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Abstract
This thesis presents the design and the analysis of a lithography system for
inkjet-printed photomasks in the context of NIL stamp manufacturing. Thereby,
an inkjet-printed photomask is profitable since its manufacturing process is
fast. The system is based on two functional system units and a camera system,
which is used to adjust the lithography system. The first functional unit does
not resolve the photomask’s identifiable ink dots to avoid its imaging. Sub-
sequently, the modified image is reduced onto a substrate by the second unit.
The blurred exposure results in steep slopes of the photoresist structure due to
its non-linear development. According to the printing system’s analysis, the
lithography system’s resolution must be less than 83.33 lp/mm. This require-
ment is met with respect to the lithography system’s image-sided resolution of
22.1 lp/mm. Therefore, the lithography system improves the lithographic NIL
stamp manufacturing by letting the photomask’s identifiable ink dots vanish.
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1 Introduction
Technical applications, such as augmented reality, are in continuous devel-
opment and integrated increasingly by people into their living environment
[43]. Consequently, technologies such as integrated photonics, waveguides, or
diffraction elements for holography are becoming increasingly complex [22],
[47], [68]. Due to this complexity the structure density increases. It is required
that the optical structures can be precisely manufactured [73]. Furthermore,
the manufacturing time of optical structures should be decreased in response
to the increasing demand [43]. Nanoimprint Lithography (NIL) is one possi-
ble replication process to fulfill these requirements. Hereby, a master structure
determines the structure of the optical components and can be replicated sev-
eral times [40], [7], [32]. Commonly, the NIL master structures are written into
a silicon (Si)-substrate, using Focused Ion Beam (FIB) Lithography, Electron
Beam Lithography (EBL) or photolithography [29]. In this research, an indi-
vidual lithography system is set up to optimize a NIL master manufacturing
process using an inkjet photomask.

1.1 State of the Art

Inkjet printing is a common technique in additive manufacturing processes of
biological [24], optical [50] and electronic devices [19], since the manufacturing
is individual and precise. Negative structures below a minimum line width of
10 to 30 µm can be printed using a Dimatix Material Printer (DMP) [19], [46].
According to [19], a transistor channel size between source and drain of 1 µm
is realized by a DMP 2831 with a 15 µm drop spacing as shown in Figure 1.1.
The transistor and its gate G, source S, and drain D are imaged in Figure 1.1 (a).
The respective schematic cross section in Figure 1.1 (b) specifies the channel
size between source and drain.
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Figure 1.1: The inkjet transistor is printed by a DMP 2831 with a nanoparticle silver solution.
The transistor is based on a gate electrode G, a source electrode S, and a drain electrode D (a).
The slice in (b) shows the channel between the source and the drain which have a size of 1 µm.

[19]

In general, the printing speed of 1.5·10-1 m/s at 10 kHz jetting frequency and
15 µm drop spacing is much faster than the writing speed of FIB Lithography or
EBL which are up to 106 times slower [15]. Furthermore, grayscale lithography
can be applied to realize free-form structures in the photoresist substrate [67]. A
multi-level exposure intensity can be applied onto the photoresist’s surface via a
printed photomask. The applied exposure intensity determines the development
depth as shown in Figure 1.2. The digital grayscale mask layout in (a), which
is printed on the used photomask, defines the photoresist structure (b). The
photoresist structure is measured by a White Light Interferometer (WLI). The
respective structure height is plotted in (c). [5], [10]

(a) (b) (c)

Figure 1.2: The digital layout (a) defines the ink distribution on the inkjet grayscale
photomask. The development height of the photoresist structure (b) depends on the

mask-transmitted exposure intensity. The respective slice of the photoresist structure is shown
in (c). [5]
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In previous experiments, photolithographic NIL master manufacturing processes
were executed using inkjet-printed photomasks. The resolution of the applied
photomasks was between 5.52 lp/mm and 6.62 lp/mm. They were printed by a
commercial high Dots Per Inch (DPI) printer (Canon iX6850, 9600x2400 DPI).
In these experiments, a photolithography system based on a Zeiss Axioskop 50
was used for the NIL master manufacturing. As imaged in Figure 1.3, the mask
is located perpendicular to a UV LED. The displayed LED and mask holder
is mounted on a c-mount adapter on top of the microscope. During the expo-
sure, the mask is captured by the microscope’s tube lens and a Zeiss EC Plan-
NEOFLUAR lens. The mask structure is reduced by a magnification factor of
0.05 and imaged onto the substrate plane. [6]

Figure 1.3: The original lithography system is based on a microscope, a LED and mask holder,
as well as a camera system. The mask plane is captured by the microscope lens and is imaged

onto the substrate plane. The lithography system is adjusted using the camera system. [6]

A NIL master structure of 38.48 lp/mm in average was exposed by an inkjet-
printed photomask with a grating of 1.96 lp/mm. According to this and further
experiments, the photomask’s ink dots are identifiable in the master structure.
This is especially visible in grayscale structures as shown in Figure 1.4. The
printer’s software determines the ink dot density of the photomask (b) based
on the digital gray values (a). Single ink dots are identifiable in the photoresist
structure according to the WLI image (c). This is an undesirable side effect of
an inkjet-printed photomask. [5]
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(a) (b) (c)

Figure 1.4: In the shown example, the printed photomask is determined by the digital layout of
a sine structure in a size of 600 µm/lp (a). The dot density of the printed mask is determined

based on the gray values of the digital layout (b). The mask structure is exposed onto the
photoresist by a magnification factor of 0.05. After the development, the mask’s ink dots are

identifiable in the developed structure of the photoresist (c). [5]

1.2 Goals and Research Questions

The main goal is to design a new lithography system with an additional and
adaptive pre-magnification to avoid the imaging of single identifiable ink dots.
There are three main questions about the lithography system’s setup and its ap-
plication that should be answered by the research within this thesis. The first
question is: Are there specific combinations of settings that let the mask’s iden-
tifiable ink dots vanish? If there are suitable combinations of settings: Which
combination of settings is the most optimal one, by taking the resolution, the
FOV, and the distortion into account? Furthermore, the deliberate vanishing of
the mask’s identifiable ink dots will modify the image and the question arises:
Is it possible to develop steep edges in a photoresist and simultaneously keep
the contrast of the original mask image by manipulating the imaging?

The methodology and the applied principle of letting the mask’s identifiable ink
dots vanish are dealt with in detail in Chapter 3. In general, the construction
of the lithography system is based on the printing system’s analysis and takes
the photomask’s resolution as well as the edge quality into account. The assem-
bled lithography system is parameterized with respect to the resolution and the
magnification of each system unit, the spot diameter, and the resulting exposure
power.
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2 Fundamentals

2.1 Optical Fundamentals

Ray and wave optics are dealt with within the optical fundamentals. Both mod-
els are based on the propagation principles of electromagnetic radiation. The
visualized rays in ray optics point in the propagation direction of a wavefront
element in isotropic media and simplify the physical behavior of the propagating
electromagnetic waves. Physical phenomena such as reflection and refraction
are explainable using ray optics. Wave optics are applied to wave-based phe-
nomena such as diffraction, interference, and polarization. [20]

In classical physics, electromagnetic radiation propagates in vacuum with light
speed c0. The speed of light is derived from the MAXWELL’S equations and de-
pends on the electric constant ε0 and magnetic constant µ0 as shown in Equation
2.1.1. [20], [45]

c0 =
1

√
ε0 ·µ0

= 299792458
m
s

(2.1.1)

In a medium m, the electric constant ε0 and the magnetic constant µ0 are chanc-
ing with respect to the wave frequency ω . According to Equation 2.1.2, the
electric constant ε0 and the magnetic constant µ0 are multiplied by the relative
electric constant εr and the relative magnetic constant µr of the medium. [45]

cm(ω) =
1√

ε0εr(ω) ·µ0µr(ω)
(2.1.2)

The refractive index n of a medium m is the ratio between the speed of electro-
magnetic waves in a vacuum c0 and medium cm based on Equation 2.1.3. The
refractive index nm depends on the wave frequency ω as much as a the wave
speed cm of Equation 2.1.2. Since the refractive index n is a parameter of the
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propagation speed, it quantifies the optical density of media. [20], [45]

nm(ω) =
c0

cm(ω)
(2.1.3)

2.1.1 Ray Optics

2.1.1.1 Re�ection

Reflection occurs whenever a ray hits an optically denser medium. The effect
of reflection is demonstrated on a plane mirror example in Figure 2.1. The
incidence angle α and reflection angle α ′ refers to the surface normal and both
angles are equal as given in Equation 2.1.4. [20], [45]

Figure 2.1: Reflection on a plane mirror. T he incidence and reflection angle between the
surface normal and the ray are equal.

α = α
′ (2.1.4)

Plane mirrors are a common example for reflection due to their great reflectivity
R. Mirrors are polished metals or coated with a metal layer, which causes a great
optical density difference between the mirror surface and atmosphere. Accord-
ing to Equation 2.1.5, the difference of the reflective indices ∆nm determines the
reflectivity at a boundary surface. [20]

R =
(nm −nm+1)

2

(nm +nm+1)2 (2.1.5)
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2.1.1.2 Refraction

An incidents ray is refracted at the boundary surface of two media as shown in
Figure 2.2. This Figure is used to derive SNELL’s refraction law. [20], [45]

Figure 2.2: Reflection on a plane mirror. The incidence and reflection angle between the
perpendicular line and the ray are equal.

The refraction at a boundary surface depends on the Optical Path Length (OPL),
which is the metric path length sm weighted by the optical density of the respec-
tive media nm. The resulting OPL is the sum of all weighted metric path lengths
which occur in the propagated media m as described in Equation 2.1.7. [20],
[45]

OPL =
N

∑
m=1

nmsm (2.1.6)

In Figure 2.2, the total optical path length OPLt from P1 to P2 is defined in
Equation 2.1.7.

OPLt =
2

∑
m=1

nmsm = n1s1 +n2s2

OPLt = n1

√
a2 + x2 +n2

√
b2 +d2 (2.1.7)

According to the FERMAT’s principle, a ray propagates on the fastest path, even
if this is longer than the direct path. The minimum of the OPL defined by the
zero of the first derivation as shown in Equation 2.1.8. [45]

δOPL
δx

= 0 (2.1.8)
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The Equation 2.1.8 can applied on the total optical path length OPLt from P1 to
P2. Thereby, the optical path length is derived by the distance x. [45]

δOPL
δx

=
n1x√

a2 + x2
− n2d√

b2 +d2
= 0 (2.1.9)

Based on Figure 2.2, the geometrical relations are determined by Equation
2.1.10.

sin(α) =
x√

a2 + x2
; sin(β ) =

d√
b2 +d2

(2.1.10)

The geometrical terms of Equation 2.1.9 can be replaced by the Equation’s
(2.1.10) sine terms of the incident angle α and refractive angle β . Restruc-
turing the new equation, SNELL’s law is derived as shown in Equation 2.1.11.
[45]

n1 sin(α) = n2 sin(β ) (2.1.11)

2.1.1.3 Paraxial Optics and Lenses

Paraxial optics is a section of the geometrical optics and is based on paraxial
approximations. Synonyms of paraxial optics are GAUSSIAN optics or first-
order optics. In the following, thin lenses are discussed based on paraxial optics.
Thin lenses are optical elements approximated by a single boundary surface as
shown in Figure 2.3. The Optical Path Difference (OPD) within the lens is
ignored. The parameter such as a object or image-sided focal length f , focal
point F , height y, and distance a refer to the lens’ center. The image-sided
parameters are flagged with ′. The index indicates the mathematical sign. Left
and down pointing parameters are negative. The given parameters can also be
applied to other lens shapes such as concave or concave-convex shapes. [16],
[20]
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Figure 2.3: The main parameters of a thin lens are the object height y, the image height y′, the
object distance a, the image distance a′, the object-sided focal point F , the image-sided focal
point F ′, the object-sided focal length f , the image-sided focal length f ′, and the refractive

index nm of the medium m.

Based on the geometrical relation, the lens equation of Equation 2.1.12 can be
derived from Figure 2.3 (a). In case of paraxial approximation, the lens equation
is reliable for thin lenses. [16], [45]

f ′

a′
+

f
a
= 1 (2.1.12)

The transversal magnification factor β of the imaging is the ratio between the
image height y′ and object height y′ or image distance a′ and the object distance
a weighted by the refractive index of media nm as shown in Equation 2.1.13.
[16]

β
′ =

y′

y
=

a′n1

an2
(2.1.13)

The ratio of the object-sided depth of field ∆a and image-sided depth of focus
∆a′ is the axial magnification as demonstrated in Figure 2.4. The axial mag-
nification equals the transversal magnification to a power of two according to
Equation 2.1.14. [16]
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Figure 2.4: The depth of field ∆a′ is the object-sided tolerable distance between the farthest and
the nearest object plane which is imaged sharply in the image plane. The depth of focus ∆a′ is
the image-sided distance between the farthest and the nearest image plane. If the image plane
is captured by a sensor or eye, the minimal feature size u′ determines the depth of field ∆a′.

β
′2 =

∆a′

∆a
(2.1.14)

The angular magnification Γ is used in case of afocal lens systems. In afocal
systems the object and image is at infinity, as illustrated in Figure 2.5. The
lateral magnification of y is undefined. Therefore, the angular magnification is
calculated based on the incident angle σ and refractive angle σ ′ of the chief
ray1. The definition of the angular magnification is given in Equation 2.1.15.
[16]

Figure 2.5: The angular magnification is calculated with respect to the incident angle σ and
refractive angle σ ′ of the gray chief ray.

1The chief ray passes an off-axis object point and the center of the entrance pupil.
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Γ =
σ ′

σ
(2.1.15)

2.1.1.4 Telescope and Microscope

Common examples for two lens systems are the KEPLER telescope, GALILEI

telescope and microscope. In the following, those three optical systems will
be explained, since these lens systems are basics for the lithography system’s
setup. [16], [20]

Astronomic telescopes image far objects on the retina of the observer. In ad-
dition, the telescopes are used for further fields of application such as beam
widening or reduction and magnification devices for precise tasks. The KE-
PLER telescope is based on two convex lenses as illustrated in Figure 2.6. The
objective captures the object height y and creates a real intermediate image of
the object. The eyepiece magnifies the real intermediate image and images it
into the observer’s eye. The KEPLER telescope has two advantages in com-
parison to the GALILEI telescope due to the real imaging in the focal points
and the spacious setup. Using a KEPLER telescope instead of a GALILEI tele-
scope, greater magnifications can be realized and a field lens2 can be applied to
improve homogeneous illumination of the imaging.[20], [45]

Figure 2.6: The KEPLER telescope is based on two convex lenses. The objective lens captures
the object y. The eyepiece magnifies the real intermediate image as illustrated by the

transparent arrow.

2A field lens images the entrance pupil to the exit pupil. It captures the marginal rays and avoids their radiation
out of the system.
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If the KEPLER telescope is used for beam size modification, the ratio of the
marginal rays D to D′ are determined by angular magnification Γ. According to
the Equation 2.1.15, the angular magnification Γ of the KEPLER telescope can
calculated by the chief ray and the ratio of the focal lengths fob and fey as given
in Equation 2.1.16. [20], [45]

Γ =
σ ′

σ
=

fob

fey
=

D
D′ (2.1.16)

The GALILEI telescope is comparable to the KEPLER telescope as shown in
Figure 2.7. It has also an objective and an eyepiece but the setup is different,
since a concave eyepiece is applied instead of the convex one. This causes
a virtual imaging in the joint focal points of fob and fey. In comparison to
the KEPLER telescope, the GALILEI is more compact using the concave lens.
Another advantage is the lower energy density in the system due to the virtual
imaging instead of the real imaging. This is useful in laser beam modifications
for example, since thermal effects can be minimized.[20], [21]

Figure 2.7: The GALILEI telescope is based on a convex and concave lens. The objective lens
captures the object and the concave eyepiece in front of the objective’s focal point fob causes a

virtual image at the joint focal points of fob and fey.

