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Abstract: A continuous improvement of resolution in mask-aligner lithography is sought after
to meet the requirements of an ever decreasing minimum feature size in back-end processes.
For periodic structures, utilizing the Talbot effect for lithography has emerged as a viable path.
Here, by combining the Talbot effect with a continuous wave laser source emitting at 193 nm, we
demonstrate successfully the fabrication of periodic arrays in silicon substrates with sub-micron
feature sizes. The excellent coherence and the superior brilliance of this light source, compared
to more traditional mercury lamps and excimer lasers as light source, enables the efficient beam
shaping and a reduced minimum feature size at a fixed gap of 20 µm. We present a comprehensive
study of proximity printing with this system, including simulations and selected experimental
results of prints in up to the fourth Talbot plane. This printing technology can be used to
manufacture optical metasurfaces, bio-sensor arrays, membranes, or microchannel plates.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the 1960s, mask-aligners emerged as a viable tool for high-volume fabrication. Mask-aligner
lithography relies on the pattern transfer via shadow printing of mask structures, in general
possessing a complex transmission function, to a photoresist-coated wafer. While the best
resolution is achieved in contact between mask and wafer, in practice proximity lithography with
a certain gap g is preferred. In this modus operandi, contamination of the mask is prevented,
avoiding abundant mask cleaning that results in an increased yield [1]. The lower bound for the
proximity gap depends on the flatness of mask and wafer, as well as on the height of prestructured
patterns on the substrate, and typically amounts to about 20 µm.
In the 1980s, the ongoing miniaturization trend in semiconductor technology required the

fabrication of sub-micron structures using optical lithography, and thus prompted the use
of projection lithography. However, mask-aligners remain until today the tool of choice to
pattern uncritical layers in the semiconductor back-end, e.g., for light-emitting diode (LED)
manufacturing and for electrical interconnects in fan-outs. Mask-aligners offer greatly reduced
complexity and cost in investment and operation over steppers used in projection lithography,
rendering them the tool of choice for uncritical back-end patterning.
The main effect limiting the resolution in proximity printing is diffraction at mask structures,
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affecting the subsequent image transfer over the proximity gap g [2]. The resolution at a
wavelength λ can be estimated to be [3]

Resolution ∼
√
λ · g . (1)

The resolution in mask-aligner lithography is indicated in Fig. 1(a) for two different gap sizes
of 20 µm and 40 µm as a function of wavelength. An obvious approach to enhance the resolution
is to reduce the proximity gap, with mask and wafer in contact as the extreme case. However,
as described before, reducing the proximity gap below some tens of micron is not a practical
solution for high-volume fabrication.
Hence, there are two ways to improve the resolution in mask-aligner lithography for a fixed

proximity gap. The first is evident and concerns the use of light sources with ever smaller
wavelengths [compare Fig. 1(a)]. Traditionally, light sources such as mercury high-pressure
arc lamps or pulsed excimer laser lasers have been used for this purpose [4]. However, they
suffer from multiple problems and recently light emitting diodes or laser diodes as continuous
wave (CW) sources in the deep-ultraviolet (DUV) spectral regions were established as light
sources used in lithography. These novel light sources excel in terms of luminous efficacy,
maintenance requirements, environmental sustainability, wall-plug efficiency, and demands on
cooling effort [5].
The integration of LED and diode laser light sources into mask-aligner lithography has been

demonstrated [6–8], solving the task of beam shaping for uniform mask illumination in various
ways. Recently, we reported on the implementation of a novel deep ultraviolet (DUV) frequency-
quadrupled continuous wave (CW) light source emitting at λ = 193 nm in a mask-aligner and
demonstrated test exposures [9].

For periodic structures, a second further improvement of the attainable resolution in proximity
lithography is possible by exploiting the Talbot effect. Under plane wave illumination in the
Fresnel regime, the diffraction at laterally periodic mask features leads to their self-imaging and
replication in a distance termed the Talbot distance zT [10–12] (see Section 2). By locating the
resist-coated substrate in one of the Talbot planes, the mask design is replicated [13–15], achieving
a considerably improved resolution over conventional proximity lithography, as described by
Eq. (1). Several developments in the realm of Talbot lithography have been reported, including
displacement [16], immersion [17], and gray-scale Talbot lithography [18].

