = 𝜆

2 · sin

(
arctan

{
𝛿𝑙 ·tan

[
arcsin

(
𝜆
𝑔

)]
𝑓 ′

}) , (2)

where 𝑓 ′ is the focal length of MO and 𝑔 the grating period of G1 and G2.103

2.2. Fringe pattern orientation104

Since SBIL is a scanning process, the orientation of the fringe pattern on the substrate must105

be well known relative to the direction of movement of the substrate’s positioning stage. As106

shown in Fig. 3, the orientation depends on the orientation of the grating structures G1 and G2.107

If the substrate is scanned at an angle 𝛾 relative to the fringe pattern, the interference fringes108

are partially averaged over the finite size of the writing spot. This reduces the modulation of the109

intensity distribution in the photoresist and therefore lowers the contrast between the exposure110

maxima and minima. As a consequence, the minima of the exposure pattern can exceed the111

exposure threshold of the photoresist, so that regions which would remain unexposed at perfect112

fringe contrast become partially exposed. During development, these unintentionally exposed113
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Fig. 2. Scheme of grating shift to set the fringe pattern period. The grating G2 is
shifted to change the incident angles and thus to set the period. 𝜃1 and 𝜃2 are defined
from the bisector of the two interfering beam directions in the mathematically positive
direction.

regions are also removed, which reduces the difference between exposed and unexposed areas.114

As a result, the resulting resist relief exhibits a smaller grating height. The magnitude of this115

effect strongly depends on the lateral dimensions of the writing spot [8].116
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Fig. 3. Scheme of the writing pattern rotation. G1 and G2 are rotated to align the
orientation of the fringes. With a rotated pattern by angle 𝛾, the contrast of the exposed
areas in photo resist decreases significantly.

Figure 3, right illustrates the effect of scanning with a rotated interference pattern: portions117

of the regions between adjacent fringes are unintentionally exposed, depending on the geometry118

of the writing spot. This results in a reduction of the effective grating height and consequently119

leads to lower diffraction efficiency.120



2.3. Fringe pattern tilt121

The two interference beams can be shifted laterally to the optical axis in two different directions122

𝛿𝑥 and 𝛿𝑦. That causes a tilt of the fringe pattern in the focal plane of the microscope objective123

lens (see Fig. 4). The tilt of the fringe pattern is defined by the angle 𝛽 between the substrate124

normal and the bisector of the two interfering beam directions, as illustrated in Fig. 4 and 20.125

The fringe period 𝑝 on the substrate then changes to126

𝑝(𝛽) = 𝜆

sin(𝜃1 + 𝛽) − sin(−𝜃2 + 𝛽) =
𝜆

2 sin(𝜃) cos(𝛽) , (3)

with 𝜃1 = −𝜃2 = 𝜃. For a large numerical aperture of the microscope objective lens, the relation127

between the lateral shift in the pupil and the resulting propagation follows from the Abbe sine128

condition, which is fulfilled by well-corrected microscope objectives. For the beams displaced129

by 𝛿𝑥 in the front focal plane of an objective with focal length 𝑓 ′, the propagation angle 𝛽𝑥 of130

the emerging collimated beam is given by131

𝛽𝑥 = arcsin
[
𝛿𝑥

𝑓 ′

]
. (4)

This equation also applies to shifts in the 𝑦 direction.

δx δx

β β

Fig. 4. Scheme of the fringe pattern tilt in 𝑥-direction. Shifting the two beams by 𝛿𝑥
relatively, a tilt of 𝛽𝑥 of the writing pattern is induced.

132

Even if the change in period due to tilting is only slight, this degree of freedom plays an133

important role with regard to the illumination of non-planar substrates and thus represents an134

essential degree of freedom.135

2.4. Scan-and-stitch process136

In scanning beam interference lithography, large-area gratings are fabricated by translating the137

substrate through a localized interference field while the photoresist is continuously exposed.138

The substrate is scanned along the 𝑥-direction, while adjacent scan lines are stitched together139

in the 𝑦-direction. Mechanical positioning errors during scanning or stitching lead to local dis-140

placements of the recorded interference fringes and therefore introduce wavefront errors in the141

fabricated grating structure.142

The interference pattern used for exposure forms a periodic intensity distribution. For a linear143

grating with period 𝑝, the interference intensity can be written as144

𝐼 (𝑦) = 𝐼0 {1 + cos [𝜑(𝑦)]} , (5)
where 𝐼0 denotes the mean intensity and 𝜑(𝑦) is the spatial phase of the interference pattern.145

For an ideal grating the phase is146



𝜑0 (𝑦) = 𝑘𝑦, 𝑘 =
2𝜋
𝑝
. (6)

The phase 𝜑(𝑦) therefore determines the position of the maxima and minima of the intensity147

pattern that are recorded in the photoresist. Any displacement of the substrate during exposure148

shifts the local fringe position and thereby modifies the recorded phase of the grating [9].
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Fig. 5. Sketch of the scan-and-stitching error. Positioning errors Δ𝑦scan while scanning
the photoresist results in contrast loss and deviations of the linear grating. Stitching
errorsΔ𝑦stitch (red marked area) will result in phase jumps of the linear grating element.