According to Figure 2.7, the angular magnification Γ can be calculated by the
ratio of the chief ray angles σ and σ ′, focal lengths fob and fey, or beam widths
D and D′. The respective mathematical definition is given in Equation 2.1.17.
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It is equal to Equation 2.1.16 of the KEPLER telescope. [20]

Γ =
σ ′

σ
=

fob

fey
=

D
D′ (2.1.17)

A microscope is used to capture small objects and magnify them by an increased
refractive angle on the retina or measurement device. Two convex lenses are
used to capture the object y as demonstrated in Figure 2.8. The short focusing
objective causes a magnified real intermediate image in an image distance that
is significantly greater than the objective’s focal length fob. The real intermedi-
ate image is magnified a second time by the eyepiece. The focal lengths of the
objective fob and eyepiece fey are positioned in the tube distance t. In commer-
cial systems, the tube distance t is specified to change the objective or eyepiece
lenses for further magnification settings. [20], [45]

Figure 2.8: The microscope is based on two convex lenses. The objective imaged the
magnified object far behind its focal point. The eyepiece captures the real intermediate image

and magnifies it again. The distance between the focal lengths of the objective fob and
eyepiece fey is the tube distance t.

The resulting angular magnification is defined by the object distance a, the tube
length t and the focal lengths fob and fey as given in Equation 2.1.18. [45]

Γ =
a t

fob fey
(2.1.18)
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2.1.2 Wave Optics

Wave optics are based on the physical principles of electromagnetic waves
which are defined by the four MAXWELL’s equations of GAUSS’s, FARADAY’s
and AMPERE’s laws. These equations describe the interaction of electric and
magnetic fields as well as the electromagnetic radiation in matter. The result-
ing wave equation is describable by the electric field E⃗, and its change ∆E⃗, the
phase velocity of different matter c, and time t as given in Equation 2.1.19. [20],
[21]

∆E⃗ − 1
c2

∂ 2

∂ t2 E⃗ = 0 (2.1.19)

There are several solutions to the wave equations. The plane and spherical
wave solution will be described. A plane wave propagates perpendicular to the
normal k⃗ and has a wavelength of λ as illustrated in Figure 2.9. [20], [21]

Figure 2.9: Two-dimensional illustration of a plane wave with a certain wavelength λ . The
vector k⃗ is the normal of the wavefront.

The electrical field amplitude of a plane wave depends on the position r⃗ and
time t. It is defined by Equation 2.1.20. The main parameters of the resulting
electric field E are the amplitude E0, angular frequency ω , time t, wave vector
k⃗, position vector r⃗ and unit vector e⃗. [20]

E (⃗r, t) = E0ei(ωt−⃗k⃗r); with ω =
2π

λ
· c, k⃗ =

2π

λ
· e⃗, r⃗ =

x
y
z

 (2.1.20)
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If all points of a wavefront have the same wave vector k⃗, the Equation 2.1.21 is
true and the wavefront is plane. [20]

ωt − k⃗⃗r = const (2.1.21)

In contrast to the plane wave, a spherical wave propagates in all directions from
its origin. A two-dimensional illustration of a spherical wave with a radius r
and the wavelength λ is shown in Figure 2.10. [20], [71]

Figure 2.10: Two-dimensional illustration of a spherical wave with a certain wavelength λ .
The spherical waves spread from its origin along all dimensions.

A spherical wave is defined by the amplitude E0, angular frequency ω , time t,
wave number k, radius r as given in Equation 2.1.22. [21],[71]

E(r, t) = E0
ei(kr−ωt)

r
; with ω =

2π

λ
· c, k =

2π

λ
(2.1.22)

2.1.2.1 Superposition

During the superposition of two or several waves j, the resulting electrical field
amplitude Eres is defined by the addition of the respective amplitudes E j at the
position of |⃗r| at time t as it is given in Equation 2.1.23. [18], [20]

Eres(⃗r, t) =
N

∑
j=1

E j(⃗r, t) (2.1.23)
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If two waves with a phase difference φ0 are crossing, the resulting electrical
field amplitude is defined as shown in Equation 2.1.26. [21], [37]

Eres(⃗r, t) = E01ei(ωt−⃗k⃗r)+E02ei(ωt−⃗k⃗r+φ0) = ei(ωt−⃗k⃗r)(E01 +E02eiφ0) (2.1.24)

The wave Eres can not be measured by a detector due to the high spatial fre-
quency. Therefore, the intensity is measured which equals the square of the
absolute amplitude as described in Equation 2.1.25. The incidence waves’ in-
tensities I1 and I2 interfere with each other at a detector. They cause the mea-
sured Intensity Ires as displayed in Figure 2.11.

I ∼ |E|2 (2.1.25)

Figure 2.11: Two-dimensional illustration of two waves’ interference. The resulting wave Ires
is the superposition of I1 and I2.

Two extreme interference cases can be distinguished. One case is constructive
interference as shown in Figure 2.12. Thereby, the phase difference φ0 is an
even multiple 2n of π . [37], [45]
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Figure 2.12: The constructive interference of I1 and I2 causes a maximal amplitude of the
resulting wave Ires.

The constructive condition is described in Equation 2.1.26. [37], [45]

φ0 = 2nπ (2.1.26)

The case of destructive interference is demonstrated in Figure 2.13. The super-
position of both waves results in a intensity Ires which is equal to zero. [37],
[45]

Figure 2.13: The destructive interference of I1 and I2 causes amplitude extinction of the
resulting wave Ires.

In the destructive case, the phase difference φ0 is an uneven multiple 2n+1 of
π as given in Equation 2.1.27. [37], [45]

φ0 = (2n+1)π (2.1.27)
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2.1.2.2 Di�raction and Optical Grating

The diffraction of a wave is based on the redirection of the wave at a slit. If
the circumstances are ideal, the diffraction of a coherent wave can be explained
using the HUYGENS principle. According to this, a wavefront can be described
by a superposition of an infinite number of spherical waves. An incident plane
wave propagates an optical grating by forming spherical waves in the slit. Since
the original plane wave changes its propagation from one to infinity directions,
this phenomenon is called diffraction. If the slit width ws is similar to the wave-
length λ , it is approximated that one spherical wave per slit propagates the
optical grating as shown in Figure 2.14. [20], [21], [71]

Figure 2.14: The incident plane wave is diffracted at an optical grating. Spherical waves
propagate from the split in all directions. The spherical waves create a new wavefront by
superpose each other according to HUYGENS principle. If the slit width ws is equal to the
wavelength λ , it is approximated that one spherical wave per slit is formed at the optical

grating.

In Figure 2.15, the effect of the FRAUNHOFER diffraction is demonstrated. The
interference pattern of the spherical waves is visible at a detector in the far-
field region. The intensity maxima m, which are named diffraction orders, are
caused by constructive interference at the detector. The geometrical relation of
the distance between the diffraction orders dm is defined in Equation 2.1.28. The
distance between the diffraction orders dm increases if the distance l between
the optical grating and the detector or the diffraction angle αm increases. The
diffraction angle αm increases by decreasing the gating constant g. [20], [21]
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Figure 2.15: Based on the geometrical relations of the FRAUNHOFER diffraction, the distance
between the diffraction orders dm can be calculated. It is a function of the distance l from the
optical grating to the detector and the diffraction angle αm which is directly affected by the

diffraction order m, the wavelength λ , and the grating constant g.

dm = tan(αm) l with αm = arcsin
(

mλ

g

)
(2.1.28)

In the case of an incoherent illumination, waves are differently diffracted in cor-
relation to their wavelengths according to Equation 2.1.28. The illumination’s
spectrum is imaged at the detector.

2.1.3 Abbe Theory and Resolution

ABBE’s theory of microscopes is based on its imagining path as illustrated in
Figure 2.16. An object is illuminated by a coherent illumination source and its
image in the image plane is magnified via two positive lenses. The object plane
and the aperture plane are in the focal points of lens 1. The aperture plane and
the image plane are located in the focal points of lens 2. The microscopes imag-
ing and the diffraction-limited resolution can be explained using the displayed
setup of Figure 2.16 and the FOURIER system theory. [17], [25]
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Figure 2.16: ABBE’s theory of microscope is based on the FOURIER system theory. Since
lenses 1 and 2 transform the object’s intensity distribution via the FOURIER plane, the

microscope’s image can be calculated by multiplication of the original object with the system’s
complex optical transfer function (OTF).

The ABBE’s theory can be explained by the diffraction at an optical grating
in the object plane. The diffracted waves are captured by the lens 1 which
image the object to infinity. This is equals to the FOURIER transformation of the
object’s complex electrical field amplitude E(X ,Y ) that causes the imaging of
complex electrical field amplitude e(νx,νy) in the FOURIER plane as described
by Equation 2.1.29. [25]

e(νx,νy) = F{E(X ,Y )}= 1
2π

∫ ∫
∞

∞

E(X ,Y ) · ei(νx·X+νy·Y )dxdy (2.1.29)

The complex electrical field amplitude e(νx,νy) is affected by the microscope’s
projection characteristic. The complex Optical Transfer Function3 OTF de-
scribes the system’s projection of an object’s point in the image plane as a func-
tion of the spatial frequency ν . The system-affected complex electrical field
amplitude e′(νx,νy) can be calculated by a multiplication with the OTF(νx,νy)

in the FOURIER domain as shown in Equation 2.1.30. [17], [25]

e′(νx,νy) = e(νx,νy) ·OFT (νx,νy) (2.1.30)

3The complex OFT (νx,νy) is equivalent to the Point Spread Function PSF(X ,Y ) in the spatial domain.
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The lens 2 captures the resulting complex amplitude e′(νx,νy) and images the
object in the image plane. This is analog to an inverse FOURIER transformation
of the resulting complex amplitude e′(νx,νy) as given in Equation 2.1.31. The
image of the FOURIER plane is transformed back to the spatial domain. The
incident waves onto the image plane interfere at the detector and causes the
microscope’s image. [17], [25]

E ′(X ,Y ) = F−1{e′(νx,νy)}=
1

2π

∫ ∫
∞

∞

e′(νx,νy) · e−i(νx·X+νy·Y )dνxdνy

(2.1.31)

In the case of a normal coherent illumination, the first diffraction order must
pass the system to ensure the interference on the detector in the image plane. As
illustrated in Figure 2.16, the aperture stop determines the transmitted diffrac-
tion orders and the resulting spectrum in the FOURIER plane. It has the effect
of a low pass filter since it cuts off higher diffraction orders. ABBE’s resolution
limit of a diffraction-limited microscope is defined by the wavelength λ and
the maximum first order diffraction angle passing the system αmax as given in
Equation 2.1.32. In addition, the NA increases using an immersion medium n
and the system’s resolution becomes higher. [17], [25]

gmin,coherent =
λ

n sin(αmax)
(2.1.32)

In contrast, if the illumination is incoherent and not coherent, the diffraction
does not correlate with wave’s phase. The diffracted waves do not construc-
tively or destructively interfere and the detected image is based on the addi-
tion of the diffracted waves. Therefore, the minimal resolved grating constant
gmin,incoherent is two times smaller than the minimal grating constant gmin,coherent

using a coherent illumination. In case of an incoherent illumination, the min-
imal grating constant gmin,incoherent can be calculated by the wavelength λ , the
diffraction angle αmax and the immersions medium’s refractive index n as de-
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scribed in Equation 2.1.33. [17], [25]

gmin,incoherent =
λ

2 n sin(αmax)
(2.1.33)

At this point, it must be noted that the ABBE’s theory of microscopes can be
applied to lithography systems since a lithography system is based on an inverse
illuminated microscope.

2.1.3.1 Numerical Aperture

The Numerical Aperture NA of a system is defined by the system’s opening
angle θ , which is equal to the refracted diffraction angle α ′

max of Figure 2.16. If
an immersion medium is used, its impact is taken into account by multiplying
its refractive index n. The geometrical relations of these parameters are shown
in Figure 2.17 and the respective equation is given in Equation 2.1.34. [18],
[20], [21]

Figure 2.17: The system’s numerical aperture NA is a function of the system’s opening angle
θ , which is equal to the refracted diffraction angle α ′

max, and the refractive index n of the
immersion media.

NA = nsinθ (2.1.34)
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2.1.3.2 Modulation Transfer Function

The difference of an ideal diffraction-limited system and the real aberration-
affected system is defined by the complex OTF(ν). The OTF(ν) is based on
the Modulation Transfer Function MTF(ν) and the Phase Transfer Function
PTF(ν) as described in Equation 2.1.35. Since the complex OTF(ν) can not be
detected, the absolute |OTF(ν)| is measured in a MTF analysis. [17], [25]

MT F(ν) = |OT F(ν)|= |MT F(ν) · ei PT F(ν)| (2.1.35)

The MTF of an optical system is measured by taking the minimum intensity
Imin and maximum intensity Imax of the respective structure’s frequency into
account. The relation of the minimum intensity Imin and maximum intensity
Imax is the contrast C as described in Equation 2.1.36. [20]

C =
Imax − Imax

Imax + Imax
(2.1.36)

The Equation 2.1.37 defines the MTF based on the object’s and image’s contrast
according to Equation 2.1.36. [20]

MT F =
Cimage

Cob ject
(2.1.37)

Figure 2.18 illustrates the contrast behavior of system a and b. The MTF of
system a is similar to an ideal MFT of a diffraction-limited system. As given
in Equation 2.1.38, the cut off frequency νmax of an ideal MTF is equal to the
inverse resolution gmin of Equation 2.1.32 and 2.1.33 based on ABBE’s theory.
The MTF of a diffraction-limited system, with an incoherent illumination and
a circular pupil, is real. Its ideal MTF is analytically represented by a func-
tion of spatial frequencies ν as described in Equation 2.1.39. In the case of
a real system, such as system b, system aberrations cause a phase shift. Ac-
cording to Equation 2.1.35, a phase shift results in deviating values of the real
MTF as shown in Figure 2.18. The contrast of a real MTF is always lower than
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the ideal MTF’s contrast due to the affecting phase shift. Therefore, the real
maximum resolved spatial frequency is below an ideal system’s maximum spa-
tial frequency νmax. This means that the resolution is reduced by aberrations.
[14],[17]

Figure 2.18: MTF visualization of system a and b as a function of the object frequency f in
line pairs per mm.

νmax =
1

gmin
incohrenent illu.: νmax =

1
gmin,incoherent

=
λ

2 n sin(αmax)
(2.1.38)

MT F(ν) =
2
π

arccos
(

ν

νmax

)
− ν

νmax

√
1−

(
ν

νmax

)2
 (2.1.39)

An optical system consisting of several units can be described by the MTFs of
the individual subsystems i with respect to Equation 2.1.40 [49].

MT F = ∏MT Fi (2.1.40)

A MTF analysis can be conducted using test charts such as the Siemens star or
the USAF chart. The UASF chart was invented later than the Siemens star by
the U.S. Air Force to evaluate optical systems. The original target consists of
nine groups with six elements. The vertical groups and horizontal elements can
be assigned to a specific spatial frequency by the numbering. Figure 2.19 shows
the USAF target which is used in the experiments. [18], [70]
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Figure 2.19: The USAF 1951 pattern is a test chart to evaluate the contrast of certain spatial
frequencies [70].