In general, a standard mask-aligner setup is sufficient to perform Talbot lithography. But two
important technical requirements have to be fulfilled. First, to prevent lateral image blurring in
the Talbot plane, collimated near plane wave illumination is required for the exposure [1]. Thus,
a laser source is most suitable, since its high brilliance allows efficient beam shaping for the
generation of collimated light. And second, the gap between mask and photoresist-coated wafer
has to be set precisely, in order to place the wafer in one of the Talbot planes to maximize the
contrast of self-imaging. Whereas the second property is rather a practical constraint, the first
requirement can be satisfied only with the recently introduced frequency-quadrupled CW laser
light source that has a very high brilliance. Hence, the availability of such source prompts for its
use in the printing of sub-micron features of periodic structures exploiting the Talbot effect. In
addition, the reduction of the wavelength over traditional light sources leads to a decrease in the
minimum feature size for a fixed proximity gap.
Here, we demonstrate the benefits of exploiting this light source for printing with the Talbot

effect for the self-imaging of periodic mask structures, making use of the coherent nature
of the light source. Following this methodology, periodic patterns with sub-micron feature
size are demonstrated at a comparably large proximity gap, suited for high-volume nano- and
microfabrication.

In the following Section 2, we provide for completeness a short derivation of the Talbot effect
within the angular spectrum method (ASM), and elaborate why a reduction in wavelength is
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likewise beneficial for Talbot lithography. In Section 3, the optical setup and the laser beam
shaping for collimated near plane wave illumination are discussed, also including the mitigation
of speckle patterns in the photoresist emerging from the high coherence of the laser source.
Subsequently, the simulation of Talbot structures is discussed in Section 4, also addressing
reflections at silicon (Si) substrates, as used for experimental verification. The results of Talbot
lithography with a laser source emitting at 193 nm are presented in Section 5. We conclude and
finalize on our work in a devoted Section 6.

2. Theory of Talbot lithography

The classical Talbot effect describes the self-imaging of longitudinally periodic structures [10].
The distance between planes in which the field replicates itself is given by the Talbot distance zT,
while the depth of focus (DOF) denotes the length scale across which self-imaging occurs with
high contrast. Both quantities will be derived in the following within the scalar approximation
for a periodic structure [12,19,20]. Based on these results, we discuss the implications for Talbot
lithography in the DUV.
Starting point is the complex field distribution p(r) behind the periodic structure. In thin-

element approximation, which we assume here, it is given by the product of the incident field and
the complex transmission function of the structure. The position of each unit cell of the periodic
object is described by the linear combination

an = n1a1 + n2a2 (2)

of the basis vectors a1 and a2 in the two-dimensional object plane, with integers n1 and n2. The
periodic field of the object p(r) = p(r + an) is described by the set {an}. The reciprocal lattice
vectors b1,2 are given via ai · bj = δij.

Assuming plane wave illumination, the field behind the object in thin-element approximation
can be written as a function of its 2D Fourier coefficients Pn,

p(r) =
∑

n
Pn exp (2πi r · bn) , (3)

with the summation over all pairs n = (n1, n2).
We proceed by writing the transfer function or propagator H(|bn | , z) of wave propagation along

a distance z at wavelength λ, using the angular spectrum method (ASM) for plane waves [21].
This approach is equivalent to the first Rayleigh-Sommerfeld solution [22].

H(|bn | , z) =


exp
[
i2π

z
λ

√
1 − (λ |bn |)2

]
, |bn | <

1
λ

0 , otherwise.
(4)

The diffracted field distribution behind the object is obtained within the ASM under plane wave
illumination with a unitary amplitude as [21]

udiff(x, y, z) =
∬

p̃(bn; z = 0)H(|bn | , z) exp (2πi r · bn) dr , (5)

with

p̃(bn; z = 0) =
∬

p(r) exp (− 2πi r · bn) dr

=
∑

n
Pn

(6)
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the Fourier transform of the transmitted electric field directly behind the object under thin-element
approximation, with p(r) from Eq. (3). The necessary and sufficient condition for self-imaging
can be retrieved from Eq. (5): The original field, as defined by Eq. (3), is reproduced in certain
Talbot planes at the Talbot distance zT, if the phase difference between the zeroth order and the
diffracted field according to Eq. (4) for the periodic structure vanishes, i.e.

exp
[
i2π

zT
λ
− i2π

zT
λ

√
1 − (λ |bn |)2

]
!
= 1 . (7)