149

Scan-induced phase errors150

During the exposure of a scan line the substrate moves along the 𝑥-direction, while the fringe151

positions are defined along 𝑦, as shown in Fig. 5. If the stage exhibits a positioning error per-152

pendicular to the grating lines, denoted by Δ𝑦scan (𝑥), the recorded interference pattern is shifted153

locally. This displacement introduces a phase deviation154

Δ𝜑scan (𝑥) = 𝑘 Δ𝑦scan (𝑥). (7)

The resulting intensity distribution recorded in the photoresist becomes155

𝐼scan (𝑦, 𝑥) = 𝐼0 [1 + cos(𝑘𝑦 + 𝑘 Δ𝑦scan (𝑥))] . (8)

Thus, positioning errors of the scanning stage directly translate into phase distortions of the156

recorded grating pattern. A phase error in the grating profile leads to a corresponding phase shift157

of the diffracted optical field.158

159

The wavefront error 𝑊 is the optical path difference. A first diffraction order with an illumi-160

nation wavelength 𝜆 associated with a phase deviation Δ𝜑 results in161

𝑊 =
𝜆

2𝜋
Δ𝜑. (9)

In combination with Eq. (7), both relations yields the wavefront error induced by scan posi-162

tioning errors163

𝑊scan (𝑥) =
𝜆

𝑝
Δ𝑦scan (𝑥). (10)



This relation shows that nanometer-scale positioning errors during scanning lead to wavefront164

errors of comparable magnitude in the diffracted beam.165

Stitch-induced phase discontinuities166

In addition to continuous scan errors, discrete phase discontinuities may occur at the boundaries167

between adjacent scan lines in the stitching direction 𝑦. If two neighboring scan lines are dis-168

placed by a lateral offset Δ𝑦stitch, the interference pattern recorded in the photoresist exhibits a169

phase jump170

Δ𝜑stitch = 𝑘 Δ𝑦stitch. (11)

For a grating aperture composed of 𝑁 stitched scan lines, the resulting wavefront error can be171

expressed as172

𝑊stitch (𝑦) =
𝜆

2𝜋

𝑁−1∑
𝑖=1

Δ𝜑stitch,𝑖 𝐻 (𝑦 − 𝑦𝑖), (12)

where 𝐻 (𝑦 − 𝑦𝑖) denotes the Heaviside function marking the location 𝑦𝑖 of each stitching173

boundary. These phase discontinuities introduce local phase steps or tilts in the diffracted wave-174

front, which reduce the coherent diffraction efficiency and increase the overall wavefront error175

of the optical element.176

3. Experimental setup177

The experimental setup is divided into three primary parts (Fig. 6): the lithography head, the178

fringe observation system (FrObSy) and the nanopositioning machine NPMM-200 [7]. The179

lithography head is mounted on a high stable and damped frame made of Zerodur and is de-180

coupled of the movable stage itself. The fringe observation system is placed and fixed on the181

movable stage of the NPMM-200.
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Fig. 6. Scheme of the experimental setup. The fringe observation system (FrObSy)
is placed on the stage of the NPMM-200. The lithography head is mounted in a high
stable and damped frame made of Zerodur. The two exposure beams interfere in the
focal plane of the observation system instead of a substrate.
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3.1. Lithography setup183

The exposure laser is a fiber coupled Toptica Topmode 405 with a wavelength of 405 nm and a184

fiber output power adjustable up to 65 mW. The laser beam has a Gaussian beam profile (TEM00)185

with approx. 0.5 mm diameter. Behind the fiber output, the laser beam is collimated and then186

reflected by a 45◦ mirror. G1 and G2 are binary phase grating made of SiO2 with a period of187

𝑝 = 1 𝜇m and a diffraction efficiency of approx. 40% for the ± first orders. The distance 𝛿𝑙188

between G1 and G2 can be set manually from 𝑙1 = 2.5 mm to 𝑙2 = 12 mm with a maximum range189

of 𝛿𝑙max = 9.5 mm. With the Olympus microscope objective lens (UMPlanFI) with a numerical190

aperture of 0.8 (MO) and a focal length 𝑓MO = 3.6 mm, the two beams interfere in the focal191

plane, where the fringe observation system is placed. Due to the electrical sliding contacts, the192

entire mount of the gratings can be rotated by a rotary drive up to 360◦ to adjust the orientation193

𝛾 of the fringe pattern in the focal plane of MO. The shifts 𝛿𝑥 and 𝛿𝑦 can be performed by lateral194

actuators (see Fig. 7).195
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Fig. 7. Left: Mechanical design of the SBIL lithography head Right: picture of the
experimental setup, inserted in the mechanical mount of the positioning stage.

