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Abstract. A fringe displacement during the exposure process in scanning beam interference lithography
(SBIL) systems leads to wavefront errors in linear gratings. The exact orientation of the fringe pattern along
the scan direction is also essential for the production of high-quality gratings. In this paper, we report on
the development of a fringe stabilization system with a separate measuring beam, which can precisely determine
the fringe movement during the exposure of the photoresist and simultaneously record the orientation of the
fringe pattern. This is specifically designed to minimize low-frequency phase errors originating in the lithogra-
phy writing head itself, which can be a dominant source of instability independent of the stage positioning.
Using polarization camera based phase-shifting interferometry, we determine the phase offset between the
two interfering beams in real time, and thus reduce the fringe movement to single-digit nanometers by moving
a piezo-actuated mirror. In addition, we can use the area-based phase measurement to align the setup and track
the rotation of the fringe spot during exposure. In combination with a nano positioning and measuring machine,
a fringe observation system was implemented that can precisely record the fringe displacement in the substrate
plane. This allows the performance of the fringe stabilization system to be quantified.
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the curved profile of the exposure beams, periodic chirping
errors occur, which increases the wavefront error of the
diffractive element [9]. Accordingly, the next approach is
the scanning beam interference lithography. A small expo-
sure spot is used to scan along the surface of the substrate.
After every line, the position is shifted perpendicular to the
scan direction and the next area will be scanned. Scanning
beam interference lithography (SBIL) was first introduced
by the Massachusetts Institute of Technology (MIT) in con-
text of the “Nanoruler” [10]. The problem of phase errors
between the two interference beams is well known. The
environment disturbances such as vibrations, pressure
changes, air turbulence and refractive index fluctuations
are critical factors while fabricating linear gratings with
sub-micron structures. There are different approaches for
optical metrology systems and mechanical compensations
to minimize these errors. In general, the two writing beams
are directed by beam splitters and subsequently interfere on
CCDs, PSDs and standard photodetectors [11–13]. Using
the phase-shifting method of interferometry, the phase

1 Introduction

Diffractive gratings are used in various areas of optics. They 
are often integrated in optical metrology setups such as 
spectrometers [1] and interferometers [2], used in beam 
sources like monochromators, optical pulse compressing 
devices [3] and are used to shape the polarization [4]. The 
requirements for the precise fabrication of the gratings are 
constantly increasing. There are various approaches to pro-
ducing these diffractive elements, depending on the size of 
the elements and the geometry of the substrate. A highly 
precise manufacturing technique for large substrate areas 
is mask lithography, especially EUV lithopgraphy [5]. How-
ever, the lithography mask is expensive and the setup is not 
flexible in manufacturing different elements. Direct laser 
writing [6, 7] offers a  flexible process, but the structure size 
is limited by the spot width and the exposure times are 
long. Interference lithography [8] offers high-precision 
manufacturing for sub-wavelength structures on different 
substrate geometries and flexible grating periods. Due to
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can be determined precisely. To enable real-time phase
calculation, photo detectors are often used in combination
with polarization optics [14]. However, phase errors are
not the only challenge in SBIL systems. Precise adjustment
and alignment of the optical components are also essential.
Reference gratings and dedicated setups are commonly used
for pre-alignment [15–18].

Polarization cameras have a pixelated polarizer array in
front of the sensor. This offers area-based real-time interfer-
ometry. We will use this approach to implement a suitable
fringe locking system to a SBIL writing head. Compared to
commonly used photo diodes, the area-based fringe locking
system provides not only the phase offset error between the
interference beams, but also the rotational movements
respectively the rotation of the wavefronts. In contrast to
the Fourier-transform method [19], carrier frequencies are
not needed to evaluate wavefronts. This provides a dynamic
scope for this approach. In this paper, we present a compact
design for an SBIL writing head, which is integrated into
the nano-positioning and measuring machine NPMM-200
[20]. We evaluate the experimental performance of the
fringe locking system using the polarization phase-shifting
interferometry and demonstrate in situ angular tracking
of the fringe pattern. In addition, for all performance tests,
we verify the measurements with an independent fringe
observation system.