Then, the phase accumulation in each diffraction order is the same at these distances and the
initial field simply replicates itself. This condition leads to a Talbot distance zT of

zT =
m · λ

1 −
√

1 − (λ |bn |)2
m ∈ N . (8)

For simplicity and out of experimental relevance, we restrict the further discussion to bi-
periodic structure with period Λ in each dimension. Inserting |bn | = 1/Λ and m = 1 in Eq. (8),
the condition for the first Talbot plane is obtained. This result is equal to the findings already
contained in the first publication on the Talbot effect [10].
The Talbot distance according to Eq. (8) is plotted in Fig. 1(b) as a function of wavelength

for periods of Λ = 1.39 µm and 0.71 µm, respectively. At an illumination wavelength of 193 nm,
this corresponds to a Talbot distance of 20 µm and 5 µm for the first Talbot plane, respectively.
For typical applications in mask-aligner lithography, the period of the structure is larger than

the wavelength, 1/|bn | � λ, and Eq. (8) can be simplified by applying a binomial expansion of the
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Fig. 1. (a) Lateral resolution inmask-aligner lithography as a function ofwavelength,
according to Eq. (1). Vertical lines indicate the crucial wavelengths for mask-aligner
illumination. For illustration, the resolution is shown for a gap of 20 µm (as
used throughout the experiments) and 40 µm. The resolution improves for smaller
wavelengths and gaps, with a value of ∼ 2 µm at a gap of 20 µm under illumination
at 193 nm [9]. (b) Talbot distance zT as a function of wavelength for two relevant
periods Λ, according to Eq. (8). The DOF is indicated by the color shaded areas
[Eq. (13)]. The highlighted wavelengths correspond to the annotations in (a). The
DOF scales with the Talbot distance for a fixed period. Accordingly, the DOF and
hence the process window increases for our light source, compared to canonical
high-pressure mercury lamps (g, h, and i-lines). The different Talbot distances for the
emission lines of mercury lamps lead to a spectral blur for broadband illumination.
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square root: √
1 − (λ |bn |)2 ' 1 − 1

2 (λ |bn |)2 . (9)

Within this approximation, the condition for self-imaging under plane wave illumination in
Eq. (8) is simplified to

zT ' 2m
Λ2

λ
. (10)

This approach is equivalent to the Fresnel approximation, as can be seen by applying the
binomial expansion of Eq. (9) to Eq. (4),

HFresnel(|bn | , z) = exp
[
i2π

z
λ

{
1 − 1

2λ
2 |bn |2

} ]
, (11)

and repeating the steps of Eqs. (5) to (8). However, throughout this publication, the more exact
Eq. (8) is used for calculating the lateral periods of the mask patterns, both in simulations and
experiments.

The DOF in Talbot proximity lithography can be retrieved in analogy to projection lithography
as a function of wavelength λ and numerical aperture (NA) of the optical system [15,23, 24]

DOF ≈ ± λ

2(NA)2
= ± λ

2(n · sin θ)2
, (12)

with the diffraction angle θ and the refractive index n of the immersion medium (here air, n = 1).
The diffraction at the periodic pattern leads to an angular spread, given by sin θ = λ

(n ·Λ) . Using
Eq. (10), this leads to a DOF of

DOF ≈ ±Λ
2

2λ
= ± zT

4
. (13)

The benefits of using an exposure source with a reduced wavelength compared to i-line
illumination at 365 nm, as presented here with a frequency-quadrupled laser emitting at 193 nm,
are evident from Eqs. (10) and (13), as depicted in Fig. 1(b): For a fixed period, the Talbot
distance increases, relaxing the constraint of small gap sizes. Conversely, for a fixed Talbot
distance, in our case at the proximity gap of 20 µm, the lateral period Λ scales with

√
λ [the same

behavior as observed in Eq. (1)]. Thus, by decreasing the wavelength from 365 nm to 193 nm,
the lateral period Λ for the Talbot effect can be reduced by a factor of about 1.38, while keeping
the proximity gap and therefore the mechanical mask-aligner setup fixed.

Following Eq. (13), the DOF scales with the Talbot distance, and thus increases with decreasing
wavelength as well [compare Fig. 1(b)]. Hence, the process window regarding a variation of the
proximity gap is increased. Most interestingly, in projection lithography this trend is reversed.
According to Eq. (12), the DOF scales with the wavelength for a fixed NA, reducing the process
window.