3.2. The NPMM-200196

The nanopositioning and measuring machine NPMM-200 [10] is a stage with nanometer posi-197

tioning accuracy and a travel range of 200×200×25 mm3 (𝑥, 𝑦, 𝑧). Six interferometers measure198

the six degrees of freedom. Except for the rotation around the 𝑧-axis, the axis in 𝑥, 𝑦, 𝑧 direction199

and the rotational degrees of freedom r𝑥 and r𝑦 of the movable platform are controlled by actu-200

ators in the single digit nanometer range. The positioning stage is located in a large aluminum201

chamber, shown in Fig. 8, left. This prevents the system from environmental disturbances, such202

as air and temperature fluctuations and dust particles. The mounting frame for the lithography203

head is made of Zerodur and is decoupled from the movable platform, as illustrated in Fig.8,204

right. This machine is a mandatory part of this work. As a reference system for FrObSy, the205

combination enables the high performance of the calibration and alignment procedures.206



Fig. 8. Left: The NPMM-200 in the experimental lab. For measurements and fabrica-
tion processes, the aluminum chamber will be closed. Right: Movable platform and
the mounting frame. The laser beams (red marked) are reflected by a mirror corner
made of optically smooth, polished Zerodur. Below the platform, three additional in-
terferometer signals are reflected from the rear of a highly polished Zerodur surface.

3.3. Fringe observation system207

The fringe observation system (FrObSy) is the key tool to calibrate and align the described SBIL208

lithography head from section 3.1. The mathematical and physical principle of the experimental209

evaluation with FrObSy is based on the carrier-frequency method [11] and the detour phase210

principle [12].211

Fundamental principles212

In the detour phase principle, the measured interferogram in one dimension 𝑦 can be written as213

𝐼 (𝑦) = 𝑎(𝑦) + 𝑏(𝑦) cos[𝜑(𝑦) + 𝑘c𝑥] , (13)

where 𝑎(𝑦) and 𝑏(𝑦) are the non coherent intensity distributions, 𝜑(𝑦) denotes the object-induced214

phase, and 𝑘c = 2𝜋/𝑝 is the spatial carrier wavenumber determined by the fringe period 𝑝.215

When the fringes of the writing spot are shifted perpendicular to the fringe orientation by an216

amount Δ𝑦, the interferogram becomes217

𝐼 (𝑦 − Δ𝑦) = 𝑎(𝑦 − Δ𝑦) + 𝑏(𝑦 − Δ𝑦) cos[𝜑(𝑦 − Δ𝑦) + 𝑘c (𝑦 − Δ𝑦)] . (14)

This transformation introduces an additional phase term218

Δ𝜙 = − 𝑘c Δ𝑦 = − 2𝜋
𝑝

Δ𝑦, (15)

which represents a pure phase offset Δ𝜙 of the complex signal in the Fourier domain. This219

behaviour is a direct consequence of the detour-phase principle. Any lateral displacement of220

a periodic structure generates a corresponding linear phase shift in its diffracted orders. The221

fringes imposed in the carrier-frequency method constitute such a periodic structure with spatial222

frequency 𝑘c. Thus, their lateral displacement does not modify the physical optical path of the223

writing spot, but instead alters the phase of the spatial frequency component that is isolated224

during Fourier demodulation. Consequently, the phase offset observed in the carrier-frequency225

method is determined solely by the fringe period 𝑝 and the amount of lateral shift Δ𝑦.226



Data acquisition227

An Olympus microscope objective lens (UMPlanFI) with a numerical aperture of 0.95 and an228

effective focal length of 𝑓 = 1.8 mm is placed in the focal position of the lithography head instead229

of the substrate, as shown in Fig. 9. After the microscope objective, the beams are reflected by230

a tilted mirror. To image the fringes on the camera chip, a tube lens (TL) with a focal length231

of 𝑓
′
= 200 mm is used. Then the lateral magnification factor 𝑀L is 111. The camera used232

is a Ximea MC124MG-SY-UB with a pixel pitch 𝑥pixel = 3.45 µm and a total sensor size of233

14.2 mm× 10.4 mm. An image of the writing spot can be seen in Fig. 9. In combination with the234

NPMM-200, the positioning of FrObSy is measured in six degrees of freedom, which enables235

high accuracy measurements and positioning.
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Fig. 9. Optical setup of FrObSy. Left: The exposure beams interfere in the focal
plane of the microscope objective lens. Inlet: An image of the writing spot is shown.
Right: experimental integration of the observation system, mounted on the platform of
the NPMM-200. The distance between the objective of the lithography head and the
objective of FrObSy is about 3 mm.