2.1.3.3 Rayleigh Criterion

Since optical systems are not aberration-free and they can not be used up to
ABBE’s resolution limit, there are resolution criteria that define resolution limits
based on the Point Spread Function (PSF) of two points. According to the
RAYLEIGH criterion, the intensity maximum of one point’s PSF must coincide
with the first intensity minimum of the other point’s PSF, as displayed in Figure
2.20. [17]
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Figure 2.20: The contrast threshold of the MTF analysis is based on RAYLEIGH criterion.
According to the RAYLEIGH criterion, the intensity maximum of first point’s PSF must be lie

in the first intensity minimum of the second point’s PSF.

The lateral resolution ∆x based on the RAYLEIGH criterion is equal to the dis-
tance of the two points’ maxima. It is a function of a factorized wavelength λ

and the system’s NA using a small-angle approximation as given in Equation
2.1.41.

∆x = 0.61
λ

NA
(2.1.41)

Since optical systems have an impact on the resulting point widths, the contrast
threshold based on the RAYLEIGH criterion is determined to 0.15 [17] up to
0.27 [30]. In the following MTF analysis, the contrast threshold is set to 0.2 to
evaluate the system’s resolution. [1], [13], [41]

2.1.4 Distortion

The distortion of an image is caused by refraction of the chief ray in the sys-
tem as shown in the simplified Figure 2.21. There are two types of distortion.
According to Figure 2.21 (a), the positive distortion drags the image’s edges
outward due to a chief ray diffraction in front of the aperture. It is also known
as pincushion distortion. Refraction of the chief ray behind the aperture stop
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leads to a negative barrel distortion as illustrated in Figure 2.21 (b). A sys-
tem’s zoom setting, which is based on the variation of the lenses’ distances to
the aperture stop, and the lenses’ thicknesses have an impact on the distortion.
Distortion is the only aberration that does not affect the resolution.

(a)

(b)

Figure 2.21: Positive distortion is caused by an refraction of the chief ray in front of the
aperture stop (a). In contrast, negative distortion is based on a chief ray’s refraction after the

the aperture stop (b).

Since distortion is a symmetric aberration, it is measured frequently as a func-
tion of the radial distance to the center Ri. The respective absolute radial distor-
tion Di is the absolute distance from the measured image point (red) to the ideal
image point (blue) as shown in Figure 2.22. The absolute radial distortion Di is
calculated based on Equation 2.1.42.
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Figure 2.22: The measured distortion is a function of the radial distance to the center Ri. The
respective absolute radial distortion Di is the absolute distance from the measured image point

(red) to the ideal image point (blue).

Di(R) =
√

∆x2
i +∆y2

i with Ri =
√

x2
i + y2

i (2.1.42)

2.2 Conventional Lithography

Lithography is versatile with respect to process principles. Several processes
are listed under lithography. For example: Photolithography, EUV Lithogra-
phy, X-Ray Lithography, Electron, or Ion Beam Lithography. Their common
characteristic is the reaction in a target substrate by external energetic influence.
The substrate partially changes its cohesive characteristic. The partial change of
the coherence property is used in order to remove certain areas of the substrate
by a developing process. The development refers to a etching process. A dis-
tinction is made between wet and dry etching. Photolithography is a common
wet etching process since the exposed photoresist and the respective functional
layer are developed by a liquid solvent. In the following, the photolithography
and applied photomask are dealt with.

2.2.1 Photolithography

Lithography is based on ’stone’ (Ancient Greek: lithos) printing. It is imple-
mented in 1798 to replicate color printings. Photolithography was developed to
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image a master structure on a stone stamp of the lithography printing. Modern
photolithography systems are designed to reduce the photomask structure down
to 5 nm on a silicon-based substrate using Extreme Ultraviolet (EUV) Light
with a wavelength of 13.5 nm. EUV light does not propagate through a lens
system since it is absorbed completely by the atmosphere. Therefore, modern
lithography systems are adapted. They are based on mirrors instead of lenses
and vacuum is generated in the lithography unit. In addition, those photolithog-
raphy systems are part of a wafer scanner that moves the substrate to expose as
much surface as possible within the least amount of time. Modern waver scan-
ners, such as the ASML NXE:5000, have a throughput of 185 wafer per hour.
[8],[48], [62], [75]

Common photolithography systems are based on the same components as visu-
alized in Figure 2.23. Light from a powerful light source is coupled into a illu-
mination system. The illumination system widens the beam of the light source
and prepares it to illuminate the mask and the substrate homogeneously. The
photomask’s structure is reduced in size by a projection system and imaged on
the substrate. The size reduction has the advantage that the photomask can be
produced more easily in greater dimensions and defects are reduced by the re-
duction in size. The greatest challenge in optical design strategies is to achieve
homogeneous illumination while minimizing the structure size according to a
reproducible and aberration-free lithography process. [44], [75]
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Figure 2.23: The photolithography system’s basic setup consists of an illumination system,
photomask, projection system, and substrate holder [44].

The resolution and the depth of focus are key parameters of a photolithography
system. According to Equation 2.1.32, the resolution of an axial illuminated
system is equal to the wavelength λ divided by the numerical aperture NA of
the system. The Equation 2.2.1 of the photolithography system’s minimum
resolved structure glitho is expanded by an application factor k1. This factor is
defined by the total photolithography process. The resolution of the photoresist
is taken into account. The factor of application must be as small as possible to
achieve the smallest feature size. Common systems have an application factor
k1 of 0.4 to 0.8. However, the application factor is decreased significantly since
structures of approximately 5 nm and smaller can be developed using a maximal
high-NA of 0.55. [44], [48], [52]

glitho = k1
λ

NA
(2.2.1)

The depth of focus DOFlitho has an impact on the vertically exposure of the
substrate’s structure. It must be sufficiently depth to ensure a minimized image
blur. According to Equation 2.2.2, the depth of focus is primarily determined by
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the wavelength λ , the application factor k2 and the NA to a power of two. Since
the NA should be large to achieve a small feature size glitho based on Equation
2.2.1 and low as possible with respect to Equation 2.2.2, a compromise between
feature size and depth of focus must be found. [44], [52]

DOFlitho = k2
λ

NA2 (2.2.2)

The workflow of a photolithography process in the semiconductor industry is
explained based on Figure 2.24. A wet etching process is shown in the work-
flow. The substrate (e.g. Si, SiO)4 is prepared by applying a functional layer
(e.g. SiO2, Cr)5 and a photoresist (e.g. PMMA)6. The photoresist is sensitive
for Ultra Violet (UV) light which is exposed by the lithography system. If a
positive resist is developed, the exposed areas are removed by a water-based
solvent. A negative resist is locally polymerized by the exposure energy. The
non-exposed areas will be removed during development. After development,
the functional layer is etched at the unprotected areas. Finally, the photoresist
is removed completely and further etching processes can be conducted. [75]

Figure 2.24: Workflow of a basic photolithography process. The developed photoresist layer is
used as a wet etch mask for patterning the functional layer. A positive photoresist is dissolved
in the exposed areas. In contrast, the negative resist will be removed in the non-exposed areas.

4Si: Silicon, SiO: Silicon oxide
5SiO2: Silicon dioxide, Cr: Chromium
6PMMA: Polymethylmethacrylat
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2.2.2 Photomask

The photomask of a lithography system is also known as a reticle. The original
photomask in 1980 was based on Rubylith7 which is a dual masking film. The
first integrated circuits are cut by hand into the first layer of the Rubylith film
[23]. As the power of the illumination sources increases, the film mask is de-
formed by the generated heat during exposure. The next generation of masks
had heat-resisting silver halide (AgX e.g. AgBr, AgI, AgCl)8 structures on stan-
dard glass. Since they can be manufactured by a photolithographic process, the
silver halide photomasks are suitable for mass production and prevailed as stan-
dard. The standard glass was replaced by borosilicate and quartz (SiO2) to im-
prove the thermal stability while the illumination wavelengths became shorter.
Silver halide was replaced by chromium (Cr) since it has better absorption char-
acteristics using UV light. [28], [54],[72]
If the wavelength is smaller than 193 nm, phase-shifting masks are applied to
adjust the diffraction and interference behind the mask. A phase-shifting semi-
transmitting layer (e.g. MoSi)9 is deposed on the quartz mask to manipulate the
diffraction and increase the contrast as shown in Figure 2.25 [26], [69].

7Rubylith is a brand name. It is a masking film based on polyester.
8AgBr: Silver bromide, AgI: Silver iodide , AgCl: Silver chloride
9MoSi: Molybdenum silicide
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Figure 2.25: In UV lithography using a 193 nm or lower wavelength, a phase shifting mask is
required to improve the intensity contrast by a superposition with another phase. The phase

shift is caused by a semi-transmitting layer (e.g. MoSi) based on [26].

The photomasks changed in relation to the 13.5 nm EUV lithography imple-
mentation. Since the mirror-based systems have an extreme loss of energy due
to the partial absorption at the mirrors, the photomask is based on a multi-layer
reflector and low thermal expansion absorber. The EUV lithography system’s
mask is reduced 4x by the projection system. [3], [11], [62]

Regardless of the mask generation, it can be said that the exposed structure is
significantly determined by the photomask. Structure defects are transferred
through the projection system onto the substrate. Therefore, the photomask
and its illumination have a significant impact on the application factor k1 of
Equation 2.2.1 and the resulting resolution of the lithography system. If the
projection system’s resolution is greater than the photomask’s resolution, the
photomask limits the exposed structure. [61]
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2.3 Inkjet Printing

In the 1960s, continuous printing by amplitude-modulated dispensing was es-
tablished. The development of drop on demand printing by frequency modu-
lation started a few years later in the 1970s. Todays, inkjet systems are used
to apply ink as well as biomedical fluids or conductive materials on paper and
other materials. [27], [36]

2.3.1 Digital Layout and Software

The digital layout determines the subsequent printing. The layout’s informa-
tion is stored in a file. There are different file formats to save digital images
which are basically distinguished in raster graphics and vector graphics. Raster
graphics work on the principle of a pixel array. The digital image information
is stored in Cartesian coordinates with no respect to the display size. Zooming
into a raster graphic, either a pixel array value is passed to multiple pixels of
the screen, or the pixel information is approximated. If the original pixel in-
formation is not approximated, the discretization of the raster graphic becomes
visible. Typical discrete formats are Portable Network Graphics (PNG), Tagged
Image File Format (TIFF) and Windows Bitmap (BMP). Vector graphics have
defined image points that are connected by lines, curves, and other shapes.
Since the defined connections do not change when the image is rescaled, the
graphics can be imaged sharply on varying screen sizes. Scalable Vector Graph-
ics (SVG) is a common file format of vector graphics. [65] [66]

The Raster Image Process (RIP) converts the image from the original file for-
mat into a continuous inkjet tone. According to the color tone and respective
intensity, the RIP generates a printing pattern that represents the color tone by
using the printer’s color code (e.g. Cyan Magenta Yellow Key-Black (CMYK))
and calculating the dot density. There are different rendering methods of vari-
ous printing software. They generate reproducible individual printing patterns
by taking the printing setting into account. [33], [36]
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2.3.2 Print head

Besides all the mechanical parts, the print head is the main part of a printer. In
an inkjet printer, the print head is moved to print in certain areas. A print head
is based on a housing and nozzle chambers which dispense the material through
the nozzles as shown in Figure 2.26. The mechanical precision and the nozzle
density have an impact on the printing resolution. The manufacturers declare
the printers’ resolution by the dot density in DPI.

Figure 2.26: The basic components of a inkjet print head are the housing with semiconductor
dies. The print head’s nozzles are etched into the dies and connected to material reservoirs.

There are different drop on demand technologies that are applied to dispense
the material through the nozzle based on thermal, piezoelectric, or electrostatic
actuators. Since thermal and piezoelectric print heads will be used in thesis’
experiments, the respective drop development will be explained and compared
according to Figure 2.27. In Figure 2.27 (a), a current is applied to the resis-
tor of the thermal-based print head which results in a temperature of 350 ◦C
to 400 ◦C at a resistor’s surface. Ink or other material evaporate immediately
and generate a pressure wave in the nozzle chamber. A drop is ejected out of
the nozzle within 10 µs. Subsequently, a part of the squeezed-out material is
sucked back into the chamber by the rising negative pressure. Due to the oscil-
lating pressure, the liquid starts to oscillate for approximately 100 µs. Then, the
normal state is reached again. Commercial manufacturers such as Canon and
HP fabricate thermal-based print heads because the design is small and a higher
nozzle density can be achieved in comparison to a piezoelectric print head.
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In piezoelectric print heads, a stimulating voltage is applied to a piezo crystal
in order to generate a pressure pulse as shown in Figure 2.27 (b). The mate-
rial escapes through the nozzle and oscillates after the ejection as explained in
case of a thermal-based print head. Subsequently, the material must settle down.
Since the drop is mechanically dispensed by the piezo crystal’s movement, heat-
sensitive materials can be jetted. This is an advantage of the piezoeletric print
head in comparison to the thermal-based ones and useful for advanced dispens-
ing of biochemical or conductive material. [2], [27], [34], [36]

(a) (b)

Figure 2.27: Print heads based on thermal (a) and piezoelectric (b) actuators. The
thermal-based print heads dispense material by evaporate material on the resistor’s surface and

generate a pressure wave. In contrast, the piezo crystals eject out the material mechanically.

As already mentioned, the nozzle distance of the print head and the mechanical
drop spacing have a major impact on the printer’s resolution. In addition, the
resolution is determined by the dried drop size on the substrate. The volume
of the material drop, the wetting, and the dry process have an impact on the
resulting drop size as shown in Figure 2.28. As visualized in Figure 2.28 (a),
the volume of the detached drop is a function of the nozzle diameter a, pres-
sure wave’s force Fe, material density ρ , contact angle γc1, and surface tension
between liquid, ambient and nozzle σ as given in Equation 2.3.1 10. [51], [74]

V =
2πaσsin(γc1)

Feρ
(2.3.1)

If the drop settles down onto the substrate. The dry rate, the resulting surface
tension’s fore Fs, the wetting fore Fw, and the penetration force Fp affect the
drop size. All acting forces depend on the polarity of the drop material and sub-
strate which are included in the contact angle γc2. In the experiments, which are

10The gravitational effect on inkjet drops can be neglected due to the low drop mass.
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described in Chapter 3, the inkjet photomask’s substrate is Polyethylentereph-
thalat PET. The surface of PET and comparable plastics (PE, PVC)11 have a low
polarity which causes a hydrophobic characteristic. The resulting contact angle
between the substrate and the high polar water-based ink is large γc2 > 90◦.
Since PET foils are not porous, penetration as known from a paper substrate is
excluded. Therefore, commercial printing films have additional roughness and
promotional coatings to improve wetting and drying. Water-based inks can be
modified by chemical supplements to lower their polarity. The dry rate causes
a change in the drop’s volume V and its material characteristics. Consequently,
the drop size will change until it is fully dry. The ambient temperature and ad-
ditional heating have an impact on the resulting drop size due to the time factor
of drying. It is empirically determined that drop on demand systems generate
water-based ink dots of 3.5 to 5 pl which results a spot size of 10 to 20 µm. [53],
[36], [42],

(a) (b)

Figure 2.28: Visualization of parameters which have an significant impact on the drop volume
(a) and the spot size (b).

11PE: Polyethylene, PVC: Polyvinyl chloride
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3 Methodology

3.1 Analysis of the Printing Systems

The research is divided into two main parts. First, the printing system of the
inkjet-printed photomask is characterized. Secondly, the lithography system
is constructed by taking the edge quality of the printed mask into account to
achieve a ink-dot-free imaging.