2 Effects of fringe perturbation

The quality and accuracy of a diffractive grating crucially
depends on the stability and orientation of the interference
fringes. Disturbances lead to incorrectly exposed areas in
the photoresist and thus directly influence the wavefront
quality of the diffractive grating. An SBIL system consists
of two main components: the writing head, which gener-
ates a small stationary interference pattern, and the stage
positioning system, which scans the substrate beneath this
pattern to produce extended linear gratings stripe by
stripe. In this work, we present a solution that ensures
the interference pattern remains stationary even in the
presence of drift effects. This system will be integrated
in the future into the overall control architecture illus-
trated in Figure 1, where it will also enable deliberate
adjustments of the interference pattern to compensate
for stage positioning errors. In contrast to the temporally
high-frequency corrections that will be corrected in an
8333 Hz control-loop, the drift compensations of the writ-
ing head do require only control-loop frequency of a few
ten Hertz due to the relatively slow drift variations.

Typical disturbances in the writing head are phase
shifts, fringe pattern rotations and fringe period drifts.
The different disturbances are simulated in Figure 2.

2.1 Phase shift

A phase shift occurs when the optical path lengths of the
interfering beams change slightly, for instance due to ther-
mal fluctuations or mechanical vibrations. This results in a
shift of the fringes in the interference pattern perpendicular
to the scanning direction. The period and the fringe

orientation remain unchanged. Mechanical vibrations are
high-frequency errors, but can be minimized by suitable
damping of the system. Thermal fluctuations in the envi-
ronment are low-frequency disturbances that are difficult
to control. Therefore, the optical path lengths of the expo-
sure beams are adjusted to compensate for fluctuations. In
this paper, the phase shift is measured in an SBIL system
and will be compensated by piezo-actuated mirror.

2.2 Period drift

The period drift is a change in the spatial period of the
interference pattern. It is caused by drifts in the angle of
incidence of the writing beams and also induces a phase
shift. The change in the angle of incidence is usually caused
by thermal movement of a mirror. Measurements on our
system have shown that the mechanical and thermal stabil-
ity of the writing head setup keeps period drifts (less than
150 ppm/h) in a region where it does not need to be
considered.

2.3 Fringe pattern rotation

The rotation of the pattern is caused by a slight change in
the angle between the interfering beams, which can be
caused by insufficient pre-alignment or thermal expansion
of the optical components. The result is a fringe pattern
that rotates with respect to the intended scanning direction,
which leads to poor dose contrast during exposure. While
this is not a problem for our experimental system due to
the low thermal drift (see Sect. 2.2), it still might be inter-
esting to be controlled to follow yaw errors of the scanning
stage.

2.4 Photoresist exposure and dose contrast loss

Perturbations in the interference pattern affect the photore-
sist exposure process itself. A stable and well-defined inter-
ference field is essential to produce a high-contrast intensity
modulation in the resist. When phase shifts, period drifts

Figure 1. Control architecture of the SBIL writing head setup.
The control systems of the lithography writing head and the
positioning system NPMM-200 are separated. The dashed
components are the scanning system into which the writing
head will be included to form an SBIL system. For the
performance evaluation presented in this work, a fringe obser-
vation system is mounted beneath the writing head on the
NPMM-200 stage to monitor the resulting interference pattern.
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or pattern rotations occur, the resulting blurring or
misalignment of the interference fringes leads to a reduced
local intensity gradient. This causes a loss of dose contrast
in the photo resist, making it more difficult to achieve sharp
and uniform feature development.

The fringe period p is defined by the incident angles h1,
h2 and the wavelength k of the two exposure beams:

p ¼ k
sinðh1Þ � sinðh2Þ ; h1 > 0; h2 < 0: ð1Þ

The intensity distribution of the two interfering exposure
beams in one dimension with equal polarization state is
given as

I ðx; tÞ ¼ ðE1 þ E2ÞðE1 þ E2Þ�

¼ I 1 þ I 2 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
I 1 � I 2

p
� cos½�uðxÞ þ uthðtÞ�; ð2Þ

where Du(x) is the initial phase difference between the two
exposure beams and uth(t) the time-dependent thermal
phase fluctuation that causes the fringe shift. The Michel-
son contrast of the interference pattern is defined as

CI ¼ Imax � Imin

Imax þ Imin
: ð3Þ

While the position x of the fringes changes over the expo-
sure time texp, the intensity in the photoresist is integrated,
with the dose being defined by

DðxÞ ¼
Z texp

0
I ðx; tÞ dt: ð4Þ

The fringe shift by time results in a loss of dose contrast.
The dose contrast is expressed as

CD ¼ Dmax � Dmin

Dmax þ Dmin
: ð5Þ

This value quantifies the exposure process in the photore-
sist. A dose contrast loss simulation is shown in Figure 3.
For illustration we define a sinusoidal function. Therefore
the function is defined as follows:

uth ¼ A � sinðx � tÞ: ð6Þ
x is the shift frequency and t the exposure time. The ampli-
tude A defines the maximum fringe shift and for the dose
contrast simulation in Figure 3, A increases from zero to
a quarter period of the intensity distribution, so that the
dose contrast is halved. With equations (6), (2), (4) and
(5) the loss can be calculated for different dislocation ampli-
tudes. The integration of x � t for the dose simulation is over
one period.