In addition, the sharp spectral linewidth of the laser source prevents a spectral blur of the
Talbot distance, which can be observed for the different emission lines of high-pressure mercury
lamps [compare Fig. 1(b)]. On the basis of the laser’s high brilliance, efficient beam shaping for
near plane wave illumination can be achieved, which will be discussed in the following section.

3. Optical setup and beam shaping

A schema of the optical setup for the mask-aligner illumination is shown in Fig. 2. It can be
separated into two parts, namely, DUV light generation [Fig. 2(a)] and laser beam shaping
[Fig. 2(b)].
The light source consists of a seed diode laser, emitting at 772 nm, and a subsequent power

amplification stage using a tapered amplifier (TA) in master-oscillator power-amplifier (MOPA)
configuration [25,26]. Two bow-tie second-harmonic generation (SHG) cavities, stabilized by
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Fig. 2. (a) Schematic of the CW laser source emitting at 193 nm. The light
of a diode seed laser is directed through a Faraday isolator (FI) and enhanced
in a tapered amplifier (TA). Behind a second FI, the frequency upconversion is
performed in lithium triborate (LBO) and potassium fluoro-beryllo-borate (KBBF)
nonlinear crystals. For stable operation, an active feedback control is integrated using
piezo elements (PZTs). The inset shows the beam profile before homogenization.
Adapted from [25]. (b) Optical setup for beam homogenization. A uniform flat-top
illumination in the mask plane is obtained by using a rotating diffuser and a Köhler
integrator, consisting of microlens arrays (MLAs), Fourier, and field lenses. An iris
aperture is used as an illumination filter plate (IFP) to control the angular spectrum.

the Pound-Drever-Hall technique [27], frequency-quadruple the output of the TA to the target
wavelength of 193 nm. The first stage contains a lithium triborate (LBO) nonlinear crystal,
performing the upconversion to an intermediate wavelength of 386 nm. The further upconversion
is accomplished in a second stage using a potassium fluoro-beryllo-borate (KBBF) crystal,
optically bonded between CaF2 prisms to access the correct crystal plane for phase matching.
The spectral linewidth of the optical output after the frequency upconversion is about 100 kHz
and thus orders of magnitude smaller than for excimer lasers [28]. With this industrial grade
laser setup, an optical output power up to 20 mW is possible. Including a KBBF crystal shifter
in combination with automated alignment routines, lifetimes up to 10 000 hours for an output
power of 10 mW are within reach [26]. In comparison, excimer laser sources for mask-aligner
lithography have been demonstrated with an optical power of 7.5 W at 193 nm [4]. Weichelt
et al. reported on a pulsed solid-state laser source with an optical power of 3 W and emitting at a
wavelength of 355 nm [7].

The laser output exhibits an elliptical beam profile, as depicted in the inset of Fig. 2(a). Further
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homogenization is required to obtain a uniform flat-top distribution in the mask plane [29,30].
Furthermore, the high coherence of the laser source manifests itself in interference effects,
typically unintended in high-resolution lithography. The main effect consists of speckle formation
in the photoresist, which has to be mitigated in its impact. Another requirement for Talbot
lithography is near plane wave illumination, as discussed in Sections 2 and 4.

To take all the aforementioned constraints into account, a combination of rotating diffuser and
imaging homogenizer is applied [see Fig. 2(b)]. First, a shaped random diffuser, consisting of
concave facets of similar curvature but arbitrary size, is inserted into the beam path. For a fixed
configuration of these facets, speckle form in the resist plane. By rotating the diffuser during the
exposure, the irradiance of various statistically independent speckle patterns is integrated in the
resist during exposure. The superposition of these patterns reduces the visibility of speckle, as
demonstrated later in this section [9, 31–33].
Uniform irradiance in the mask plane is achieved using an imaging microlens array (MLA)

homogenizer as a Köhler integrator, i.e., a combination of two MLAs and a Fourier lens [34].
In comparison to a previous approach using a diffractive non-imaging homogenizer [9], we
demonstrate here a clear improvement with regard to field uniformity and light efficiency [33].
Though the results of this publication are limited to small print fields of about 15 mm x 15 mm to
maintain reasonable exposure times for the proof-of-principle experiments, the demonstrated
principles can be directly adapted to full-field mask-aligner illumination.