A characterization of the printing system is conducted to determine the smallest
reproducible structure size and the edge quality of the commercial printer Canon
iX6850 using the black (BK) and the pigment-added black (PGBK) cartridges.
The ink is dispensed through different print head units. Therefore, the patterns
of different inks are analyzed to make conclusions about the print head. Ac-
cording to its datasheet, the printer prints applying 9600 DPI perpendicular to
the printing direction. Two structure types are printed in printing system’s anal-
ysis. The printed structures are directly printed, while the negative structures
have a printed background. The structure types are compared to the given size
of the digital layout. The digital bar structures vary from 15 µm up to 197.5 µm
with 2.5 µm steps. Examples of the digital test patterns are shown in Figure 3.1.
The size of the printed structures (a) and negative structures (b) are measured
as a bar size S. An evaluation based on line pair size is not reliable since binary
printed patterns do not have an symmetric duty circle of printed and non-printed
parts due to the ink distribution of printed lines. The structure size is measured
by a WLI (Zygo) and is automatically evaluated using MATLAB.

(a) (b)

Figure 3.1: Extracted digital layout of the printed structures (a) and the negative structures (b).
The measured structure size refers to a single bar and not to a line pair since the printed duty

circle is not symmetric.

Selina Burkert Matr. no. 82445 page 38



University Aalen Methodology

Since the Canon printer is a closed system, the DMP 2850 is investigated using
the black Dimatix test ink. The printer’s resolution is set manually via the drop
spacing, which must be chosen to match the drop diameter on the substrate. If
the drop spacing is too small, too much ink is applied. The printed structures
increase in size and the edges become wavy. Otherwise, a too large drop spac-
ing causes unfilled areas. The best drop spacing is determined according to the
print edge quality of three 100 µm bars per spacing setting. Therefore, the drop
spacing is set to 10 µm and 15 µm. Further spacing settings were excluded from
the analysis due to insufficient print quality. Further printing settings such as
the printhead temperature, jetting frequency, and applied voltage are adjusted
immediately at the drop watcher before printing.

The next step in printing system’s analysis is the evaluation of the lowest repro-
ducible structure size. The structure size is varied by a multiple of the minimum
drop spacing up to 140 µm. The mean structure width and its reproducibility
is analyzed. The reproducibility is determined by the standard deviation of the
measured structure widths. The edge quality measured by the standard devia-
tion of the printed edges.

The commercial Canon printer and the DMP are compared. Based on the best
achievable edge quality, the lithography system’s maximal resolution is calcu-
lated.

3.2 Setup and Analysis of the Lithography

System

The ink dots of the printed mask structure should no longer be identifiable in the
NIL master structure for developing smaller structures and more precise edges.
Therefore, the lithography system is rebuilt to only resolving structures larger
than edges’ ink dots and reducing the structure size. The theory of this method
is illustrated in Figure 3.2. In the first system part, the structure of the printed
mask (a) is imaged in the intermediate plane (b). The edges’ ink dots become
blurred and the intensity distribution during exposure is smoothed. According
to this, the single ink dots of the printed photomasks will no longer be identifi-
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able. In the second part of the system, the intermediate image is reduced onto
the substrate plane (c) by an objective lens. The intensity distribution during the
photoresist’s exposure is still smoothed. A non-linear photoresist is only devel-
oped if the exposure intensity exceeds a certain level Ith (d). The smoothed
intensity distribution results in steep slopes in the non-linear photoresist.

(a) (b) (c) (d)

Figure 3.2: Theory of the lithography system’s effects on the mask structure and the developed
photoresist structure. The mask structure (a) is blurred imaged in an intermediate image (b) to
make the ink dots unidentifiable. Subsequently, the structure is significantly reduced onto the
photoresist’s surface (c). The non-linear photoresist is only developed if a certain energy level

is exceeded during exposure (d).

According to the system’s concept of Figure 3.2, the basic lithography system
consists of two main functional parts in order to make the mask’s image blurred
and reduce it. The lithography system’s basic setup with the respective func-
tional parts is illustrated in Figure 3.3. The printed inkjet mask is illuminated
by a 405 nm LED. The mask’s ink dots are blurred imaged due to the lower
resolution limit of a macro lens than the printing edges’ inaccuracy. The second
part of the system reduces the intermediate image about 20x onto the substrate
plane by a tube lens and a microscope lens.
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Figure 3.3: Setup of the lithography system based on two functional units. The first unit
images blurred structures if they have a structure size below its resolution. In addition, it

conducts a pre-reduction in size. The main reduction is done by a high-resolution microscope
lens. The respective images of the shown system planes are visualized below.

The macro lens is an Optem video zoom lens that has a focal length from 18 up
to 108 mm and a closed aperture F/2.5. The field stop, the zoom, and the focus
can be adjusted manually [35]. The best combination of three field stops, seven
focus lengths, and 12 zoom settings must be evaluated for using this lens in the
lithography system. All settings are combined, and the respective resolution
limits are evaluated by a MTF analysis. Further parameters such as the Field of
View (FOV) are determined. The setting combinations with a resolution limit
below the printing edge inaccuracy and the greatest FOVs up to 80 % of the
illumination source’s diameter will be analyzed again by taking the distortion
into account. Finally, the optimum is evaluated with respect to the resolution,
FOV, and less distortion-affected imaging. The reduction factor of the second
system part is a function of the focal length ratio of the tube lens and the micro-
scope lens. In the built lithography system, the tube lens has a focal length of
175 mm and the microscope lens’ focal length is 8 mm approximately1 which
affects an assumed reduction factor of 0.046x. The pre-reduction unit is applied
to multiply the main reduction factor. After the lithography system is built, the
resolution and the reduction factor of each system unit and the total system will
be measured by a MTF analysis and the imaging reduction.

1The real focal length of the Leica lens is not defined. The approximation is based on a comparable system
that has a tube length of 160 mm and a resulting reduction of 0.04x. The calculation, 160 mm multiplied by 0.04,
results in an approximated focal length of 8 mm.
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4 Experimental results
According to the planned methodology in Chapter 3, the experiments are con-
ducted. The commercial Canon iX6850 and the DMP 2850 are analyzed with
respect to the minimal structure size and the edge quality. The lithography
system’s resolution limit is defined based on the printing edges’ analysis. Sub-
sequently, the photolithography system is set up in eight calibration steps. The
results of each calibration step are dealt including the system power’s measure-
ment.

4.1 Printing Systems

4.1.1 Canon iX6850

Bar structures such as the bar groups of Figure 4.1 are printed by the Canon
iX6850. There are three bars of each size perpendicular1 to the printing direc-
tion. The different bar groups are arranged in a grid of multiple sub-inches 2 to
support the RIP and achieve the highest resolution.

Figure 4.1: Structures’ grid of the printed test patterns. The bars are oriented perpendicular to
the printing direction. The bar groups’ horizontal distance is a multiple of 0.25 · 25.4 mm. The

vertical distance is a multiple of 24.4 mm.

Since structures larger than 60 µm are resolved, Figure 4.2 shows the measured
bar size according to the respective digital bar size in a range from 60 µm up to
197.5 µm. In Figure 4.2 (a), the measured bar sizes of BK printed structures are

1The 9600 DPI can be achieved perpendicular to the printing direction. Therefore, this orientation is used to
achieve the highest resolution.

21 inch = 25.4 mm
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plotted. The measured bar size of PGBK printed structures are displayed in (b).
Negative structures of PGBK ink in (b) are reliable identifiable if they are wider
than 82.5 µm. Smaller bars do not always result in a complete bar structure due
to the distribution of the ink. In the following the bar size, its reproducibility,
the printing algorithm, and the impact of the ink type (BK: CLI-551BK and
PGBK: PGI-550PGBK) will be discussed with respect to Figure 4.2.
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(a)

(b)

Figure 4.2: Measured bar sizes of the Canon iX6850 printed structures using BK ink (a) and
PGBK ink (b). The negative bars (blue) tend to be smaller than the digital reference (red). In

contrast, the printed bars (orange) are rather larger than the digital reference.

In general, printed structures are wider than the negative structures due to the
ink spreading around the dot center as visualized in Figure 4.3. According to
printed 125 µm structures of Figure 4.3, the printed structure size S tend to be
wider than the digital reference Re f (a) and the negative structure S is smaller
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than the expected reference Re f (b). If a predictable offset is known, the offset
between the digital structure size and the printed structures can be adjusted in
the digital layout.

(a) (b)

Figure 4.3: Impact of the structure printing type on the resulting structure size. Printed bars S
tend to be larger than the reference Re f (a). In comparison, negative bars S are smaller than the
reference Re f (b). The black ink is shown in a lighter gray tone than the unprinted areas on the

WLI images.

As shown in Figure 4.2 (a), the standard deviation of the bar size depends on
the digital structure size and affects printed structures and negative structures
equally using the BK ink. This relation cannot be applied to structures printed
with PGBK ink because the standard deviation’s difference of printed structures
and negative structures are conspicuous in Figure 4.2 (b). Therefore, the nega-
tive structures’ images are compared as displayed in Figure 4.4. The reference
structure size of 132.5 µm is printed with BK ink (a) and PGBK ink (b). Based
on this, the variation of PGBK structures’ standard deviation is primarily caused
by the added ink pigments of the PGBK. The PGBK ink causes a rough printing
edge and a greater standard deviation of the measured structure size.
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(a) (b)

Figure 4.4: Background printed structures of 132.5 µm reference size which are printed using a
Canon iX6850 with BK ink (a) and PGBK ink (b). The respective WLI grayscale images are

shown on the left side. The MATLAB analysis’ images are displayed to the right. At this point,
it must be noted that the dark ink is brightly visible on the WLI image. The dark edges of the
PGBK ink are caused by outward reflected light, which is not captured by the WLI camera.

The BK printed structure size within a bar group varies greatly with respect to
the standard deviation of Figure 4.2 (a). There are a few exceptions that have
stagnant structure size, such as the measured bar sizes in a range from 125 µm
to 137.5 µm and 167.5 µm to 177.5 µm. The PGBK printed structures of Figure
4.2 (b) have a similar characteristic including a higher standard deviation due
to the mentioned pigments. All BK and PGBK printed structures are visually
compared to investigate the standard deviations’ source and algorithm of the
RIP. The complete visual comparison is added to Appendix A. Based on this,
two main statements can be derived.

First, the bar size discretization is similar using BK ink or PGBK ink as shown
in Figure 4.5. The discretization causes a rounding up or down to an ink dot
line. Having a precise printing edge, the standard deviation is repeatable if one
bar of the group is smaller or larger by one ink dot line as demonstrated in
Figure 4.2 (a). Secondly, it is assumed that the stagnant bar sizes are a super-
position effect of the RIP due to the changing pattern of Figure 4.2 (a). Since
the system’s discretization, especially the RIP, is not known, the stagnant area
and all structures with low standard deviation are defined as confidence ranges3.

3Confidence ranges of BK printed structures: 62.5 µm - 65 µm, 75 µm - 77.5 µm, 85 µm - 92.5 µm, 97.5 µm,
105 µm - 107.5 µm, 117.5 µm - 120 µm, 12 µm - 137.5 µm, 147.5 - 150 µm, 157.5 µm - 177.5 µm, 170 µm - 172.5
µm.
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Structures within a confidence range can be reproducibly printed. The smallest
reproducible structure size is 23.4 ± 2.5 µm. It is achieved using the Canon
iX6850 with BK ink and the negative reference structure of 62.5 µm.

(a) (b)

Figure 4.5: Background printed structures of a 67.5 µm reference structure size based on BK
ink (a) and PGBK ink (b). The structures are based on the same dot grid. The bars, which

should have the same size, have a maximum discretization difference of one dot line.

In the next step of the Canon iX6850 system’s analysis, the printed edge quality
is investigated. The standard deviation of the printed edge’s contour is calcu-
lated. The standard deviation of BK and PGBK printed edges are compared in
Figure 4.6. The plots’ data distribution supports the observation of Figure 4.4
that the PGBK inks’ added pigments cause a rougher edge. The PGBK edges’
roughness is more than twice times the BK edges’ roughness, as it will be dealt
with in detail.
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(a)

(b)

Figure 4.6: Analysis of the Canon iX6850 printed edges which are based on BK ink (a) and
PGBK ink (b). The edge quality is quantified by the standard deviation of the edges’ contours.
In general, three cases (i), (ii), and (iii) are distinguished and discussed. The first case is about

negative PGBK printed structures (i). The second (ii) and third (iii) case refer to printed
structures which are smaller than 127.5 µm (ii) and larger than 127.5 µm (iii). For example, the

respective images of the arrowed data points are shown in Figure 4.7.

In contrast, the PGBK printed edges are affected by the structure type and bar
size. Three cases can be distinguished based on Figure 4.6 (b). In the first
case (i), negative PGBK structures have a relatively consistent standard devia-
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tion of 9.7 ± 0.9 µm. This means that the PGBK printed edges are about 2.7
times rougher than BK printed edges. The second case (ii) covers the PGBK
printed bars up to a bar size of 127.5 µm. These PGBK edges have a lower
mean standard deviation of 6.6 ± 1.3 µm. The third case (iii) is defined by
the standard deviation of PGBK printed edges which are wider than 130 µm.
Those edges’ standard deviation increases significantly to a mean standard de-
viation of 11.1 ± 0.7 µm. A representative structure of each case is visually
compared as shown in Figure 4.7 to find the deviation’s source. The imaged
edges of Figure 4.7 confirm the quantitative analysis that printed edges of the
first case (a) and third case (b) are the roughest ones. In comparison, the 97.5
µm structure of (b) consists of multiple single ink dots. Larger printed areas
such as the printed background of (a) or the bars of (c) have more merged areas
and the single ink dots are no longer identifiable. The increasing ink density
in more printed areas is one possible explanation for the rougher edges. Since
the BK printed structures have almost a twice time better edge quality and the
minimal reproducible structure size is printed using BK ink, the PGBK printed
structures are no longer investigated. The mean standard deviation of 3.5 ± 0.4
is used as the quantity of the Canon iX6850 printer’s edge quality.

(a) (b) (c)

Figure 4.7: Images of PGBK printed structures with a bar size of 97.5 µm (negative structures)
(a), 97.5 µm (printed bars) and 150 µm (printed bars) (c). The printed edges of (a) and (c) are

rougher than the edges of (b).
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4.1.2 Dimatix 2850

All structures of the DMP 2850 analysis are printed with a Dimatix black test
ink. The most precise drop spacing of the DMP 2850 is evaluated by printing
three 100 µm bars of each relevant spacing and measuring the edge quality. The
drop spacing is set to 10 µm (2540 DPI) and 15 µm (1270 DPI)4. The edge
quality is measured by the standard deviation of the printed edges’ contours
as applied previously. Using a drop spacing of 10 µm, the edges’ standard
deviation is ± 4.3 µm. More precise edges with a standard deviation of ± 2 µm
can be printed using a 15 µm drop spacing. Therefore, a 15 µm drop spacing is
used.

The smallest reproducible structure size of the DMP 2850 is investigated similar
to the Canon printer’s analysis. The results of the measured structure sizes are
shown in Figure 4.8. Structures sizes, which are at least 45 µm, can be resolved.
Therefore, the bar sizes from 45 µm up to 135 µm are measured 5. According to
the results shown in Figure 4.8, the smallest reproducible structure is 18.1 ± 2.0
µm. In comparison, the smallest reproducible structure size of the Canon printer
using the BK ink is 23.4 ± 2.5 µm with respect to Figure 4.2. It is possible to
print smaller and more reproducible structures using the DMP. The ratio of the
printed structure and the digital bar size is linear as demonstrated by the fitted
curves. The mean offsets of +27.5 (± 1.2) µm and - 25.7 (±0.9) µm can be
taken into account in the digital layout to improve the precision of the structure
widths.