3 Experimental setup

The writing head is designed to be installed in the nano-
positioning and measuring machine NPMM-200, which is
installed at the Institute of Applied Optics [21]. The stage
in which the substrate can be placed is controlled by six
interferometers. This provides high-precision distance and
rotation measurement for six degrees of freedom and con-
trol for five degrees of freedom. The nano-scale positioning

Figure 2. Left: Principle sketch of SBIL setup with two mirrors. Right: Simulation of SBIL in x-direction with different disturbances.
The first scenario shows a perfect scan without disturbances. The second scenario shows the case in which the fringes in the exposure
pattern move up and down alternately due to phase fluctuations and generate curved paths. In the next scenario, the angle of
incidence drifts during scanning. This changes the period of the fringe during the exposure. In the last scenario, the fringe pattern is
rotated to the scan direction, thus leads to poor dose contrast during exposure.

Figure 3. Dose contrast loss for a dislocation function
uth = A � sin(x � t). The maximum dislocation increases from
zero to a quarter period of the intensity distribution.
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extends over a very large volume of 200 mm � 200 mm
� 25 mm. The entire stage is located in a large aluminum
chamber to reduce influences such as air turbulence and
temperature fluctuations. To quantify the performance of
the writing head, a fringe observation system was imple-
mented and placed instead of the substrate.

3.1 Writing head

Figure 4 shows the design of the writing head. There are
basically two beam paths generated by two different laser
sources, which are described in detail below. The laser
source of the writing beam is a TOPTICA BlueMode laser
head with a wavelength of 405 nm. The collimated beam
with a diameter of 1.8 mm and a Gaussian intensity distri-
bution (TEM00) is divided by PBS2 into a horizontally
polarized and a vertically polarized beam. Subsequently,
the two beams are reflected by the mirrors M1 and M2
and interfere in the substrate plane. The half waveplate
HWP2 rotates the linear polarization angle of the right
beam, so the polarization states of both beams offer the best
contrast of the interference pattern. The tilt of M1 and M2
defines the period p in the substrate plane.

The fringe locking laser is a HeNe laser from SIOS with
a wavelength of 632.8 nm and a Gaussian intensity distribu-
tion (TEM00). The fringe locking beam with a diameter of
2 mm is shifted laterally to the writing beam. After reflec-
tion at the mirrors the two fringe locking beams are
reflected by a double prism retroreflector with an air gap
between its short sides. At PBS2 both beams are recom-
bined in the camera path and they interfere at the camera
sensor. The achromatic half waveplate HWP1 at 45�
ensures the equal splitting of both beams at PBS2. The
quarter waveplates QWP 1 and 2 generate left and right
circular polarization. After reflection at the retroreflector
the circular polarization is reversed. By passing the QWPs
again, the beams are completely transferred into the camera
path with orthogonal polarization. The quarter waveplate
QWP 3 in front of the polarization camera transfers the
two beams into an orthogonal circular polarization state.
This is important for the phase shifting method described
in Section 3.2. Since the fringe locking beam has almost
the same path geometry as the writing beam, the phase
fluctuation approximates well the displacement of the writ-
ing spot on the substrate. As the reflection angle of the mea-
suring beam in the retroreflector corresponds to the angle of
incidence, the beams always hit the polarization camera at
the same angle, regardless of the tilt of the mirrors M1 and
M2. Only the lateral position of the interfering beams on
the camera chip changes. This means that the tilts of M1
and M2 can be variably adjusted, allowing different fringe
periods to be generated. M1 is mounted on a linear piezo
actuator. The actuator is a P-753.1CD from Physics Instru-
ments with an integrated capacitive position measuring sen-
sor with a system resolution of 0.1 nm and positioning
accuracy of 0.25 nm. The writing head was completely
designed and simulated in the Optical CAD software
Quaoda [22]. All mechanical and optical components are
mounted on a breadboard with size of 180 � 230 mm2

(see Fig. 5).