We use in our configuration two arrays of microlenses [see Fig. 2(b)], which are separated by
one focal distance. One single MLA is constructed from cylindrical microlenses, with a pitch of
300 µm, on both sides of a fused silica substrate. A crossed assembly of two MLAs results in
a square flat-top illumination in the mask plane [31]. In addition, a field lens identical to the
Fourier lens and in focal distance to it guarantees telecentric illumination.
As depicted in Fig. 2(b), the Fourier lens performs a Fourier transform, i.e., converting the

illuminated area on the MLA to an angular spectrum in the mask plane. By strongly reducing
this area on the first MLA, illumination with very small angles is obtained. This principle allows
to control the angular distribution of the illumination in the mask plane at will, and is typically
implemented as tandem Köhler integrators in modern mask-aligners (MO Exposure Optics [35]):
By arranging two integrators in sequence, the first integrator ensures a uniform illumination of
the second integrator, resulting in a uniform irradiance and uniform angular spectrum in the mask
plane. Here, we rely only on a single integrator, reducing the number of optical elements in the
beam path and thus increasing the light efficiency. This is possible since we are only interested in
obtaining a narrow angular spectrum, which is not required to be uniform. A further gain in light
yield can be obtained using anti-reflective coatings for the optical elements in the beam path.

In our optical setup, we use an iris aperture as illumination filter plate (IFP) to selectively block
transmission except for channels close to the optical axis, restricting the angular spectrum to near
plane wave illumination. However, to achieve uniform illumination in the mask plane, a minimum
number of channels is required to mix the incident light. This represents the fundamental trade-off
for plane wave illumination with imaging homogenizers, between a narrow angular spectrum and
a uniform field distribution in the mask plane.
Simulations and measurements of the implemented illumination in the mask plane [see

Fig. 2(b)] are shown in Fig. 3. Incoherent ray-tracing simulations are performed using Zemax
OpticsStudio. The power uniformity and the angular spectrum of the illumination in the
mask plane is measured by scanning a UV-sensitive photodiode (Hamamatsu S1226-18BQ
Si photodiode, photosensitivity 0.13 A W−1 @ 193 nm) over the area of interest. The optically
active area, defining the lateral sampling, is limited to 300 µm x 300 µm by a laser-cut aperture.
A xy-stage with micron precision is used for scanning the diode, with a step size of 300 µm. For
each scan position, we average over 20 measurements with an individual integration time of
10 ms. This procedure ensures repeatable results, as confirmed by multiple measurements. In
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Fig. 3. (a) Simulated and (b) measured flat-top irradiance distribution in the mask
plane, with the irradiance profile along the dashed line depicted in white. The
simulated pixels are convoluted with a Gaussian filter, corresponding to the size of the
aperture used in the measurement. The experimentally determined non-uniformity
is below 3 %. The insets show the data without filtering. (c) Simulated and (d)
measured intensity distribution of the angular spectrum. The angular spectrum
is retrieved in the mask plane [see Fig. 2(b)]. Due to under-filling of the MLA’s
acceptance angles, individual microlens channels are visible. The maximum half-
angles in (d) are below 1◦ (white circle). The presented data in (b) and (d) is identical
to the measurements included in [36], here completed by simulation results.

order to compare simulation and measurement, the simulated data is sampled with a Gaussian
filter, with a standard deviation equal to the aperture size.

For a field size of about 15 mm x 15 mm, a highly uniform irradiance distribution is simulated
and confirmed by measurement, with a measured non-uniformity below 3 %. This value is
comparable to the canonical MO Exposure Optics for beam homogenization [35,37], meeting the
requirement for proximity lithography. Please note that the field size in our proof-of-principle
experiment is limited to the size of the test structures on our mask and can be extended with ease
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Fig. 4. Measured irradiance distribution in the mask plane for (a) static and (b)
without diffuser. For both configurations, the formation of speckle is visible. The
irradiance profile along the dashed line is depicted in white. Compared to Fig. 3(b),
the uniformity is greatly diminished.

to full wafer size by adapting the numerical aperture of the MLAs and the focal length fFL of the
Fourier lens.