4Further drop spacing settings are excluded according to a visual check and a detected insufficient print quality.
5The analysis of greater bar sizes is not necessary due to the constant printing characteristic.
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Figure 4.8: Measured bar sizes of the DMP 2850 printed structures using the Dimatix test ink.
The blue error bars refer to the negative structures and the orange error bars are based on the
printed structures. The digital bar size of the printing layout is plotted as a reference (red).

The printed edges’ quality is evaluated based on Figure 4.9 which shows the
standard deviation of the printed edges’ contours. The bar size has no impact
on the edge quality with respect to Figure 4.9. The mean standard deviation is
2 ± 0.3 µm. This is almost the half of the Canon printer’s roughness6.

6The Canon iX6850 edges’ standard deviation is 3.5 ± 0.4 µm based on Figure 4.6 (a).
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Figure 4.9: Analysis of the DMP 2850 printed edges. The edge quality is quntified by the
standard deviation of the edges’ contours. In comparison to Figure 4.6, the vertical dimension

is shifted by 3 µm. The increments are still the same.

4.1.3 Printer Comparison and Determination of the Lithography

System's Resolution Limit

The results of the printing systems’ analysis are summarized in Table 4.1. Ac-
cording to this, the DMP is able to print a 22.7 % smaller reproducible structure
size and more precise edges. Therefore, the photolithography system’s con-
struction is calculated with respect to the DMP’s inaccuracy.

Table 4.1: Comparison of the printing systems’ analysis results.

Smallest
reproducible
structure size [µm]

Edge quality
(standard
deviation) [µm]

Canon (BK ink) 23.4 ± 2.5 ± 3.5
DMP (15 µm drop
spacing, test ink)

18.1 ± 2.0 ± 2.0

The inks dots of the photomask’s edges should not be visible. Based on the
demonstrated concept in Figure 3.2, the photolithography system’s resolution
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limit must be below the structure size of the edges’ ink dots to result in a blurred
image. If the inaccuracy is normally distributed as assumed, then ± 3 times the
standard deviation σ covers 99.7 % of the inaccuracy as visualized in Figure
4.10.

Figure 4.10: Visualization of the normal distribution and the σ ranges. The first σ is calculated
by the standard deviation of the measurement data.

The total inaccuracy It is 12 µm as given in Equation 4.1.1.

It = 3 · (±σ) = 3 · (2 ·2 µm) = 12 µm (4.1.1)

The resolution limit of the lithography system is calculated based on the total
inaccuracy It and equals 83.88 lp/mm. Equation 4.1.2 displays the rearranging.

It = 12
µm
l p

=
1

0.012
l p

mm
= 83.33

l p
mm

(4.1.2)

4.2 Photolithography System

The final photolithography system is captured in Figure 4.11. A photo of the
built system is shown in Figure 4.11 (a). For a examination in detail, the system
is illustrated with dimensions, image path (blue), as well as illumination path
(red) in (b) and (c). In (c), the dashed framed system units of (b) are illustrated.
The system consists of a horizontal lithography system and a vertical camera
system which will be used to focus onto substrates. The beam of a 405 nm LED
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(M405L3-C4, Thorlabs [60]) is widened by a KEPLER telescope (D=24.5 mm
f=35 mm N-BK7, D=24.5 mm f=150 mm N-BK7, Thorlabs [55], [57]) to image
the light source into the macro lens’ (Macro Video Zoom Lens 18-108 F/2.5,
Optem) field stop and generate a homogeneously illumination in the substrate
plane. The macro lens captures the photomask and images the photomasks’
structures in the intermediate image. The intermediate image is imaged to in-
finity by the tube lens7 (D=24.5 mm f=175 mm N-BK7, Thorlabs [56]). A beam
splitter (Non-polarizing beamsplitter cube 400-700 nm, Thorlabs [59]) directs
the image and illumination path downward. The microscope lens (HC PL FLU-
OTAR 20x/0.50, Leica) images the intermediate image via the tube lens and the
beam splitter onto the substrate. The substrate positioned by a three-axis stage
(x and y stage M-531.PD, z stage M-501.DG , Physik Instrumente (PI) [38],
[39]). If the substrate is illuminated by the lithography system’s illumination
or the mask image is reflected on the substrate, the camera system captures the
substrate plane as shown in (c) with respect the drawn arrows. The beam to
the right of the beam splitter are absorbed and excluded from the system. The
camera system is based on a lens (MLH-10x, Computar [9]) which image the
substrate plane on a camera sensor (mvBlueFox-1100G, Matrix Vision [31]).

7The deviation from the measured distance of 171.8 mm to the expected focal length of 175 mm is within the
tolerance due to the macro lens’ depth of focus and the tube lens’ real focal length of 174.4 ± 1.7 mm [56].
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(a)

(b)

(c)

Figure 4.11: The system is based on a horizontal lithography system and a vertical camera
system which will be used to focus onto substrates. The labeled photo in (a) displays the

system. The respective drawing in (b) and (c) shows the dimensions in [mm], the image path
and the illumination path of the lithography system.
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The main assembly steps of the shown photolithography system such as the
determination of the most optimal macro lens setting in Chapter 4.2.1, the ad-
justment of the system units8 in Chapter 4.2.2, and the measurement of the
illumination power in Chapter 4.2.3 are dealt with.

4.2.1 Determination of the Most Optimal Macro Lens Setting

The setup of the macro lens’ investigation is visualized in Figure 4.12 (a). A 405
nm LED illuminated the USAF chart along the optical axis. The sensor captures
the image of the macro lens. The different settings are labeled on the lens as
shown in Figure 4.12 (b). The achieved resolution of three field stop setting
( f 1, f 2, f 3), seven working distances fw (148-198 mm), and 12 zoom settings
(z1− z12) are analyzed by the images’ MTF. The resolution is determined by a
resolution threshold at a contrast of 0.2. A table of all MTF analysis results is
shown in Appendix B. The respective FOV is the product of the sensor’s image
diameter d and the lens’s transversal magnification factor.

(a) (b)

Figure 4.12: Experimental setup the macro lens’ analysis with respect to resolution and FOV.
In this experiments the USAF chart is illuminated by a LED along the optical axis and a

camera captures the macro lens’s image (a). The different settings are labeled on the macro
lens (b).

The results of the macro lens’ analysis are plotted in Figure 4.13. Settings,
which achieve a relatively great FOV, are more useful since a greater mask area
can be imaged. The resolution tends to be lower if the FOV is greater. There-
fore, the settings for further experiments are restricted by the FOV-resolution
ratio. Only settings, which are above the black dashed lines, are considered. In

8The adjustment of the camera system will not be discussed in detail since it was developed within a intership
semester by Adrian Dannhauer.
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addition, the FOV is limited by the illumination’s diameter. Based on the LED
diameter with an added safty factor, the FOV is limited to 35.2 mm as shown
by the red dashed line. The resolution must be below the determined resolu-
tion limit of 83.33 lp/mmm to image the printed edges blurred according to the
theory of Figure 3.2. Eight usable settings remain by applying the mentioned
constraints as shown by the blue box of Figure 4.13.

Figure 4.13: Results of the macro lens’ analysis with respect to the FOV and the resolution of
the respective macro lens’ setting. The settings for further investigation are constrained by the

FOV-resolution ratio, the maximal FOV, and the determined resolution limit.

The images of the chosen eight settings are analyzed with respect to the distor-
tion. In this experiment, 8/6- and 6/5-grid-based point test patterns9 are illumi-
nated by a 405 nm LED as shown in Figure 4.14 (a). The captured images are
evaluated by the absolute radial distortion. It is measured by the difference of
the master and measurement center points as demonstrated in Figure 4.14 (b).

9Different point test pattern are applied to fill in the whole FOV as much as possible and achieve the most
precise results.
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(a) (b)

Figure 4.14: The setup of the distortion measurement is based illuminated point test pattern
and macro lens’ image is captured by a camera (a). The automatized evaluation calculates the

absolute radial distortion (b).

The measured absolute radial distortion, as a function of the radius from the im-
age’s center point, is plotted in Figure 4.15. The maximal distortion is measured
at the maximal radius. The maximal radius is defined by the maximal sensor
size in the image plane of 6.01 mm. Two settings (‘f1, fw=173 mm, z12’ and
‘f2, fw=148mm, z11’) are noticeable since their respective distortion is 5 and 9
times greater than the minimal distortion of 0.18 mm (‘f2, fw=148mm, z9’).

Figure 4.15: The absolute radial distortion increases in correlation to the radius. The yellow
and turquoise graphs of ‘f1, fw=173 mm, z12’ and ‘f2, fw=148mm, z11’ reach 5 and 9 times

greater maximal distortion than the minimal distortion of 0.18 mm.
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The eight pre-chosen settings are numerically compared in Table 4.2. As ob-
served, the distortions of samples 3 and 5 are disproportionately larger in com-
parison to sample 4. Since the distortion of sample 3 is 5 times as well as the
distortion of sample 5 is 9 times greater and the resolution is almost the same 10,
these settings are excluded from the further discussion about the most optimal
setting.

Table 4.2: Preset optem settings based on resolution, FOV, and distortion.

Sample
No.

Aperture
f1-f3

Working
distance
fw

[mm]

Zoom
z1-z12

Resolution
[lp/mm]

FOVdia

[mm]
Max.
distortion
mm at
r=6.01
[mm]

1 1 148 9 67.22 22.74 0.49
2 1 173 10 61.48 22.56 0.41
3 1 173 12 67.27 17.48 0.93
4 2 148 9 64.50 22.88 0.18
5 2 148 11 78.10 15.16 1.62
6 2 173 10 62.77 22.74 0.3
7 2 198 11 69.91 22.56 0.36
8 3 198 12 66.29 20.86 0.35

The parameters of the remaining settings are normalized to 1 and plotted in the
spider diagram of Figure 4.16. The greater the area a is, the more suitable is
the chosen macro lens setting. The setting of the green plotted sample (‘f2,
fw=148mm, z9’) has the greatest area of 0.631 and will be used in the lithogra-
phy system.

10The respective resolution is rounded 1.0 and 1.2 times greater. Therefore, it is assumed that it is almost the
same.
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Figure 4.16: Comparison all pre-chosen macro lens settings to evaluate the most optimal
setting for the lithography system’s setup with respect to resolution, FOV, and distortion. Since

the green plotted setting has the greatest spun area, it is used in the lithography setup.

4.2.2 Adjustment of the System Units

4.2.2.1 Focusing the Macro Lens

The determined macro lens setting (‘f2, fw=148mm, z9’) is applied as shown
in Figure 4.17. First, the blue imaging path is considered. The macro lens is
positioned 148 mm behind the mask plane and its focus is adjusted using the
camera in the image plane. The same plane is located 15.526 mm behind the
c-mount thread. The USAF chart is illuminated by the LED and is imaged on
the camera sensor along the optical axis. The focal plane is determined visually
on the basis of the USAF chart’s image. An evaluation of the focus is made by
a MTF analysis in Chapter 4.2.2.7.

Figure 4.17: The macro lens focusing is done using the camera system which is placed into the
image plane. The LED illuminates the USAF chart in the mask plane.
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4.2.2.2 Determination of the Tube Lens Position

The focal plane of the tube lens is positioned at the image plane of the macro
lens to image the mask structure to infinity. Therefore, the distance between
this intermediate plane and the tube lens is 175 mm. The precise adjustment
is done using a Wavefront Sensor (WFS) as shown in Figure 4.18. The LED
beam is focused by a 35 mm positive lens onto a 10 µm pinhole. The pinhole
approximately generates a point light source which will be imaged to infinity by
the tube lens. The imaging to infinity is equal to a plane wavefront in the ideal
case. The tube lens is adjusted by placing it in the position where the wavefronts
Root Mean Square (RMS) error is minimal.

Figure 4.18: The tube lens of the lithography system images the intermediate image to infinity.
Therefore, the tube lens’ focal point must be precisely located in the intermediate plane. The

most optimal tube lens position is adjusted by a wavefront analysis with a WFS.

The RMS error is calculated as given in Equation 4.2.1 [58]. The difference
from each measurement point i to the mean value is defined as xi. The mean
RMS error of the final tube lens position is 0.596 ± 0.056 µm. The respective
wavefront and the measurement data are added to Appendix C.

RMSerror =

√
1
n

n

∑
i=1

x2
i (4.2.1)

4.2.2.3 Illumination Adjustment by LED Movement

The goal of the illumination adjustment is a homogeneous illumination in the
substrate plane due to a well-positioned LED light source. As shown in Figure
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4.19 (a), the LED is based on an (aspherical positive) lens and a LED chip. In
the first adjustment step, it is assumed that the LED chip can be approximated
by a point source. This point source should be imaged in the aperture of the
microscope lens to affect a homogeneously illuminated substrate plane. In the
adjustment setup of Figure 4.19, the illumination path is reversed and a pinhole
is placed in microscope’s aperture plane. The LED lens housing is initially
positioned directly behind the mask since this maximizes the illuminated area.
If the inserted pinhole is illuminated by a LED, the pinhole is imaged via the
beam splitter, the tube lens, the macro lens, and the LED lens behind the LED
lens as demonstrated in Figure 4.19. The position of this image correlates to
the most optimal position of the point light source. The manually measured
position of an ideal light source is 3.7 mm within the LED housing as drawn in
Figure 4.19 (b).

(a)

(b)

Figure 4.19: The lithography system is reverse illuminated to determine manually the position
of the LED chip. The LED chips’ position is defined by the smallest pinhole’s diameter of its

image. The experimental principle is illustrated in (a) and the respective photo in (b).
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Subsequently, the precise adjustment of the illumination is conducted as shown
in Figure 4.20. The Microscope lens is positioned below the beam splitter and
its image is captured by a camera. The LED chip is mounted on a stage in
the determined distance of 3.7 mm to the LED lens housing. The LED chip is
moved precisely for the most homogeneous illumination in the substrate plane
using the illumination distribution on the camera sensor.

Figure 4.20: The precise adjustment of the illumination is conducted by moving the LED chip
and capturing the illumination distribution in the substrate plane.

Using the setup of Figure 4.20, the LED chip is blurred imaged in the substrate
plane as shown in Figure 4.21 (a). Small and large displacement of the LED
chip only result in a change in size of the image. There are two possible causes
for this observation. Either the light source is not imaged in the aperture plane
of the microscope lens or the led chip cannot be approximated with a point
source. A screen has been placed in the aperture plane to check the imaging
of the light source as shown in Figure 4.21 (b). Since the LED chip is imaged
in the aperture plane, it is verified that the led chip can not be assumed to be a
point light source in this application.
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(a)

(b)

Figure 4.21: The illumination homogeneity in the substrate plane is not acceptable due to the
imaged LED chip (a). Although, the light source is imaged in the microscope lens’ aperture

plane (b). It is deduced that no homogeneous illumination of the substrate plane can be
generated by the planned adjustment process since the LED chip can not be approximated as a

point light source.

The LED is moved backward to avoid the imaging of the light source in the
substrate plane as illustrated in Figure 4.22. The setup is not further modified.
The illumination distribution in the substrate plane is evaluated by the usable
area. The illumination threshold of the measured usable area is defined by the
STREHL criteria as given in Equation 4.2.2. An image area is considered if the
relative intensity I exceeds 0.6 [16]. In this analysis, the distance d between the
LED housing and the mask plane is increased from 18.8 mm up to 93.8 mm.
It is observed that the substrate plane is symmetrically illuminated as displayed
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in Figure 4.23 (a). There is vignetting at the spot edge. Since all illumination
distributions at different distances d are affected by vignetting as shown in Ap-
pendix D, the distance has no impact on the vignetting in the analyzed range.
Vignetting indicates a beam’s escape or its cut off in the lithography system.
Two possible error sources are illustrated by the dashed red line in Figure 4.22.
The beam could be cut off by the macro lens’ aperture and the exit angle σ ′

could cause a partial escape of the beam.