3.2 Polarization interferometry

The FLIR Blackfly BFS-U3-51S5P-C polarization camera
has a polarizer mask in front of the sensor. The mask con-
tains four linear polarizers in the orientation 0�, 45�, 90�
and 135�, arranged in a repeating pattern throughout the
pixel range [23]. Four polarizer pixels define a superpixel,
which contains all the information in a single camera frame
to calculate the phase offset between the two beam paths
(see Fig. 6). This spatial phase-shifting method is com-
monly used to measure the surface errors and topography
of lenses and mirrors [24]. Each polarization channel gener-
ates a phase-shifted interferogram. This results in the fol-
lowing system of equations:

I 0� x; yð Þ ¼ Aþ B � cos �u x; yð Þ½ �; ð7Þ

I 45� x; yð Þ ¼ Aþ B � cos �u x; yð Þ þ p
2

h i
; ð8Þ

I 90� ðx; yÞ ¼ Aþ B � cos �uðx; yÞ þ p½ � ð9Þ

I 135� ðx; yÞ ¼ Aþ B � cos �uðx; yÞ þ 3
2
p

� �
ð10Þ

where A = I1 + I2 and B ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
I 1 � I 2

p
. With this system of

equations the phase difference Du(x, y) for each superpixel
x, y can be determined:

�u x; yð Þ ¼ arctan
I 90� x; yð Þ � I 0� x; yð Þ
I 135� x; yð Þ � I 45� x; yð Þ

� �
: ð11Þ

Figure 4. Optical scheme of the writing head. PBS: polarizing
beam splitter, HWP: half waveplate, QWP: quarter waveplate,
M: mirror.
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After unwrapping the modulo 2p phase map Du(x, y), the
Zernike coefficients are calculated by use of a least-square
fit with Zernike polynomials. Accordingly, the phase differ-
ence and the tilt in the x- and y- directions can be deter-
mined quantitatively. The area-based measuring method
can also be used to correctly align the mirrors to each other
before the exposure process. The position of the interfero-
gram on the camera sensor provides information about
the tilt angle of the two mirrors and therefore about the per-
iod of the exposure pattern on the substrate. Furthermore,
the overlap of the two beams in the camera image ensures
that both mirrors reflect the writing beams onto the sub-
strate at the correct angles. Another important feature is
the detection of the fringe orientation, which is defined by
the rotation of the mirrors around the z-axis. This charac-
teristic will be investigated in Section 4.

3.3 Closed loop control

Before exposing the photoresist, an initial state “init” of the
fringe locking signal with the desired design parameters of
the fringe pattern is defined, i.e. in terms of fringe period,
fringe orientation and fringe offset. The measured wave-
front Winit on the polarization camera can be approximated
by a fit with Zernike polynomials with a given circular
aperture:

W initðr; hÞ ¼
X1

n¼0

Xn
m¼�1

ðcmn Þinit � Zm
n ðr; hÞ

¼ ðc00Þinit � Z 0
0|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Piston

þðc�1
1 Þinit � Z�1

1|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Tilt y

þðcþ1
1 Þinit � Zþ1

1|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
Tilt x

:

ð12Þ
The current state at a specific time t can be written as

Wtðr; hÞ ¼ ðc00Þt � Z 0
0 þ ðc�1

1 Þt � Z�1
1 þ ðcþ1

1 Þt � Zþ1
1 : ð13Þ

Finally, the deviation d from the initial state at time t can
be expressed as

Wdðr; h; tÞ ¼ W initðr; hÞ �Wtðr; hÞ: ð14Þ
whereby the individual deviations can be specified as follow:

Fringe Offset:

ðcoffsetÞd ¼ ðc00Þinit � ðc00Þt : ð15Þ
Period drift:

ðctiltÞd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðc�1

1 Þ2init þ ðcþ1
1 Þ2init

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðc�1

1 Þ2t þ ðcþ1
1 Þ2t :

q
ð16Þ

Figure 5. (a) Quadoa model of the SBIL writing head. (b) Photo of the SBIL writing head integrated into the NPMM-200.

Figure 6. Scheme of polarization camera based interferometry. After an image has been captured, the individual polarization
channels are sorted and the phases of the superpixels are calculated according to equation (11). An example measurement is shown on
the right. The interference fringes, which are phase-shifted to each other, are clearly visible.