The angular spectrum of the illumination setup is obtained by inserting a lens in the mask plane
(uncoated fused silica, plano-convex, f ' 125 mm at λ = 193 nm) and measuring the intensity in
the focal plane of this lens. We compare simulation and measurement in Fig. 3(c) and Fig. 3(d),
respectively. Because of under-filling of the MLAs’ NA, individual microlens channels become
visible. The half-angles of each channel are below 1◦, in good agreement between simulation
and measurement, and correspond to a well-collimated beam suitable for Talbot lithography.
To demonstrate the importance of the rotating shaped random diffuser for beam shaping, we

depict the measured irradiance distribution of our optical setup for a static [Fig. 4(a)] and without
a diffuser [Fig. 4(b)] in the beam path [compare Fig. 2(b)]. Speckle are clearly visible in both
configurations, and the non-uniformity is strongly increased.

4. Aerial image and resist simulation

In order to assess the field profile behind the periodic features of a chromium amplitude mask, we
perform a simulation of our exposure system using LayoutLab from GenISys [38], a software
dedicated to process optimization and development in optical lithography. Wave propagation is
calculated by solving the Rayleigh-Sommerfeld diffraction integral, taking into account the stack
of materials (air, resist, Si substrate) using the transfer matrix method (TMM).
Figure 5 shows the propagating field behind the mask, i.e., the irradiance distribution in air,

plotted over two Talbot distances. In Fig. 5(a), the simulation is shown for idealized plane wave
illumination, while Fig. 5(b) shows the results using the angular spectrum measurement depicted
in Fig. 3(d) as input. As described before, the deviation from perfect plane wave illumination
leads to the observed lateral blurring, likewise diminishing the contrast. Indeed, the circular
shape of the periodic mask features is reproduced in the first Talbot plane, demonstrating the
operating principle under the actual illumination conditions.
In addition, multiple reflections occurring at the interfaces air/resist and resist/Si substrate

leads to interference and the formation of standing waves along the propagation direction in
the photoresist [39, 40]. At normal incidence at λ = 193 nm, the reflectance R at the interface

                                                                                                Vol. 26, No. 17 | 20 Aug 2018 | OPTICS EXPRESS 22226  



-0.7 0 0.7
Lateral distance (µm)

0

20

40P
ro

p
ag

at
io

n
d

is
ta

n
ce

(µ
m

)

-0.7 0 0.7
Lateral distance (µm)

0

20

40P
ro

p
ag

at
io

n
d

is
ta

n
ce

(µ
m

)

0

1

Ir
ra

d
ia

n
ce

(a) (b)

Fig. 5. Simulation of the propagating field behind the mask, under (a) plane wave
illumination and (b) taking the measured angular spectrum, as shown in Fig. 3(d),
into account. The irradiance is plotted in the middle of the unit cell along the
propagation direction. Please note the different length scales on the axes. The
periodic mask design contains an open circle (diameter 0.8 µm) in an otherwise
opaque square unit cell (side length 1.4 µm, indicated in gray). The profile in the
Talbot plane at zT = 20 µm (along the dash-dotted line) is plotted in white. The
insets show the irradiance in the Talbot plane. As expected, the circular feature
shape is replicated, with a lateral blurring arising from the finite angular spectrum.
The irradiance is normalized to the maximum in simulation (a).

air/resist amounts to about 6 % and to about 56% at the interface resist/Si. This is visible in
Fig. 6(a), which shows the simulated irradiance distribution in 120 nm thick photoresist on top of
a semi-infinite Si substrate. Detailed information on the optical properties of the resist can be
requested from the supplier.
A bottom anti-reflective coating (BARC) can be applied between resist and substrate to

diminish the reflection and therefore avoiding the formation of standing waves in the resist. This
is demonstrated in the simulation depicted in Fig. 6(b), which includes a 78 nm thick BARC layer
(ARC 25 from BrewerScience, Inc., nBARC = 1.84 + 0.46 i). The material properties and the
resist thickness is optimized for the wavelength under consideration. A great improvement in the
uniformity of light distribution inside the resist is observed, and the formation of standing waves
is strongly reduced.

However, in our proof-of-principle experiment, we had to refrain from applying a BARC due
to the unavailability of suitable coatings in our laboratory. In general, using a BARC will lead to
both a reduced variation of structure sizes and a smoother resist sidewall profile [41].

5. Experimental results of Talbot lithography

5.1. Methods

With the insights from Section 4, we proceed by presenting lithographic prints. We first describe
the experimental details concerning the mechanical setup, resist chemistry, and pattern transfer
via etching.