Figure 4.22: The distance d between the mask plane and the LED is increased in 5 mm steps to
analyze the intensity distribution in the substrate plane. The dashed lines indicate possible

error sources of vignetting in the substrate plane. The beam could be cut off by the macro lens’
aperture and the opening angle σ ′ could cause a partial escape of the beam.

The measured usable area as a function of the LED distance d is plotted in
Figure 4.23. The usable area tends to increase with an increasing distance. It
does not exceed 0.22 mm2 within the distance range of 18.8 mm up to 93.8 mm.
The resulting usable area is directly related to the system error that causes the
vignetting due to the beam’s cut off. If the source of the vignetting is eliminated,
the usable area will increase.

Ds =
Ireal

Iideal
> 0.6 (4.2.2)
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(a) (b)

Figure 4.23: The analysis of the illumination homogeneity and the usable area is based on the
relative intensity (a) and the increasing distance from the LED housing to the mask plane (b).

The displayed illumination distribution in (a) is captured at a LED distance of 63.8 mm.

According to the analysis results of the illumination by moving the LED, the ho-
mogeneity and the useable area could be improved by reducing the vignetting.
A increased illumination incidence angle σ , which focuses the illumination in
the macro lens’ aperture plane, minimizes the beam’s cut off. An increased in-
cidence angle causes a decrease of the exit angle σ ′ 11 and avoids the beam’s
partial escape. An optical integrator [63], [64] or KEPLER telescope can be
used to change the incidence angle and improve the illumination in the sub-
strate plane, for example.

4.2.2.4 Illumination Adjustment by Kepler Telescope

A KEPLER telescope is applied between the LED and the mask plane to change
the incidence angle and improve the illumination in the substrate plane by in-
creasing the homogeneity and the useable area. The modified setup using the
KEPLER telescope is shown in Figure 4.24. The first lens (f=35 mm) focus the
beam at a short distance. The original beam is widened due to the more distant
second lens (f=150 mm). The moving of the second lens determines the beam’s
diameter and focus. The focal point in the macro lens must be estimated since it
is not possible to determine the aperture plane and the beam path in detail. The
adjustment is done by optimizing the illumination distribution in the substrate
plane, which is measured with a camera.

11The real relation between the incidence angle and the exit angle is not shown in the simplified illustration of
Figure 4.22.
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Figure 4.24: The lithography system is modified using a KEPLER telescope to improve the
illumination in the substrate plane. A camera measures the intensity distribution in the

substrate plane.

The analysis results12 of the achieved illumination in the substrate plane is
shown in Figure 4.25. No vignetting can be observed according to Figure 4.25
(a). In comparison, the STREHL-based usable area has doubled using the Kepler
lens. Instead of maximal 0.22 mm2, an area of 0.43 mm2 can be used for expo-
sure. This is equal to a spot diameter of 0.72 mm. In addition, the homogeneity
is evaluated based on the Full Width Half Maximum (FWHM) of the GAUS-
SIAN-fitted relative intensity distribution of the useful area as shown in the his-
togram of Figure 4.25 (b). The spot area is more homogeneous illuminated, if
the FWHM is smaller. The FWHM without using the KEPLER telescope is 0.40
± 0.04 with respect to Appendix D. In contrast, this is two times the improved
system’s FWHM 0.19 ± 0.01.

12The given standard deviation is calculated based on 16 samples which are add to the Appendix E.
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(a) (b)

Figure 4.25: The analysis of the illumination homogeneity and the usable area using a
KEPLER telescope is based on the relative intensity (a) and the respective FWHM of the fitted

normal intensity distribution (b). The fitted GAUSSIAN distribution refers to the measured
relative intensity in a range from 0.6 up to 1.

4.2.2.5 Assembly of the Lithography and Camera System

As mentioned, a vertical camera system is used to adjust the lithography system
as illustrated in Figure 4.26. Therefore, the mask image plane and the captured
substrate plane must positioned at the same location. Since the camera lens is
focused at a distance of 550 m, it is assumed that the camera lens is focused to
infinity. After the adjustment, the lithography and the camera system must have
the same focal plane via the microscope lens. The lithography system’s focus
and the camera system’s focus are compared using a USAF chart in the mask
and the substrate plane. The USAF chart in the substrate plane has a reflective
surface which affects the imaging of both USAF charts in the camera sensor’s
plane.
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Figure 4.26: In the assembly of the lithography and camera systems, the lithography system’s
image plane and the camera system’s focal plane are positioned at the same location. The

focus of the lithography and the camera system are compared using a USAF chart in the mask
and the substrate plane.

At first, the mask image plane M is below the the captured substrate plane S
as shown in Figure 4.27 (a) and (b). The position of both focal planes are
determined by moving the z axis of the stage with a step size of 1 µm. The tube
lens’ postion is changed to adjust the mask image plane’s position interatively
as demonstrated in Figure 4.27 (a). The final position is reached if no difference
in the sharpness of both USAF chats can be detected with the camera as shown
in Figure 4.27 (c).
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(a) (b) (c)

Figure 4.27: The assembly of the vertical camera system and the horizontal lithography system
is conducted by moving the tube lens (a). At first, the mask is imaged below the substrate

plane (b). The mask image plane and the captured substrate plane are matched iteratively until
their images are sharply displayed (c). The vignetting of the images in (b) and (c) is due to the

camera system.

The illumination in the substrate plane is checked since the movement of the
tube lens affects the illumination path. According to the results in Appendix E,
an equal useable area of 0.43 mm2 is measured in this investigation. The il-
lumination’s homogeneity in the substrate plane corresponds to a FWHM of
0.19. Since the difference from 0.19 to the previously calculated 0.17 is lower
than the measurement uncertainty, it is assumed that the impact of the system’s
change is negligible.

4.2.2.6 Evaluation of the Camera System

The magnification and the resolution of the camera system is evaluated to char-
acterize the lithography system. A USAF chart is positioned in the substrate
plane and illuminated by the lithography system’s illumination as shown in Fig-
ure 4.28.
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Figure 4.28: In the analysis of the camera system’s magnification and resolution, a USAF chart
in the substrate plane is illuminated by the lithography system’s illumination. It is captured by
the camera sensor. The camera system’s magnification mc is defined by the difference in size

between the structure in the substrate plane and the imaged structure on the sensor.

The camera system’s magnification mC is calculated by moving the USAF chart
6 times in the substrate plane and measuring the period of group 6 element 2.
The element 2 of group 6 has a resolution rp of 71.8 lp/mm. One period of
this element correlates to 50 measured13 pixels npx of the camera sensor. The
camera sensor’s pixels lpx are 1.67 µm/px. This results in a magnification factor
of 6 as given in Equation 4.2.3.

mC = lpx ·npx · rp = 1.67 ·10−3 mm
px

· 50 px · 71.8
1

mm
= 6 (4.2.3)

According to the imaged USAF chart of Figure 4.29, the resolution of the cam-
era system is greater than 228 lp/mm. All elements of the USAF chart are
resolved sufficiently. The camera system’s resolution is more than 10 times the
lithography system’s resolution (23.1 lp/mm) as it will be evaluated in Chapter
4.2.2.7. Therefore, the camera system is a sufficient measurement instrument
of the lithography system.

13Since the standard deviation is equal to ± 1% of the measurement value, it is neglected.
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Figure 4.29: The magnification and resolution is evaluated by a captured USAF chart which is
positioned in the substrate plane. It can be derived that the resolution is greater than 228

lp/mm based on the imaged USAF chart’s elements.

4.2.2.7 Evaluation of the Lithography System

The evaluation of the lithography system units can be conducted based on the
magnification factor of the camera system mC and the captured images of the
intermediate plane and the substrate plane. At first, the lithography system’s
magnification factor mL and the resolution are analyzed. The used setup is
illustrated in Figure 4.32. The USAF chart of the mask plane is imaged on the
substrate plane. The camera sensor captures the USAF chart’s image since the
image is reflected by a mirror in the substrate plane.

Figure 4.30: In the analysis of the lithography system’s magnification and resolution, a USAF
chart in the mask plane is illuminated and imaged in a mirror in the substrate plane. The

camera sensor of the camera system captures the image of the substrate plane. The lithography
system’s magnification mL is defined by the measurable total magnification mtotal and the

camera system’s magnification mC
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The lithography system’s magnification mL is defined by the measurable to-
tal magnification mtotal and the camera system’s magnification mC as given in
Equation 4.2.4. In this analysis, element 3 of group 0 is measured on 6 cam-
era sensor’s images. The element 3 of group 0 has a resolution of rp of 1.26
lp/mm on the original USAF chart. The respective measured element is imaged
onto 84.76 sensor pixels npx in average14, while one pixel has a size lpx of 1.67
µm/px. Lithography system’s magnification factor is 0.03 as demonstrated in
Equation 4.2.4.

mL =
mtotal

mC
=

lpx ·npx · rp

mC
(4.2.4)

=
1.67 ·10−3 mm

px · 84.76 px · 1.26 1
mm

6
=

0.18
6

= 0.03

The resulting FOV in the mask plane has a diameter of 24 mm based on the
0.72 mm spot diameter ds in the substrate plane and the lithography system’s
magnification ml as shown in Equation 4.2.5.

FOV =
ds

mL
=

0.72 mm
0.03

= 24 mm (4.2.5)

The resolution of the lithography system is evaluated using USAF chart’s im-
ages, such as the displayed image in Figure 4.31 (a). The respective MTF anal-
ysis of Figure 4.31 (b) is based on 6 samples. The measurement values are
averaged and fitted to determine the resolution. The resolution of the total sys-
tem is 22.1 lp/mm. Since the resolution of the camera system is more than 10
time greater, it is assumed that the lithography system is the limiting system
unit.

14Since the standard deviation is lower than ± 1% of the measurement value, it is neglected.
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(a) (b)

Figure 4.31: The MTF analysis of the total system is based on imaged USAF charts such as
the displayed one in (a). In general, 6 samples are used to calculate the MTF graphs of (b) and

determine the lithography system’s resolution.

The lithography system’s magnification factor is based on the pre-magnification
mL1 of the macro lens and the main magnification mL2 of the microscope lens.
In the analysis of lithography system, the magnification and resolution of the
macro lens are investigated as illustrated in Figure 4.32 (a). The intermediate
image is captured by camera sensor and the respective resolution is evaluated
by a MTF analysis. The microscope lens’ magnification factor, which is shown
in of Figure 4.32 (b), is calculated with respect to the lithography system’s mag-
nification mL and macro lens’ magnification mL1.
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(a) (b)

Figure 4.32: Visualization of the lithography system’s resulting magnification which is based
on the macro lens magnification mL1 (a) and the microscope lens’ magnification mL2 (b). The
macro lens’ magnification and resolution is measured in the macro lens’s image plane using a

camera. The microscope lens’ magnification is calculated with respect to the lithography
system’s magnification mL and macro lens’ magnification mL1.

The macro lens’ magnification factor is evaluated by correlating the USAF chart
element 2 of group 2 and the respective measured pixels npx of 6 camera sensors
images which are comparable to the shown USAF chart of Figure 4.33 (a). The
element 2 of group 2 has a resolution rp of 4.49 lp/mm on the USAF chart
in the mask plane, which refers to 32.72 pixels npx on the camera’s images in
average15. In this measurement, the camera sensor has a pixel size lpx of 3.45
µm/px. The macro lens’ magnification factor is 0.51 based on demonstrated
calculation in Equation 4.2.6.

mL1 = lpx ·npx · rp = 3.45 ·10−3 mm
px

· 32.72 px · 4.49
1

mm
= 0.51 (4.2.6)

The resolution of the macro lens is evaluated by a MTF analysis. It is conducted
using 6 captured USAF chart images such as the displayed one in Figure 4.33
(a). The average of the contrast values are fitted as shown in Figure 4.33 (b).
Based on this analysis, the macro lens’ resolution is 52.6 lp/mm.

15Since the standard deviation equals to ± 1% of the measurement value, it is neglected.

Selina Burkert Matr. no. 82445 page 75



University Aalen Experimental results

(a) (b)

Figure 4.33: The MTF analysis of the macro lens is based on imaged USAF charts such as the
displayed in (a). In general, 6 samples are used to calculate the MTF graphs of (b) and

determine the macro lens’ resolution.

As mention, the microscope lens’ magnification is calculated based on the lithog-
raphy system’s magnification mL and macro lens’ magnification mL1. Since the
lithography system’ magnification mL is the product of the macro lens’ magni-
fication mL1 and the microscope lens’ magnification mL2, the microscope lens
magnification mL2 is calculated by dividing the lithography system’s magnifi-
cation factor mL through the macro lens’ magnification factor mL1 as given in
Equation 4.2.7. The calculated microscope lens’ magnification factor of 0.06 is
equal to the magnification of 16.6x.

mL2 =
mL

mL1
=

0.03
0.51

= 0.06 (4.2.7)

4.2.2.8 Application of a Printed Photomask

The DMP printed masks are applied to the adjusted system as illustrated in
Figure 4.34. The printed mask is illuminated by the KEPLER illumination and
imaged in the intermediate plane as well as in the substrate plane. The camera
captures the imaged mask structure via the mirror which is positioned in the
substrate plane.
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Figure 4.34: Setup of the lithography system by applying the printed photomask in the mask
plane. The printed photomask is illuminated by the KEPLER illumination and imaged on the

substrate plane. The image of the substrate plane is captured by the camera sensor via a mirror
in the substrate plane.

The mask structure is imaged sharply without readjusting the substrate plane as
shown in Figure 4.35. The smaller structures in the range of 45 µm to 75 µm
in Figure 4.35 (a) are identifiable on the captured image. The structures16 of 45
µm to 75 µm (a) and 90 µm to 135 µm (b) are imaged sharply on the substrate
plane. Ink dots seem no longer visible at the structures’ edges as displayed in the
zoom images of Figure 4.35 (a) and (b). However, no reliable statement about
the imaging in the photoresist can be made with respect to these images due to
the camera system’s impact on the imaging. The pixel size of 1.67 µm/px is not
sufficient to measure the edge inaccuracy It of 12 µm which is magnified by 0.18
(mtotal) on the camera sensor with respect to Equation 4.2.4. As demonstrated
in Equation 4.2.8, the resulting imaged inaccuracy Ic of 2.16 µm can not be
measured by a sensor pixel size lpx of 1.67 µm since it must be lower than the
half size of the imaged inaccuracy. 17 [49].

Ic = mtotal · It = 0.18 ·12 µm = 2.16 µm (4.2.8)

16The given structures’ size refer to the digital structure size.
17The sampling rate fs must comply with the NYQUIST criteria. Thereby, the NYQUIST frequency fNyq is the

highest frequency of the signal to be sampled: fs > 2 · fNyq [49].
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(a) (b)

Figure 4.35: The images of the substrate plane show the imaged printed mask. The structures
of 45 µm to 75 µm (a) and 90 µm to 135 µm (b), which are identifiable on the mask, are imaged

sharply on the substrate plane.

The printed photomask must be exposed onto a photoresist to evaluate the
lithography system’s effect on minimal reproducible structure size and the struc-
tures’ edges quality. In this analysis, the structure size and the edges’ standard
deviation of the photoresist structures will be measured.

4.2.3 Illumination Power

It is necessary to know the power in the substrate plane for the correct exposure
of a photoresist. The system’s power is regulated by a LED controller via a
Pulse Width Modulation (PWM) signal of an ADRUINO nano. In this experi-
ment, the relative LED power is set 3 times in a range of 10 % to 100 % and
the respective power is measured by a power meter near18 the substrate plane
as illustrated in Figure 4.36.