J. Eur. Opt. Society-Rapid Publ. 22, 9 (2026) 5



Fringe pattern rotation:

ðcrotationÞd ¼ arctan
ðc�1

1 Þinit
ðcþ1

1 Þinit

� �
� arctan

ðc�1
1 Þt

ðcþ1
1 Þt

� �
: ð17Þ

Due to the reflection at the double prism reflector, a lateral
displacement with a piezo actuator of M1 by DxM1 affects a
phase shift of the fringe locking beam Du as follows:

�u ¼ 2p
k
½4 cosðhÞ�xM1�; ð18Þ

where h is the incident angle of the exposure beam and the
pre-factor 4 results from the double reflection at the mirror
and thus the double passage through the beam path, see
Figure 7. The detailed operating principle of the closed-loop
system has been reported in [25].

3.4 Fringe observation system

In order to determine the shift of the interference fringes for
calibration and to evaluate the performance of the fringe
locking system, a fringe observation system was imple-
mented. A Olympus microscope objective lens (UMPlanFI)
with a numerical aperture of 0.95 was placed at the position
of the substrate (see Fig. 8a). After the microscope objec-
tive, the beams are reflected by a tilted mirror. To image
the fringes on the camera chip, a tube lens (TL) with a focal
length of f

0 ¼ 100 mm was used. The camera used is a
Ximea MC124MG-SY-UB with a pixel pitch
xpixel = 3.45 lm. The integration time was set to 50 ms, cor-
responding to an effective sampling rate of approximately
20 Hz. Consequently, higher-frequency stage vibrations
are temporally averaged by the camera integration and
are therefore not directly resolved in the measurements.
The result can be seen in Figure 8b. In a next step, the
fringe motion is monitored over time. To quantify the fringe
displacement in nanometers, the Fourier-transform method
[19] was used. The single steps of the algorithm are visual-
ized in Figure 9. At first, the initial image with 160 �
160 pixels is 2D-Fourier transformed. The area around
the main frequency peak (rectangle marked in red) with
30 � 30 pixels is shifted to the 2D-Fourier center, i.e. to
remove the carrier frequency of the interference pattern.
Since only low-frequency changes are examined, all other
frequencies are set to zero to minimize noise. With the
inverse Fourier-transform, the phase can be calculated from
the real part and the imaginary part. Afterwards, the wave-
front is unwrapped and a fit with Zernike polynomials
within the circular aperture marked in red is applied.

For reference measurements, an initial state is also defined
as described in Section 3.3.

The unambiguity range of the fringe movement is half of
the fringe period p. One fringe period extends over approx-
imately Npixel = 3 pixels in diagonal in the camera image.
With a period of p = 270 nm, the lateral magnification
factor ML can calculated by

ML ¼ N pixel �
ffiffiffi
2

p
xpixel

p
¼ 3 � 3:45 � 10�6m � ffiffiffi

2
p

270 � 10�9m
¼ 54:21;

ð19Þ
where the factor

ffiffiffi
2

p
is given by the diagonal of the pixels.

The fringe displacement resolution of this setup was esti-
mated using simple simulations. For this purpose, a stack
of fringe images with well-defined displacement was gener-
ated. The magnification factor, the pixel pitch and the
image size of the observation system were taken into
account. The Fourier method was then applied. This leads
to a resolution in the sub-nanometer range. The observation
system is mounted on the NPMM-200 stage made from
Zerodur and Invar. It’s position is interferometrically
controlled.

4 Experimental results

In SBIL systems, the fringe pattern must be stabilized not
only in its lateral position, but also in its rotation, i.e. it
must be stationary. In this section we first present the
tracking of the fringe rotation. We then present the perfor-
mance of the fringe locking system. All results are compared
and evaluated with the fringe observation system described
in Section 3.4. The lasers in the writing head were
switched on before measurements so that the built-in optics
could warm up and thermal expansion during the measure-
ments could be avoided. The data sets are evaluated with
the python developer environment ITOM [26]. The average
time delay from the recorded camera image to the piezo
controller is 17 ms. With a sampling rate of 60 Hz, the
fringe locking system is able to detect and compensate for
the drifts of the writing head.