236

The fringe motion is monitored over time. The single steps of the data evaluation are visual-237

ized in Fig. 10. At first, the initial image is cropped to an area with 48×48 pixels (red rectangle).238

Then the 2D-Fourier transform is applied. The region of interest around the main frequency peak239

(rectangle marked in red) with 2×2 pixels is shifted to the 2D-Fourier center, i.e. to remove the240

carrier-frequency of the interference pattern. All other frequencies are set to zero to minimize241

noise signals. With the inverse Fourier-transform, the phase can be calculated from the real part242

and the imaginary part. The offset Δ𝜙 of the wavefront is the mean value and represents the243

fringe movement. At the beginning of the measurement, an initial offset Δ𝜙 is measured and244

defined as zero. To quantify the movement in nanometers, the period of the fringes has to be245

determined. Then the fringe movement Δ𝑟 can be calculated by246

Δ𝑟 =
Δ𝜙 · 𝑝

2𝜋
, (16)

where Δ𝜙 is the measured phase with the carrier-frequency method and 𝑝 is the period of the247

fringe pattern in nanometers. The determination of 𝑝 is described in section 4.2. The data ac-248

quisition rate (including camera image acquisition and phase calculation) is about 30 Hz. The249

integration time of the camera is set to 8 ms. The data sets are evaluated with the python devel-250

oper environment ITOM [13].251

4. Alignment of an SBIL system252

For the alignment of the SBIL system in section 3.1, we created a well defined alignment pro-253

tocol, which covers all necessary degrees of freedom to align the setup and to characterize the254
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Fig. 10. Evaluation steps of the fringe observation system. The carrier-frequency
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angle). The main frequency peak of the 2D FFT is shifted to the center of the Fourier
space and all other frequencies are set to zero. After inverse 2D FFT, the phase can
be calculated from the imaginary part and the real part. The wavefront offset, which
corresponds to the fringe movement of the fringe pattern, then can be calculated by the
mean value.

positioning errors for the scan-and-stitch process. The alignment protocol is visualized in Fig. 11.255

The different steps are explained in detail in the following sections.
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Fig. 11. Scheme of the alignment process.

256

4.1. Alignment of the fringe pattern orientation257

At first, the orientation 𝛾 of the fringe pattern is aligned. The NPMM-200 axis will move along258

the 𝑥-axis with a linear trajectory Δ𝑥. During movement, the fringes on the camera shift. As259

illustrated in Fig. 12, this leads to a measurable phase offset Δ𝜙 (see Eq. (15)) depending on 𝛾.260

Fig. 13 shows the measurement data of the offset over time.261

The measurement of Δ𝜙 over Δ𝑥 is shown in Fig. 14. A linear function is fitted to Δ𝜙(Δ𝑥) to262

determine the gradient 𝑚𝑥 . The fringe pattern orientation 𝛾 can be calculated by263

𝛾 = arctan
(
Δ𝜙 · 𝑝
2𝜋Δ𝑥

)
= arctan

(𝑚𝑥 · 𝑝
2𝜋

)
, (17)
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Fig. 13. Measurement of the fringe movement Δ𝜙 while moving the stage along 𝑥-axis
with Δ𝑥 over time. Two steps forward and backward with 400 nm with a velocity of
27 nm

s are performed.

where 𝑝 is the period of the fringe pattern.264
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Fig. 14. Measurement of the fringe movement Δ𝜙 over stage movement Δ𝑥, corre-
sponding to Fig. 13.

At this point, the fringe pattern period 𝑝 and the pattern rotation by the rotary drive are still not265

known with sufficient accuracy, which prevents a direct determination of the orientation angle 𝛾.266

To overcome this, the lithography head is incrementally rotated by 𝛿𝛾 while monitoring the phase267

Δ𝜙(Δ𝑥). The rotation measurement is continued until the measured gradient 𝑚𝑥 , representing268

the phase change per displacementΔ𝑥, vanishes. A zero gradient indicates that the scan direction269

is orthogonal to the fringe orientation, and thus the residual orientation error of the lithography270

head has been eliminated. Figure 15 shows a measurement with sufficiently minimized gradient271

𝑚𝑥 = 0.018 mrad
nm with a fitting uncertainty of ±0.015 mrad

nm .272
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Fig. 15. Measurement of the fringe movement Δ𝜙 over Δ𝑥. The orientation angle 𝛾 is
aligned to minimize the gradient 𝑚𝑥 of the linear fit.