Apart from the optical setup depicted in Fig. 2(a), our mask-aligner system consists of a wafer
chuck mounted on a high precision stage (Etel Sarigan) and a mask chuck. The proximity
gap between mask and wafer is determined at three individual spots using a spectroscopic
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Fig. 6. Resist simulation for a proximity gap of g = 20 µm (not shown in the graph).
The simulation (a) without bottom anti-reflective coating (BARC) shows irradiance
hotspots arising from standing waves, while the application of a BARC (b) results
in improved uniformity in the resist. The irradiance distribution along the gray
dash-dotted line is plotted in white. The exposure conditions are identical to the
simulation in Fig. 5(b). The graph is not to scale, please note the different length
scales on the axes. The irradiance is normalized to the maximum irradiance in (a).

reflectometer in combination with a Fast Fourier Transform method (Avantes AvaSpec ThinFilm
bundle). We use the retrieved values as a feedback to the stage in order to level the wafer with
respect to the mask and to set a gap of 20 µm.

Regarding resist chemistry, a standard process for ArF excimer lithography is adapted (positive
photoresist TOK TARF-P6239 ME, prebake and post-exposure bake 1min at 110 ◦C, resist
thickness 120 nm, development 1min in AZ MIF 327). The exposure dose used in the presented
prints amounts to 65 mJ cm−2.

The chromium amplitude mask containing the periodic structures is fabricated using electron
beam lithography. The resist pattern after development is used for a chromium lift-off process,
generating a hardmask for subsequent reactive-ion etching (RIE) (24 sccm HBr and 12 sccm Cl2,
150 W, Oxford Plasma Technology Plasmalab 100 ICP180).

5.2. First Talbot plane

It is important to note that the presented results aim for a 1:1 replication of the mask structures in
the photoresist. No magnification or demagnification is intended. Furthermore, we restrict the
experimental prints presented here to square periodic arrays with openings in the shape of simple
geometries, i.e., triangles, squares, and circles. Especially the latter design is of interest for the
high-volume fabrication of polarization-insensitive dielectric metasurfaces with high efficiency
in the near- and mid-infrared [42–44].
First, we demonstrate the fabrication of rather large structures, by using the self-replication

of periodic quadratic arrays with a period of Λ = 2 µm. Following Eq. (8), this corresponds
for our fixed proximity gap of g = 20 µm to m = 1

2 . The self-replication takes place in the
first intermediate Talbot plane, shifted by half a period with respect to the mask structures [15].
Scanning electron microscope (SEM) micrographs are depicted in Fig. 7 for triangular and
quadratic shapes. The mask features are reliably replicated, with corner rounding arising from
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(a)
1 µm

(b)
1 µm

Fig. 7. Colorized SEM images of (a) triangular and (b) quadratic structures (yellow),
etched into Si. The images are taken under an angle of 30◦. The chromium hardmask
(colored in red) used for etching is not yet removed, and the etch depth amounts to
about 800 nm. The insets show a sketch of the structures on the amplitude mask,
with the white areas transparent to the illumination. The size of one unit cell is
Λ = 1.97 µm (white arrows), and the side lengths of the triangles and squares are
1.20 µm (black arrows). The fabricated triangular structures in (a) possess an corner
radius of ∼ 300 nm and a side length of 1.60 µm. The square structures in (b) have
an corner radius of ∼ 90 nm and a side length of 1.19 µm. While the triangular
structures have slightly grown in size, the size of the square structures fits well to the
design.

higher harmonics not contributing to the image formation [large n in Eqs. (3) and (6)] [12].
For circular patterns, we demonstrate arrays with a period of 1.39 µm [m = 1 in Eq. (8),

compare Fig. 1(b)]. Figure 8(a) shows the resist of the print after chromium deposition, and
Fig. 8(b) the structure after RIE. Here, the slanted shape of the micropillars’ sidewalls arises from
the etching process in use. A higher aspect ratio can be achieved by deploying a deep reactive-ion
etching (DRIE) technology, for example the Bosch process. For comparison, to obtain structures
with the same period using the Talbot effect under canonical i-line mask-aligner illumination, the
proximity gap would have to be halved, to a value of about 10 µm [compare Fig. 1(b)].