18The power meter can not placed directly in the substrate plane due to the senor fixation which conflict with
the microscope lens. This is an advantage for the measuring since the power is distributed over a greater spot area
and the sensor measures more precise.
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Figure 4.36: The lithography system’s power during the exposure is set by the LED controller
via a PWM signal. In the analysis of the expose power, the relative intensity from 10 % to 100

% is applied and the power in the substrate plane is measured by a power meter.

The measured power in the substrate plane under the application of an empty
photomask and without a photomask is shown in Figure 4.37 (a). The power
jumps in the circled relative LED intensity settings. There are three possible
error sources. The power jump is caused by either the PWM signal, the LED
controller, or the LED chip. The PWM signal is controlled with an oscilloscope
and the LED controller is replaced. The results are added to Appendix G. Since
the power characteristic of the new controller is the same, the LED chip is the
identified error source. The application’s power setting is limited to 60 % up
to 100 % due the LED chips’ defects at lower LED intensities. The resulting
power as a function of the relative LED intensity is plotted in Figure 4.37 (b).
The power behavior is linear as demonstrated by the fit function of mask applied
setting. In comparison, the photomask absorbs 48.8 % of the applied power on
average19.

19At this point, the power absorption of 48.8 % can not be related to other condition or applications. The
evaluated power absorption is useful in further investigations if the exposure power is improved or the mask type
is changed for example.
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(a) (b)

Figure 4.37: The exposure power under different conditions is measured by a power meter. In
(a), the measured LED power in relation to the relative LED intensity in a range from 10 % to
100 % is plotted. The system’s power with an empty photomask (red) and without a photomask

(blue) as well as the LED power (yellow) have a power jump due to a LED chip error.
Therefore, the application’s power settings are limited to 60 % up to 100 % as shown in (b).

A look-up table for possible exposure power and time settings is generated
based on the analyzed power. The exposure time tLED is defined by the re-
quired exposure dose D which is multiplied by the spot area A of 4.3 · 10-1 mm2

and divided by the set LED power PLED. In the relative LED intensity PLEDrel

range of 60 % up to 100 %, the set LED power PLED is calculated by the fit
function of Figure 4.37 (b) as given in Equation20 4.2.9. The look-up table and
a exposure time calculation are attached to Appendix H for example.

tLED =
D ·A
PLED

=
D mJ

cm2 ·4.3 ·10−3 cm2

(6.396 ·PLEDrel −14.61) mW
(4.2.9)

20The used units are not SI-compliant. Since the exposure dose D is commonly given in mJ/cm2 in the photore-
sists’ datasheets, the calculation is adapted.
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5 Discussion
The analysis results of the DMP printed masks are dealt with by taking the
printing resolution and the edge quality into account. Furthermore, the lithog-
raphy system’s magnification, its FOV and its illumination are discussed. The
lithography system’s resolution is not covered in this discussion since it will
be evaluated based on the exposed photoresist structure as already mentioned
in Chapter 4.2.2.8. The aim is to evaluate the measured system parameters to
justify limits and to work out theoretically possible improvements.

5.1 Printing System

The smallest reproducible structure size of the DMP is 18 ± 2 µm at a digital bar
size of 45 µm and has a total edge inaccuracy of It of 12 µm. Therefore, the size
of the Canon printer’s minimal printed structure is 22.7 % reduced using a Di-
matix printer. According to [19], it is possible to print 1 µm negative structures
using the DMP with a 15 µm drop spacing. If the negative mask structure should
have a decreased bar size, the digital bar size, the edge inaccuracy, and the drop
size must decrease without opposite edges drops flowing together. Therefore,
it will be discussed which printing parameters limit the DMP’s resolution and
how the resolution of the inkjet-printed photomask can be improved.

Since larger bar sizes than 45 µm can be reproducibly printed in a step size of 15
µm, it is assumed that the DMP’s position accuracy is sufficient to print smaller
structures and the printing resolution of the analyzed mask printing is limited by
the resulting ink dot diameter. With respect to Figure 2.28, the resulting ink dot
diameter can be reduced by decreasing the drop volume V , increasing the ink
dot’s surface tension force FS, decreasing the wettability FW , or increasing the
dry rate. If these parameters are modified, the complex relation of the mentioned
parameters must be considered. For example, an increased ink density results in
a decreased drop volume according to Equation 2.3.1. An increased ink density
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can also decrease the surface tension which does not support a smaller ink dot
diameter.

The mentioned parameters also affect the printed edge’s inaccuracy. Smaller
ink dots are improving as long as the edge inaccuracy is not worsened by re-
ducing the dot diameter. As shown in Figure 5.1, the measured structure width
Sm must be greater than the total edge inaccuracy of It to still be able to identify
the blurred structure. If the minimal resolved structure width of the lithography
system is greater than the total edge inaccuracy of It , the measured structure
width Sm must be greater than the resolved structure width.

Figure 5.1: The dot size has a major impact on the total edge inaccuracy It . The measured
structure width Sm must be greater than the total edge inaccuracy It to still be able to identify
the blurred structure since structures, which are smaller than the total edge inaccuracy It , are

blurred imaged.

5.2 Photolithography System

In the assembly of the lithography and camera system, the lithography system
is adjusted by moving the tube lens. Since the microscope lens is optimized for
capturing images from infinity, the system’s adjustment would be more precise
if the camera lens’ setting is changed to focus on the lithography system’s sub-
strate plane. The focal offset ∆ f of the set image plane a and the focal plane f ′

is calculated to quantify the system error. As illustrated in Figure 5.2, the focal
offset ∆ f is defined by the object distance a, the image distance a′ and the focal
length f ′ of the microscope lens.
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Figure 5.2: The focal offset ∆ f in the substrate plane is calculated based on the object distance
a, the image distance a′ and the focal length f ′ of the microscope lens.

The microscope lens’ focal length f ′ is defined by the half aperture diameter D
of 10 mm and microscope lens’ NA of 0.5 as given in Equation 5.2.1. According
to Equation 2.1.34, the NA is defined by the opening angle θ and the refractive
index n.

f ′ =
D

2 tan(sin−1(NAθ ,n=1))
(5.2.1)

In the calculation of focal offset ∆ f of Equation 5.2.2, it is assumed that the
object distance a is equal to the camera lens’ image distance. The camera lens’
image distance has been measured to be 550 m.

∆ f = a′− f ′ =
1

1
f ′ −

1
a

− f ′ ≈ 150 nm (5.2.2)

Since the calculated offset of 150 nm is lower than the z-stage’s step width1, it
is neglected.

The resolution of the inkjet-printed masks is significantly2 lower than precise
chromium masks. Therefore, inkjet photomasks tend to be printed as large as
possible to minimize the impact of the ink dots on the exposured structures.
Due to the larger printed mask structures, the magnification and the FOV are

1The minimum applied step width is 1.001 µm since focal differences are not identifiable using a smaller step
size.

2In the comparison of a 18.1 µm DMP bar and a common USAF chart bar size (group 9, element 8) of 0.7 µm,
the resolution of chromium masks are at least 25 times (significantly) higher.
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relevant parameters and will be discussed.

In the comparison of the microscope lens’ resulting and the expected 3 magni-
fication, the resulting magnification factor mL2 is 0.06. This results in 86 % of
the expected reduction. Based on Figure 5.3, the tube and the microscope lens
are simplified to two thin lenses and the geometrical relation of Figure 2.3 are
applied. According to Equation 2.1.13, the imaged magnification is determined
by the tube length a and the image distance a′ as well as the focal lengths f and
f ′. The reduction can be increased by increasing the tube lens’ focal length f
or decreasing the microscope lens’ focal length. A decrease in the microscope
lens’ focal length can only be achieved by replacing the assembled lens.

Figure 5.3: The geometrical relation of two thin lenses can be applied to the relation of the
tube and the microscope lens. Based on this simplification, the magnification factor of the
microscope lens mL2 is defined by the tube lens’ focal length f and the microscope lens’

assumed focal length f ′.

Since the microscope lens’ focal length is not given in the datasheet, it is as-
sumed to be 10.5 mm based on Equation 5.2.3.

f ′ = a ·mL2 = 175 mm ·0.06 = 10.5 mm (5.2.3)

The expected magnification factor of 0.05 is achieved if the tube lens’ focal
length f is 210 mm by taking the assumed microscope lens’ focal length f ′ of
10.5 mm into account. In general, a greater focal length of the tube lens results

3A 20x magnification is equal to a reducing magnification factor of 0.05.
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in a greater reduction with respect to Equation 5.2.4.

f =
f ′

mL2
= 210 mm (5.2.4)

The lithography system’s calculated FOV of 24 mm is defined by an aperture
that is located in or nearby the object or intermediate plane since the edges are
sharply imaged in the substrate plane. Otherwise, if the illumination path is cut
off at other locations of the lithography system, vignetting in the substrate plane
would occur4. The image at the intermediate plane is not restricted by any sys-
tem element as demonstrated in Figure 4.11 (b). The mask holder is excluded as
a restrictive unit since its diameter is 6 mm larger than the calculated FOV of 24
mm. The frame of the second KEPLER lens (f = 150 mm) has a measured diam-
eter of 23.5 mm. The measured frame diameter is close to the calculated FOV
of 24 mm. It is assumed that the illumination path’s geometry, the measurement
inaccuracy of the camera sensor in the substrate plane, and the rounding of the
magnification factor cause the diameter deviation of 0.5 mm from the calculated
FOV to the measured frame diameter. Based on this assumption, the frame of
the second KEPLER lens (f = 150 mm) restricts the image diameter. The di-
ameter of the second lens must be increased to enlarge the FOV by taking the
increasing distortion at the outer area into account.

In comparison to the previous microscope-based lithography, the exposure time
must be set 7 times longer to achieve the same exposure dose. This is not an
issue since required exposure doses up to 280 mJ/cm2 can be exposed using
100 % LED intensity and an exposure time shorter than 1 s5. If it is necessary,
the illumination can be enlarged and improved by replacing the KEPLER tele-
scope with a KÖHLER integrator. As shown in Figure 5.4, a KÖHLER integrator
is based on two lens arrays LA1, LA2 and a condenser lens. For example, the
fragmented illumination path demonstrates the principle of a KÖHLER integra-

4If the illumination is imaged to infinity and restricted by an aperture, the transmitted intensity is decreased
and vignetting do not occur. This is comparable to the impact of an aperture in the FOURIER plane on images as
explained according to Figure 2.16. Since the illumination of the Lithography system is not imaged to infinity as
shown in Figure 4.11 (b), this case is not dealt with.

5The critical exposure time of 1 s is a rule of thumb to avoid a change in power due to thermal effects of the
LED and the system. [12]
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tor. The lens array LA1 is positioned in the focal length fLA2 and the focal length
fLA of LA1 is the half of fLA2 to optical integrate the beam. The condenser lens
captures the fragmented beam and focuses them into the mask plane. In the
comparison of a KEPLER and KÖHLER beam processing, an optical integrator
is more efficient since a KEPLER telescope cut off a small beam diameter and
enlarge it to illuminate the mask. Therefore, optical integrators are applied in
commercial lithography systems. [63], [64]

Figure 5.4: The KÖHLER integrator is based on two lens arrays LA1, LA2 and a condenser
lens. The lens array LA1 is positioned in the focal length fLA2 and the focal length fLA of LA1

is the half of fLA2 to optical integrate the incidence beam. The condenser lens captures the
fragmented beam and focuses them into the mask plane. For example, the fragmented

illumination path demonstrates the principle of a KÖHLER integrator.
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6 Conclusion and Outlook
In the research within this thesis, the main goal is achieved. A new system was
set up. It consists of a lithography system and a camera system, which is used
to adjust the lithography system. The pre-magnification unit of the lithogra-
phy system is construed to avoid the imaging of the photomask’s identifiable
ink dots. In this chapter, the main results, as well as the respective discussion,
are summarized to answer the research questions. Subsequently, an outlook is
given about the upcoming issues.

The smallest reproducible printed structure size is 22.7 % reduced using the
DMP 2850 with a 15 µm drop spacing instead of the Canon iX6850. The min-
imal printed negative structure size is 18 ± 2 µm. The printed photomask’s
edges have a standard deviation of ± 2 µm on average. Based on the measured
standard deviation, the total edges inaccuracy of 12 µm is determined, which is
equal to a spatial frequency of 83.33 lp/mm. If the edge inaccuracy should no
longer be resolved by the lithography system, the system’s resolution must be
less than 83.33 lp/mm. Therefore, the first question1 is true.

In the analysis of the pre-magnification system, combinations of the macro lens’
settings are analyzed with respect to the resolution, the FOV, and the distortion.
The most optimal setting out of 252 compared settings is the combination of
the aperture setting 2, a working distance fw of 148 mm, and the zoom setting 9
(’f2, fw=148mm, z9’). According to this, the second question2 is answered.

According to the system’s parametrization, the pre-magnification unit has a
magnification factor of 0.51 and a resolution of 52.6 lp/mm. The microscope
unit, based on the tube lens and the microscope lens, has a magnification factor
of 0.06. The total magnification of the lithography system is equal to the prod-
uct of the pre-magnification and the microscope unit’s magnification factor. The
lithography system’s resulting magnification factor is 0.03. With respect to the

1First research question: Are there specific combinations of settings that let the mask’s identifiable ink dots
vanish?

2Second research question: Which combination of settings is the most optimal one, by taking the resolution,
the FOV, and the distortion into account?

Selina Burkert Matr. no. 82445 page 87



University Aalen Conclusion and Outlook

system’s MTF analysis, the lithography system has a resolution of 22.1 lp/mm.
Since the lithography system’s resolution is significantly lower than the deter-
mined resolution limit of 83.33 lp/mm, the system avoids the imaging of the
photomask’s single ink dots in the substrate plane.

The lithography system’s image in the substrate plane is captured by the camera
system to adjust the lithography system by moving the stage with the substrate
into the system’s focal point. Since the camera system’s resolution is not suffi-
ciently precise, no reliant statement about the ink dots’ vanishing can be made
based on the camera images. The third research question, whether it is possible
to develop steep edges in a photoresist and simultaneously keep the contrast of
the original mask image, will be answered in future experiments. In these future
experiments, a non-linear photoresist will be exposed through a binary printed
mask and the effect of the blurred image will be evaluated based on the devel-
oped structure size and the edge quality. The contrast behavior of the photoresist
structures can be measured by the aspect ratio of the developed structures.

The developed photoresist structure will be used as a NIL master. Its structure
can be replicated several times by a NIL stamp. The NIL stamp manufacturing
in detail is known from [4].

In the next step, grayscale lithography can be applied by using a grayscale pho-
tomask and a linear photoresist as shown in Figure 6.1. The ink dot density (a)
determine the exposure intensity distribution of the macro lens’ blurred image
(b) and the reduced image in the substrate plane (c). The photoresist’s linear be-
havior supports that the development depth correlates with the applied exposure
intensity as demonstrated in (d).

Selina Burkert Matr. no. 82445 page 88



University Aalen Conclusion and Outlook

(a) (b) (c) (d)

Figure 6.1: Theory of the lithography system’s effects on the mask structure and the developed
photoresist structure. The mask structure (a) is blurred imaged in an intermediate image (b) to
make the ink dots unidentifiable. Subsequently, the structure is significantly reduced onto the

photoresist’s surface (c). The development depth of a linear photoresist correlates with the
applied exposure intensity (d).
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In the following visual comparison, the BK and PGBK-printed structures in the range of 

60 µm up to 195 µm are imaged. It can be derived that the bar size discretization is similar 

using BK ink or PGBK ink due to the comparable bar widths. The black inks are displayed 

in light gray. 
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The resolution, which is measured based on Macro lens’ MTF analysis, and the 

calculated FOV are summarized in Table 1. 