4.2. Fringe period determination273

With the aligned orientation, the stage will be moved with well known steps Δ𝑦 perpendicular274

to the fringe pattern orientation. In Fig. 16, five steps with 50 nm and with a velocity 𝑣𝑦 = 1 𝜇m275

were performed over a period of 90 seconds to characterize the difference of the measurement276

accuracy of FrObSy during dynamic stage movements and static positions.277

0 20 40 60 80
time in s

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 in
 ra

d

0

50

100

150

200

250

y 
in

 n
m

Fig. 16. Measurement of Δ𝜙 and the stage movement Δ𝑦 perpendicular to the fringe
orientation over time. Five steps were performed over a total period of 90 seconds.

The period can then be calculated by Eq. (15) by278

𝑝 =
2𝜋Δ𝑦
Δ𝜙

=
2𝜋
𝑚𝑦

, (18)

where 𝑚𝑦 is the gradient of the linear fit in Fig. 17. The period was determined to 𝑝 = 558.2 nm279

(± 1 nm). This result will be validated with exposure experiments in photo resist (see section 4.5).280

In order to estimate the accuracy of the phase measurement, the phase offset Δ𝜙 is converted into281

an equivalent lateral displacement using Eq. (16).The resulting fringe movement Δ𝑟 can then be282

directly compared to the stage position signal Δ𝑦. Figure 18 shows the difference between both283

signals as well as the corresponding low-pass filtered data over time.284

A striking feature of the measurement is the presence of high-frequency oscillations with285

an RMS value of approximately 4.06 nm. These oscillations originate from residual tilting of286

the positioning stage. Although the rotational degrees of freedom 𝑟𝑥 and 𝑟𝑦 about the 𝑥- and287

𝑦-axes are actively controlled, they exhibit a residual control error of approximately ±70 nrad.288

Consequently, the stage shows a slight oscillatory tilt during the measurement. This tilt leads289

to a lateral displacement of the entrance pupil of the microscope objective. The magnitude290

of this displacement depends on the optical path height ℎopt, which corresponds to the effective291



vertical distance between the rotation center of the stage and the entrance pupil of the microscope292

objective lens. For the present setup, this distance is approximately293

ℎopt ≈ 89 mm. (19)

A small angular deviation 𝑟𝑥 therefore produces a lateral displacement294

Δ𝑦tilt = ℎopt · tan(𝑟𝑥). (20)

For 𝑟𝑥 ≈ ±70 nrad this results in a displacement of approximately ±6 nm at the entrance pupil295

of the objective. This displacement directly shifts the recorded interference fringes and therefore296

appears as an additional phase offset in the measured signal Δ𝜙.297

In addition to the high-frequency oscillations, the low-pass filtered data reveals slower phase298

fluctuations with an RMS of approximately 1.3 nm. These fluctuations are mainly attributed to299

thermally induced variations of the refractive index along the optical path. Small air turbulences300

cause local changes in the refractive index, which modify the optical path length of the interfering301

exposure beams. As a consequence, the relative phase between the beams varies slightly over302

time, resulting in a slow drift of the interference fringes.303
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Fig. 17. Movement of the fringes Δ𝜙 over the stage movement Δ𝑦. The fringe period
𝑝 can be determined from the gradient 𝑚𝑦 of a linear fit of the measurement data.
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Fig. 18. Difference between the measured fringe movement Δ𝜙 in nanometer and the
𝑦-interferometer signal Δ𝑦 in order to evaluate the measurement accuracy of the fringe
observation system.

4.3. Fringe pattern tilt calibration304

In order to characterize the tilt of the fringe pattern, a scan along the 𝑧-axis has to be performed.305

A long-range scan along 𝑧 is performed in order to visualize an aerial image of the two writing306



beams. Fig. 19 illustrates how aerial images are generated from individual camera images using307

a 2D volume cut. For each step 𝑧𝑖 , an image of the writing pattern is captured and the offset308

value Δ𝜙 is tracked, as shown in Fig. 20.309
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Fig. 19. Visualization of the 𝑧 scan to generate the aerial images from the camera
images via 2D volume cut.