4.1 Fringe rotation tracking

Rotating mirror M2 by angle b around the z-axis, the fringe
orientation of the writing spot will change by angle c, as
shown in Figure 10. The overlap area of the two exposure
beams also changes slightly, but is neglected due to small
changes. Due to the Gaussian intensity profile of the writing
spot, these non-interfering regions are located at the outer
edges of the beam where the intensity is significantly
reduced. Consequently, their contribution to the effective
exposure dose of the photoresist is minimal and does not
lead to a noticeable spreading.

In order to characterize the angular sensitivity of the
fringe locking system, M2 is tilted in different steps in a
specified time. During this time, the interferograms of the
fringe locking signal and the fringe observation system are
captured. The Zernike polynomials Zþ1

1 and Z�1
1 are fitted

Figure 7. Displacement of M1 by Dx leads to a different optical
path. The dashed lines indicate the displacement of the mirror
and the resulting path change.
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to obtain the Zernike coefficients cþ1
1 and c�1

1 , as explained
in Section 3.3. The angle c is given by equation (17). Spher-
ical coordinates are used to describe the propagation direc-
tion with the wave vector k.

kðh; bÞ ¼
kx
ky
kz

0
B@

1
CA ¼ jkj �

sinðhÞ cosðbÞ
sinðhÞ sinðbÞ

cosðhÞ

0
B@

1
CA: ð20Þ

The results are shown in Figure 11. Within 60 seconds, five
movements of M2 were performed manually. Both measure-
ment systems captured the fringe rotation. The measure-
ment sensitivity depends on the ratio between the incident
angles of the two beams h and the mirror rotation b.

Figure 8. (a) Draw of the fringe observation system. (b) Captured image of the writing spot fringes.

Figure 9. Scheme of the Fourier-transform method [19] to determine the fringe movement of the captured image in the fringe
observation system.

Figure 10. Fringe rotation c within the writing spot in the
substrate plane, due to mirror rotation. The solid circle shows
the writing spot with perfect overlapping of the exposure beams.
If one of the mirrors M1 or M2 rotates around the z-axis, the
exposure beam moves on a circular track. For this reason the
spots are not overlapping completely and the fringes change
their direction.
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In terms of equation (20), h and b are approximately equal
in the fringe locking camera path, leading to nearly equal
vector components kx and ky. That means that small tilts
in b greatly rotate the interfering wavefront in the camera
path. The signal of the fringe observation system is not that
sensitive, because h is with around 45� much larger than b.
The fringes rotate around 0.17� in contrast to the fringe
locking signal with 55� of the rotation range.

In addition, it can be observed that the signals between
the measurement systems are not linear to each other. This
is caused by the retroreflector. The propagation direction of
the reflected beams in the retroreflector strongly depends on
the orientation of the prism surfaces. The two prisms are
not perfectly aligned with each other. A slight misalignment
directly causes a low-frequency fringe image on the camera,
as the two beams are no longer parallel to each other in the
camera arm. To take into account the misalignment of
the two prisms, we introduce prefactors a that depend on
the angles h and b.

k h; bð Þ ¼ kj j �
ax h; bð Þ � sin hð Þ cos bð Þ
ay h; bð Þ � sin hð Þ sin bð Þ

az h; bð Þ � cos hð Þ

0
B@

1
CA: ð21Þ

With this equation, the nonlinearity can be compensated
by calibration measurements. The calibration must be
repeated for each alignment in terms of h.

4.2 Fringe locking

At first the phase fluctuation of the test environment was
identified. In Figure 12, the measurement shows a low-fre-
quency fringe displacement with 85 nm peak-to-valley

(red line) and with an RMS value of 18.33 nm in a time
range of 250 s.

The phase fluctuation is mainly caused by air turbu-
lence in the beam paths. The dose contrast, according to
equation (5), for this measurement is 0.793, compared to
the mean contrast of a single intensity distribution of equa-
tion (3) with 0.867. This results in a contrast loss of 7.4%.
Although the phase fluctuations determined with the fringe
locking system and the fringe observation system differ
slightly, the characteristic features are still clearly recogniz-
able. The camera of the observation system is placed below
the writing head.