Table 1: Resolution and FOV of different macro lens’ settings 

Field stop 

f1- f3 

Working distance 

fw [mm] 

Zoom z1-z12 Resolution 

[lp/mm] 

FOV [mm] 

1 148 1 14.10 77.78 

1 148 2 16.50 70.07 

1 148 3 21.64 62.73 

1 148 4 22.50 56.36 

1 148 5 18.57 48.01 

1 148 6 37.65 41.37 

1 148 7 35.68 34.42 

1 148 8 48.53 29.02 

1 148 9 67.22 22.74 

1 148 10 91.95 18.66 

1 148 11 84.43 15.65 

1 148 12 97.72 13.86 

1 173 1 9.32 98.46 

1 173 2 13.18 89.40 

1 173 3 13.79 79.37 

1 173 4 22.05 70.71 

1 173 5 25.35 59.38 

1 173 6 13.68 50.84 

1 173 7 32.72 43.45 

1 173 8 28.71 35.36 

1 173 9 42.19 28.60 

1 173 10 61.48 22.55 

1 173 11 53.99 18.92 

1 173 12 67.27 17.48 

1 198 1 9.05 117.85 

1 198 2 8.70 106.55 

1 198 3 9.17 94.86 

1 198 4 15.03 82.75 

1 198 5 18.72 72.69 

1 198 6 24.70 61.25 

1 198 7 26.34 51.17 

1 198 8 31.63 42.74 

1 198 9 37.18 33.53 

1 198 10 35.15 26.91 

1 198 11 34.30 22.81 

1 198 12 22.92 20.58 

1 223 1 7.24 136.46 

1 223 2 6.91 123.46 

1 223 3 10.97 111.12 

1 223 4 10.56 98.46 

1 223 5 15.75 82.75 
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1 223 6 17.18 71.36 

1 223 7 16.61 59.83 

1 223 8 18.86 49.23 

1 223 9 20.19 38.89 

1 223 10 26.42 31.24 

1 223 11 31.43 26.55 

1 223 12 23.88 23.95 

1 248 1 5.85 158.74 

1 248 2 9.11 138.90 

1 248 3 8.98 125.45 

1 248 4 11.13 111.12 

1 248 5 14.98 96.03 

1 248 6 17.64 81.02 

1 248 7 19.91 67.64 

1 248 8 11.64 55.56 

1 248 9 35.77 44.70 

1 248 10 30.90 35.52 

1 248 11 26.28 30.03 

1 248 12 35.43 27.20 

1 273 1 4.73 176.78 

1 273 2 7.02 155.56 

1 273 3 6.50 138.90 

1 273 4 9.50 123.46 

1 273 5 12.18 106.55 

1 273 6 12.60 90.44 

1 273 7 18.96 75.52 

1 273 8 20.83 62.23 

1 273 9 31.67 49.86 

1 273 10 35.62 39.28 

1 273 11 35.92 33.67 

1 273 12 35.10 30.38 

1 298 1 4.10 185.19 

1 298 2 4.92 165.49 

1 298 3 7.57 149.58 

1 298 4 6.91 129.64 

1 298 5 5.43 114.38 

1 298 6 4.16 96.03 

1 298 7 4.09 79.37 

1 298 8 2.26 65.36 

1 298 9 3.62 51.51 

1 298 10 3.14 40.51 

1 298 11 3.57 34.27 

1 298 12 3.35 31.62 

2 148 1 22.92 80.19 

2 148 2 24.61 74.08 

2 148 3 28.00 63.24 

2 148 4 38.51 56.36 
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2 148 5 40.94 48.61 

2 148 6 44.75 41.37 

2 148 7 50.78 34.57 

2 148 8 33.39 28.81 

2 148 9 64.50 22.88 

2 148 10 101.75 18.13 

2 148 11 78.10 15.16 

2 148 12 90.42 13.86 

2 173 1 17.65 99.72 

2 173 2 21.28 89.40 

2 173 3 20.82 80.19 

2 173 4 28.20 69.45 

2 173 5 21.16 59.83 

2 173 6 44.45 52.20 

2 173 7 42.55 43.45 

2 173 8 29.45 35.84 

2 173 9 43.76 28.39 

2 173 10 62.77 22.74 

2 173 11 50.49 19.21 

2 173 12 55.37 17.32 

2 198 1 16.08 123.46 

2 198 2 17.23 108.03 

2 198 3 28.34 97.23 

2 198 4 21.82 85.47 

2 198 5 33.44 73.38 

2 198 6 28.58 63.24 

2 198 7 31.06 51.85 

2 198 8 31.03 42.97 

2 198 9 33.68 34.11 

2 198 10 25.80 27.58 

2 198 11 69.91 22.56 

2 198 12 26.21 20.74 

2 223 1 11.88 141.42 

2 223 2 17.81 125.45 

2 223 3 14.41 111.12 

2 223 4 21.20 98.46 

2 223 5 30.09 84.55 

2 223 6 27.01 72.02 

2 223 7 33.69 59.83 

2 223 8 45.26 49.54 

2 223 9 38.95 39.89 

2 223 10 34.57 31.36 

2 223 11 35.80 26.73 

2 223 12 33.13 24.01 

2 248 1 12.20 158.74 

2 248 2 13.55 141.42 

2 248 3 11.34 127.51 
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2 248 4 22.01 111.12 

2 248 5 20.16 93.71 

2 248 6 23.17 81.02 

2 248 7 27.05 68.23 

2 248 8 31.09 54.78 

2 248 9 36.54 44.19 

2 248 10 31.35 35.52 

2 248 11 30.51 30.15 

2 248 12 30.83 27.20 

2 273 1 10.98 172.85 

2 273 2 13.03 158.74 

2 273 3 9.96 138.90 

2 273 4 16.56 121.53 

2 273 5 12.53 105.11 

2 273 6 17.22 91.51 

2 273 7 31.15 75.52 

2 273 8 28.40 62.23 

2 273 9 33.45 49.54 

2 273 10 32.70 39.09 

2 273 11 36.33 33.24 

2 273 12 34.04 30.38 

2 298 1 10.03 194.45 

2 298 2 10.33 172.85 

2 298 3 7.02 152.51 

2 298 4 6.45 129.64 

2 298 5 5.37 112.73 

2 298 6 4.99 96.03 

2 298 7 5.44 79.37 

2 298 8 4.73 65.36 

2 298 9 4.58 53.28 

2 298 10 4.61 41.59 

2 298 11 4.24 35.04 

2 298 12 3.68 30.87 

3 148 1 20.51 80.19 

3 148 2 20.28 74.08 

3 148 3 23.92 65.36 

3 148 4 29.73 55.96 

3 148 5 26.38 49.23 

3 148 6 39.66 41.37 

3 148 7 45.15 34.88 

3 148 9 53.38 22.83 

3 148 10 138.30 18.30 

3 148 11 144.92 15.28 

3 148 12 144.92 14.06 

3 173 1 46.51 528.58 

3 173 2 19.74 92.60 

3 173 3 23.22 79.37 
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3 173 4 23.11 71.36 

3 173 5 30.79 61.25 

3 173 6 36.48 51.85 

3 173 7 37.35 44.70 

3 173 8 45.38 36.35 

3 173 9 29.78 29.40 

3 173 10 46.67 22.56 

3 173 11 38.80 19.02 

3 173 12 82.81 17.64 

3 198 1 9.40 123.46 

3 198 2 12.52 109.55 

3 198 3 13.11 97.23 

3 198 4 12.04 87.40 

3 198 5 22.26 72.69 

3 198 6 32.25 61.25 

3 198 7 24.98 50.51 

3 198 8 20.66 42.50 

3 198 9 43.44 33.97 

3 198 10 42.65 26.73 

3 198 11 34.97 23.38 

3 198 12 66.29 20.86 

3 223 1 7.92 136.46 

3 223 2 9.91 127.51 

3 223 3 11.76 112.73 

3 223 4 24.08 97.23 

3 223 5 17.46 85.47 

3 223 6 18.66 71.36 

3 223 7 29.07 61.73 

3 223 8 24.00 48.92 

3 223 9 38.25 39.68 

3 223 10 41.63 31.36 

3 223 11 40.60 26.58 

3 223 12 37.44 23.95 

3 248 1 9.69 152.51 

3 248 2 14.53 144.04 

3 248 3 12.52 127.51 

3 248 4 18.21 112.73 

3 248 5 16.99 94.86 

3 248 6 19.46 86.42 

3 248 7 20.83 68.23 

3 248 8 28.29 55.56 

3 248 9 34.84 44.45 

3 248 10 27.35 35.20 

3 273 1 7.83 180.89 

3 273 2 8.54 155.56 

3 273 3 10.11 141.42 

3 273 4 14.20 121.53 
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3 273 5 15.90 106.55 

3 273 6 15.40 91.51 

3 273 7 20.61 74.79 

3 273 8 23.80 62.23 

3 273 9 20.65 49.54 

3 273 10 36.77 39.48 

3 273 11 20.46 33.24 

3 273 12 13.38 29.24 

3 298 1 7.57 194.45 

3 298 2 9.48 172.85 

3 298 4 12.11 149.58 

3 298 5 13.64 131.83 

3 298 6 12.50 114.38 

3 298 7 12.75 97.23 

3 298 8 9.16 80.19 

3 298 9 11.28 66.48 

3 298 10 8.64 53.28 

3 298 11 6.74 35.04 
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C WFSMeasurement of the Tube Lens'

Positioning
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The shape of wavefront sample 4, which is measured by the WFS, is shown in Figure 

1. The color map indicates the shape of the wavefront. 

The mean RMS error using the final tube lens position is measured by 20 samples. 

The measurement data is plotted in Figure 2.  

Figure 1: The wavefront's shape of wavefront sample 4 is imaged by the scaled color. The 

measured RMS of this wavefront is 0.509 µm. 

Figure 2: On average, the RMS error of the wavefronts is 0.596 ± 0.056 µm using the final tube 

lens position. 
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D Captured Spot Areas of

Di�erent Applied LED Distances
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During the illumination adjustment of the lithography system, the distance d between 

the LED housing and the mask plane is enlarged from 18.8 mm up to 93.8 mm in a 

step size of 5 mm. The respective illumination distribution in the spot area is captured 

by a camera in the substrate plane. The camera image and the respective histogram of 

the illumination distribution in the spot area are shown in Figures 1 to 16. 

 

Figure 1: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 18.8 mm. 

 

Figure 2: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 23.8 mm. 
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Figure 3: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 28.8 mm. 

 

Figure 4: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 33.8 mm. 

 

Figure 5: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 38.8 mm. 
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Figure 6: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 43.8 mm. 

 

Figure 7: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 48.8 mm. 

 

Figure 8: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 53.8 mm. 
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Figure 9: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 58.8 mm. 

 

Figure 10: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 63.8 mm. 

 

Figure 11: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 68.8 mm. 
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Figure 12: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 73.8 mm. 

 

Figure 13: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 78.8 mm. 

 

Figure 14: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 83.8 mm. 
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Figure 15: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 88.8 mm. 

 

Figure 16: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The set distance d between the LED housing and the mask 

plane is 93.8 mm. 
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E Spot Areas Using a Kepler

Telescope in the Illumination Unit
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The intensity distribution in the spot area using the final Kepler illumination is 

captured by a camera sensor in the substrate plane. Since the camera sensor noise 

causes invalid High Dynamic Range Image images, the standard deviation of FWHM 

is based on 16 random samples. 

 

Figure 1: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the first one of 16 samples. 

 

Figure 2: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the second one of 16 samples. 
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Figure 3: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the third one of 16 samples. 

 

Figure 4: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the fourth one of 16 samples. 

 

Figure 5: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the fifth one of 16 samples. 
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Figure 6: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the sixth one of 16 samples. 

 

Figure 7: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the seventh one of 16 samples. 

 

Figure 8: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the eighth one of 16 samples. 
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Figure 9: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the ninth one of 16 samples. 

 

Figure 10: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the tenth one of 16 samples. 

 

Figure 11: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the eleventh one of 16 samples. 
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Figure 12: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the 12th one of 16 samples. 

 

Figure 13: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the 13th one of 16 samples. 

 

Figure 14: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the 14th one of 16 samples. 
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Figure 15: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the 15th one of 16 samples. 

 

Figure 16: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right). The shown sample is the 16th one of 16 samples. 
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F Illumination Check After the

Movement of the Tube Lens
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The measurement results of the illumination check after the tube lens’ adjustment are 

shown in Figure 1. The illumination's homogeneity in the substrate plane corresponds 

to a FWHM of 0.19. Since the difference from 0.19 to the previously calculated 0.17 is 

lower than the measurement uncertainty, it is assumed that the impact of the 

system's change is negligible. 

 

Figure 1: The homogeneity of the illumination in the substrate plane is evaluated according to the intensity 

distribution (left) and the respective histogram (right).  
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G Power Measurement of Di�erent LED

Settings
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In the power analysis, the current is set to 0.7 A as well as 1.2 A. In addition, the 

aperture is altered and the LED controller is replaced. Since a power jump occurs in 

each setting, the LED controller and the current setting are excluded as an error 

source of the power jumps.  

 

Figure 1: In the analysis of the exposure power, the current is set to 0.7 A as well as 1.2 A, the aperture is 

altered, and the LED controller is replaced. A power jump occurs in the measured power curve of each setting.  
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H Look-up Table of Possible Expo-

sure Power And Time Settings
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A look-up table is generated based on the measured power in the substrate plane. For 

example, possible exposure power and time settings for an exposure dose of 110 mJ/cm2 

are shown in Table 1. 

Table 1: Look-up table for possible exposure power and time settings. 

Intensity with 

filter [%] 

M ean 

[µW ] 

M ean 

[µW ] 

M ean 

[µW ] 

M ean Std 

60 370,8 370,7 370,8 370,7666667 0,047140452 

64,71 400,3 400,1 400,1 400,1666667 0,094280904 

69,8 432,3 431,8 432,1 432,0666667 0,205480467 

74,9 464,1 463,5 463,7 463,7666667 0,249443826 

80 495,9 495,2 495,4 495,5 0,294392029 

84,71 524,6 524,5 524,4 524,5 0,081649658 

89,8 557,4 557,4 557,1 557,3 0,141421356 

94,9 594,1 595,2 593,7 594,3333333 0,63420992 

100 627,4 627,8 627,6 627,6 0,163299316       

Area [mm2]  0,43 
    

 
Dose 

[mW/mm2] 

Dose 

[mW/mm2] 

Dose 

[mW/mm2] 

Mean Std 

 
0,862325581 0,862093023 0,862325581 0,862248062 0,000109629  
0,930930233 0,930465116 0,930465116 0,930620155 0,000219258  
1,005348837 1,004186047 1,004883721 1,004806202 0,000477862  
1,079302326 1,077906977 1,078372093 1,078527132 0,000580102  
1,153255814 1,151627907 1,152093023 1,152325581 0,000684633  
1,22 1,219767442 1,219534884 1,219767442 0,000189883  
1,29627907 1,29627907 1,295581395 1,296046512 0,000328887  
1,381627907 1,384186047 1,380697674 1,382170543 0,001474907  
1,459069767 1,46 1,459534884 1,459534884 0,000379766       

What is needed? 

[mJ/cm 2]  

110 
    

  
Intensity 

[%] 

Time [s] Dose  

[mJ/cm2] 

Std  

  
60 1,275734964 110 0,01398575   
64,71 1,182007497 110 0,02591645   
69,8 1,094738466 110 0,052313342   
74,9 1,019909437 110 0,059165142   
80 0,954591322 110 0,065354436   
84,71 0,901811249 110 0,017123856   
89,8 0,848734972 110 0,027913779   
94,9 0,795849692 110 0,117380411   
100 0,753664755 110 0,028621614 
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