The 2D volume cut of two image stacks with different tilts are shown in Fig. 21. The right310

cross section shows a tilted writing pattern with approx. 21◦. After movement of the lateral311

actuator in 𝛿𝑦, the writing pattern is tilted close to the vertical position, as shown in Fig. 21, left.312
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Fig. 20. Scheme of the fringe pattern tilt in x-direction. In order to determine the fringe
pattern tilt 𝛽𝑥 a 𝑧-scan will be performed.
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Fig. 21. Aerial image of two different tilted writing patterns. An image scan along the
𝑧-axis was performed and the resulting two dimensional linecut was then plotted. Left:
Vertical writing pattern. Right: Tilted writing pattern with approx. 𝛽 = 21◦

.

In order to quantify the tilt 𝛽, a high resolution scan with 2 𝜇m range and a step size of 20 nm313

is performed close to the focus position of the writing pattern (see Fig. 22). The fringe shift Δ𝜙314

exhibits a superimposed periodic modulation as a function of the axial displacement Δ𝑧. This315

modulation arises from the transverse sampling of the fringes during measurement along 𝑧, as316



the tilt causes the minima and maxima to be intersected alternately. Therefore, the behavior of317

the offset measurement can be described as a superposition of a linear shift and the interference318

intensity distribution as319

Δ𝜙(Δ𝑧) = 𝑚𝑧Δ𝑧 + 𝑎 · cos(𝜔Δ𝑧 + 𝜑0) + 𝑐. (21)

m𝑧 is the linear gradient of the offset shift, 𝑎 is the amplitude of the intensity modulation, 𝜔 the320

spatial frequency of the modulation, 𝜑0 the initial phase of the modulation and 𝑐 an initial phase321

offset. The gradient 𝑚𝑧 is determined by performing a fit with Eq. (21). The gradient is then322

used to calculate the tilt angle with323

𝛽 = arctan
(
Δ𝜙 · 𝑝
2𝜋Δ𝑧

)
= arctan

(𝑚𝑧 · 𝑝
2𝜋

)
(22)

to 𝛽𝑥 = −1.894◦. However, it should be noted here that the period must be redetermined for324

each change in the tilt of the writing pattern in order to determine the phase offset in nanometers325

accurately and thus the actual tilt. The fringe pattern tilt calibration can then be repeated for the326

other tilt direction 𝛽𝑦 .327
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Fig. 22. High resolution scan of the writing pattern with 2 𝜇m scan range and 20 nm
step size in order to quantify the writing pattern tilt 𝛽. While scanning Δ𝑧, the fringe
movement Δ𝜙 of the fringe pattern is tracked. A functional fit is then applied to deter-
mine the gradient of the linear shift of the fringes and therefore to determine 𝛽.

4.4. Evaluation of positioning errors328

In a last step of calibration, the positioning error occuring during the scan-and-stitch process is329

characterized. The platform is translated such that the entire camera field of view is illuminated.330

Within an area of 14 × 14 𝜇m2, scanning is performed along the 𝑥-axis at a velocity of 10 𝜇m
s ,331

followed by stitching with an offset of three fringe periods. The fringe observation system is332

mounted on the platform with a 45◦ rotation, resulting in the fringes being imaged at an angle333

of approximately 45◦, too (see Fig. 23, left). Every 10 ms, an image of the current position334

of the writing point is captured on the camera and the recorded image stack is combined into a335

single image. The recorded pattern is subsequently analyzed using the carrier-frequency method,336

as illustrated in Fig. 10. A Zernike polynomial fit is then applied to the inner circle of the337

reconstructed wavefront to remove remaining tip and tilt components. The resulting positioning338

error is shown in Fig. 23, right. Positioning errors of approx. 75 nm peak-to-valley with an RMS339

of 15.6 nm can be observed. The errors are caused by vibrational errors of the positioning stage340

with a frequency of approx. 20 Hz. These errors lead to observable deviations in each individual341

scan line.342
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Fig. 23. Evaluation of positioning errors during the scan-and-stitch process. The fringe
observation system is moved with 10 𝜇m

𝑠 in 𝑥-direction and is stitched with an overlap
of three fringes in 𝑦-direction. The recorded image stack is combined into a single
image. The wavefront error of the recorded pattern is calculated by using the carrier-
frequency method. A Zernike polynomial fit is applied to the inner circle of the recon-
structed wavefront error to remove remaining tip and tilt components.
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Fig. 24. Microscope images and corresponding atomic force microscope (AFM)
measurements for photo resist structures with different scan velocities 𝑣. a) under-
exposed structures with 𝑣 = 0.5 mm

s , b) well exposed structures with 𝑣 = 0.2 mm
s , c)

overexposed structures with 𝑣 = 0.1 mm
s .