During measurements, the camera induces heat turbu-
lence, which increases the temperature of the retroreflector.
This induces different air fluctuations in the fringe locking
beam path, which finally leads to partial differences
between the measurement data. However, with a correla-
tion coefficient [27] of R = 0.749, the two measurements
strongly correlate. In a next step, the piezo actuation was
calibrated. A sinusoidal oscillation with an amplitude of
1 lm was induced. Due to the dominant amplitude, air tur-
bulence can be neglected during calibration. The fringe
movement in the substrate plane is again captured by the
fringe observation system (see Fig. 13). As the movement
of the fringes here is greater than the unambiguous range
p
2 of the evaluation of the fringe observation system, the
measurement data were unwrapped over the time axis.
Then a sine function was fitted to the red curve to deter-
mine its amplitude. The ratio of the two amplitudes results
in the transfer factor of the piezo movement to the fringe
movement in the substrate plane. The factor was deter-
mined to be 0.63. Finally, the fringe locking was tested in
closed loop. In Figure 14 the fringe locking signal (blue line),

Figure 11. Rotation measurement. The rotation was calculated with equation (17) after performing a least square fit of the Zernike
polynomials Zþ1

1 and Z�1
1 .

Figure 12. Phase fluctuation measurement without fringe locking. The piezo is not moving during the measurement.
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the piezo movement (orange line) and the fringe movement
in the substrate plane (red line) are visualized. The fringe
locking signal is controlled to zero by moving the piezo.
The RMS value of the fringe locking signal in closed-loop
is 1.48 nm. The fringe movement is significantly reduced.
Between 75 s and 110 s the fringe locking was more influ-
enced by the heat turbulence of the observation camera,
so that the peak-to-valley movement is around 25 nm with
an RMS value of 5.29 nm. For the lithography process with
photo resist, the heat of the observation camera would not
disturb the fringe locking. During closed loop control, the
movement of the fringes with a period p = 270 nm was
mainly reduced to ±5 nm. This translates to a PV-wave-
front reconstruction quality of approx. k

25 at such small
periods. The mean intensity contrast of the fringes is
0.839. The dose contrast is 0.827. With fringe locking con-
trol enabled, the contrast loss was reduced from 7.4% to
1.2%. For first lithography tests, the fringe observation sys-
tem was replaced by a substrate with positive photoresist

Figure 13. Piezo calibration measurement. The different amplitude of the sinusoidal curves gives the transfer factor between the
piezo movement of mirror M1 and the fringe movement in the substrate plane.

Figure 14. Phase fluctuation measurement with enabled fringe locking. The fringe locking signal is controlled to zero by moving the
piezo. The fringe observation system shows a greatly reduced movement of the fringes in the substrate plane.

Figure 15. AFM measurement of a linear grating in photoresist. The grating depth is approx. 192 nm ± 3 nm.

Figure 16. SEM image of the linear grating in photoresist,
sputtered with gold to avoid charging effects. The determined
period of the structures is p = 270 nm (±2 nm).
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(AZ MIR 701 from MicroChemicals) with thickness d =
195 nm. With a scanning electron microscope and an atom
force microscope, the grating period was determined to
p = 270 nm (±2 nm) (see Figs. 15 and 16).The grating
depth was determined to around h = 192 nm.

5 Conclusion

A new fringe stabilization system for an SBIL system was
presented. Using polarization camera-based real-time inter-
ferometry, the phase shift and the orientation of the two
exposure beams are recorded with a separate measuring
beam. This allows the lateral fringe movement and the ori-
entation of the fringe pattern in the substrate plane to be
precisely determined. A fringe observation system was
implemented, which was placed in the substrate plane.
Due to the high positioning accuracy of the nano position-
ing and measuring machine NPMM-200, the movement of
the fringe pattern is precisely measured. Without fringe
locking, the fringes moved a few tens of nanometers due
to air turbulence and the dose contrast loss was 7.4%.
Our results demonstrate that activation of the fringe lock-
ing system effectively reduced fringe displacement to
±5 nm. This improves the wavefront error in the recon-
struction to less than k

25 and reduces the contrast loss to
1.2%. It should be noted that these values were detemined
for p = 270 nm and scale with the grating period. For larger
periods, the expected improvements are even better.
Furthermore, the fringe locking system was also used to
determine the fringe rotation in situ in the substrate plane.
A rotation test demonstrated highly precise sensitivity in
the millidegree range. Finally, structures were fabricated
in photoresist with a period of approx. 270 nm and a grat-
ing depth of 192 nm. Improvements to this system are
planned for future work. The measurements with the fringe
observation system have shown that the camera heat influ-
ences the phase fluctuations and thus the fringe stabiliza-
tion. A cooling system is therefore planned to minimize
the disturbance and achieve fringe stability in the sub-
nanometer range. In addition, the mirrors can be equipped
with piezo actuators to compensate for fringe rotation or to
compensate for rotary stage errors.
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