4.5. Exposure results343

To evaluate the previously achieved alignment and calibration, exposure tests were performed in344

positive photo resist (AZ MIR 701 from MicroChemicals) with a fiber output power of 1 mW.345

Figure 24 shows three exposures with different scan velocities of 0.5mm
s , 0.2mm

s and 0.1mm
s ,346

each consisting of two scan passes, one forward and one backward without overlap. In Fig. 24,
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Fig. 25. AFM measurement of a first scan-and-stitch process in photo resist.
347

a) a clearly underexposed structure is observed. Nevertheless, the structure exhibits very good348

contrast during scanning, as the upper region of the grating structure remains at the level of the349

unexposed resist. Figure 24, b) shows nearly optimal grating structures with a well-defined duty350

cycle. In this case, the structural period was determined to be 556.7 nm (±3 nm) with a structure351

height of 358 nm ±2 nm. Figure 24, c) demonstrates overexposure of the photo resist. The352

Gaussian intensity distribution of the writing pattern is clearly visible, as indicated by the varying353

height of the resist profile. These results served as the basis for the first stitching experiments354

in photo resist with a scan velocity 𝑣 = 0.3mm
s . An AFM measurement is presented in Fig. 25.355

For each stitching step, two fringes of the writing spot were superimposed. The consistently356

high contrast across the measured region is clearly evident, as the upper surface of the patterned357

structures remains at the same height as the unexposed areas.358

5. Conclusion359

A new calibration and alignment tool for scanning beam interference lithography (SBIL) system360

was developed. A fringe observation system (FrObSy), consisting of a compact microscope that361

is positioned on a nanopositioning machine, images the writing pattern of a specific SBIL lithog-362

raphy head onto a camera. The motion of the fringes is quantified via carrier-frequency method.363

Different measurement approaches for the quantitative evaluation of fringe dynamics were pre-364

sented. A protocol for the adjustment and calibration process was developed to characterize365

various degrees of freedom of the lithography head. Starting with the determination and align-366

ment of the fringe orientation 𝛾, the writing pattern was aligned so that the fringes were parallel367

to the scan direction, thus ensuring good contrast during exposure in photo resist. Subsequently,368

the fringe period 𝑝 = 558.2 nm (±1 nm) could be determined by measuring the fringe displace-369

ment. Furthermore, the tilts of the writing pattern 𝛽𝑥,𝑦 were characterized via aerial images and370

quantified by high-resolution measurements along the focus of the exposure beams with a tilt of371

1.894◦. Subsequently, the positioning error during the scan-and-stitch process was determined.372

For this approach, a classic SBIL trajectory was traversed with the observation system and the373

recorded fringe pattern was analyzed using the carrier-frequency method. With 75 nm peak-to-374

valley and an RMS of 15.6 nm the errors lead to observable deviations in each individual scan375

line. Finally, initial exposure tests were carried out in positive photo resist to demonstrate the376

successful calibration and adjustment of the lithography head. The photo resist was exposed at377

different scanning velocities, and it was observed that the ridges of the linear structures exhib-378

ited no material loss, indicating an optimal contrast of the exposure pattern. Furthermore, the379



structural period was determined to be 𝑝 = 556.7 nm (±3 nm), which is in excellent agreement380

with the measurements obtained using FrObSy with 𝑝 = 558.2 nm (±1 nm). In future work, the381

fringe observation system will be employed to calibrate an in-situ feedback and compensation382

system for the presented lithography head. All relevant degrees of freedom will be detected and383

the corresponding control loops will be designed accordingly. This approach aims to minimize384

the positioning errors identified in this study and thereby significantly improve the fabrication385

of linear gratings using SBIL.386

Acknowledgment. The nanopositioning and measuring machine NPMM-200 was funded by the Deutsche387

Forschungsgemeinschaft (DFG, German Research Foundation) - 267094782388

Funding. This work was supported by German Research Foundation (Deutsche Forschungsgemeinschaft,389

DFG), grant no. 465642714.390

Conflicts of Interest. The authors declare that they have no competing interests to report391

Data availability statement. Data underlying the results presented in this paper are not publicly available392

at this time but may be obtained from the authors upon reasonable request.393

Author contribution statement. Conceptualization K.T., J.R., I.O., C.P., T.H., O.S., E.M., T.K. and394

S.R.; Methodology C.P., T.H., O.S., E.M., T.K. and S.R.; Software, K.T., I.O. and J.R.; Investigation K.T.,395

J.R., I.O. and C.P.; Writing – Original Draft Preparation K.T. ; Writing – Review & Editing K.T., J.R., I.O.,396

C.P., T.H., O.S., E.M., T.K. and and S.R. ; Project administration T.H., O.S., E.M., T.K. and S.R.; Funding397

acquisition T.H., O.S., E.M.398

References399

1. Chen Y, Konkola P, Heilmann RK, Schattenburg ML, Nanometer-accurate grating fabrication with scanning beam400

interference lithography, Proc. SPIE 4936, 126–134 (2002). https://doi.org/10.1117/12.469431401

2. Chen Y, Konkola P, Heilmann RK, Joo C, Schattenburg ML, Beam alignment for scanning beam interference lithog-402

raphy, J. Vac. Sci. Technol. B 20, 3071–3074 (2002). https://doi.org/10.1116/1.1523402403

3. Zhou Q, Oh J, Kim D, Suryani IO, Han R, Kang S, Control of scanning beam interference lithography by real-time404

compensation of scan angle error through acoustooptic modulation and phase-shift grating interferometry for large405

area nanostructuring, Micro Nano Manuf. 2 (2026). https://doi.org/10.1007/s44374-025-00009-2406

4. Feigel A, Kotler Z, Sfez B, Scalable interference lithography alignment for fabrication of three-dimensional photonic407

crystals, Opt. Lett. 27, 746–748 (2002). https://doi.org/10.1364/OL.27.000746408

5. van Soest G, van Wolferen HAGM, Hoekstra HJWM, Worhoff K, Lambeck PV, Laser interference lithography with409

highly accurate interferometric alignment, Jpn. J. Appl. Phys. 44, 6568–6570 (2005). https://doi.org/10.1143/JJAP.410

44.6568411

6. Gao Q, Li Y, Zhong L, Li Y, Global alignment reference strategy for laser interference lithography pattern arrays,412

Microsyst. Nanoeng. 11, 4 (2025). https://doi.org/10.1038/s41378-025-00889-4413

7. Jäger G, Manske E, Hausotte T, Müller A, Balzer F, Nanopositioning and nanomeasuring machine NPMM-200—a414

new powerful tool for large-range micro- and nanotechnology, Surf. Topogr. Metrol. Prop. 4, 034004 (2016). https:415

//doi.org/10.1088/2051-672X/4/3/034004416

8. Li Y, Jiang S, Chen X, Liu Z, Wang W, Song Y, Bayanheshig, Accurate measurement and adjustment method for417

interference fringe direction in a scanning beam interference lithography system, Opt. Express (2023). https://doi.418

org/10.1364/OE.485488419

9. Li W, et al., Controlling the wavefront aberration of a large-aperture and high-precision holographic diffraction420

grating, Light: Science & Applications (2025) https://doi.org/10.1038/s41377-025-01785-2421

10. Schober C, Pruss C, Herkommer A, Osten W, The NPMM-200: large area high resolution for freeform surface422

measurement, Proc. SPIE (2020). https://doi.org/10.1117/12.2564918423

11. Takeda M, Ina H, Kobayashi S, Fourier-transform method of fringe-pattern analysis for computer-based topography424

and interferometry, J. Opt. Soc. 72 (1982). https://doi.org/10.1364/JOSA.72.000156425

12. Brown BR, Lohmann AW, Complex spatial filtering with binary masks, Appl. Opt. 5, 967–969 (1966). https://doi.426

org/10.1364/AO.5.000967427

13. Gronle M, Lyda W, Wilke M, Kohler C, Osten W, itom: an open source metrology, automation, and data evaluation428

software, Appl. Opt. 53, 2974–2982 (2014). https://doi.org/10.1364/AO.53.002974429

https://doi.org/10.1117/12.469431
https://doi.org/10.1116/1.1523402
https://doi.org/10.1007/s44374-025-00009-2
https://doi.org/10.1364/OL.27.000746
https://doi.org/10.1143/JJAP.44.6568
https://doi.org/10.1143/JJAP.44.6568
https://doi.org/10.1143/JJAP.44.6568
https://doi.org/10.1038/s41378-025-00889-4
https://doi.org/10.1088/2051-672X/4/3/034004
https://doi.org/10.1088/2051-672X/4/3/034004
https://doi.org/10.1088/2051-672X/4/3/034004
https://doi.org/10.1364/OE.485488
https://doi.org/10.1364/OE.485488
https://doi.org/10.1364/OE.485488
https://doi.org/10.1038/s41377-025-01785-2
https://doi.org/10.1117/12.2564918
https://doi.org/10.1364/JOSA.72.000156
https://doi.org/10.1364/AO.5.000967
https://doi.org/10.1364/AO.5.000967
https://doi.org/10.1364/AO.5.000967
https://doi.org/10.1364/AO.53.002974