5.3. Higher Talbot plane

Furthermore, we demonstrate Talbot lithography printing in higher Talbot planes [m > 1 in
Eq. (8)]. Such an approach has the following advantage: The period can be reduced, i.e., a higher
resolution is achieved, while at once the proximity gap can be increased with respect to the first
Talbot plane. This is also indicated in Fig. 1(b): For a period of 0.71 µm, the Talbot distance at a
wavelength of 193 nm corresponds to about 5 µm. By printing in the fourth Talbot plane, the
original proximity gap of 20 µm can be maintained.

It is important to note once more that we rely on the Talbot effect with a 1:1 mapping between
mask structures and printed patterns. We added dedicated structures to the photomask for printing
in higher Talbot planes, with periods of Λ2 = 0.99 µm, Λ3 = 0.81 µm, and Λ4 = 0.71 µm. One
advantage of this approach becomes evident: different well-defined periods can be printed at the
same fixed proximity gap of g = 20 µm. This is particularly important for metasurfaces relying
on a tunable period, as introduced in [45].
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We show SEM images of resist structures in the second, third, and fourth Talbot plane in Fig. 9.
This corresponds to periods down to Λ4 = 0.71 µm, with a diameter of ∼ 0.5 µm. For the second
Talbot plane, the openings are developed through the resist to the substrate. The arrays in the
third and fourth Talbot plane are not open, and consequently a lift-off process is not applicable.
This issue arises from a decreasing contrast in higher Talbot planes.

The reduced quality in the higher Talbot planes has three reasons. First, due to the smaller period
of the structures, higher orders carrying information about fine structures become evanescent
and will not contribute to image formation in the mask plane. Second, the Talbot effect relies
on plane-wave illumination. As discussed before, we achieve near plane-wave illumination, but
small finite angles remain. This leads to a lateral blur of the image, most severely in large distance
to the photomask, as demonstrated and discussed in connection with Fig. 5. And third, the DOF
reduces with decreasing period [compare Fig. 1(b)], rendering the process more susceptible
to small variations in the proximity gap. Further optimization is required with regard to the
exposure dose and the use of a bottom anti-reflective coating (BARC), as discussed in Section 4.

6. Conclusion

In summary, Talbot lithography using a frequency-quadrupled laser source, with emission in
the deep ultraviolet at 193 nm, provides a viable route to micro- and nanofabrication of periodic
arrays in proximity lithography with superior resolution with respect to standard mask-aligner
lithography. The high brilliance of the source and the monomodal operation enable efficient
laser beam shaping, here demonstrated by integrating a rotating shaped random diffuser and an
imaging homogenizer. The crossed arrangement of cylindrical microlens arrays in combination
with a macroscopic Fourier lens leads to a uniform field distribution in the mask plane, covering a
field size of 15 mm x 15 mm. The angular spectrum is controlled by inserting an aperture directly
in front of the first microlens array, ensuring near plane wave illumination with half-angles
below 1◦.
We discussed the benefits of reducing the wavelength in Talbot lithography compared to

canonical light sources, namely, a smaller period of the features and increased depth of focus

(a)
1 µm

(b)
1 µm

Fig. 8. Colorized SEM micrographs of (a) resist and (b) etched Si micropillars,
taken under an angle of 30◦. The resist openings in (a) (colored in red) correspond
to the chromium hardmask in (b). The inset in (a) shows the design of the unit cell
of the amplitude mask, with a period of Λ = 1.4 µm (white arrow) and a diameter of
0.8 µm (black arrow).
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(a)
1 µm

m = 2 (b)
1 µm

m = 3 (c)
1 µm

m = 4

Fig. 9. Colorized SEM micrographs of periodic arrays in the photoresist, patterned
in the (a) second, (b) third, and (c) fourth Talbot plane. The corresponding periods
are Λ2 = 0.99 µm, Λ3 = 0.81 µm, and Λ4 = 0.71 µm, respectively. While the
openings (blue) for the second Talbot plane are fully open after development, in the
third and fourth Talbot plane the structures are not developed through.

at a fixed proximity gap. This improves the resolution and likewise renders the technique less
susceptible to variations of the proximity gap, enlarging the process window for successful
lithographic prints.

Relying on this concept, we presented the simulation and experimental results of lithographic
prints at a fixed proximity gap of 20 µm. Taking the exposure wavelength into account, this
translates to a period of about 1.4 µm in the first Talbot plane. By patterning a chromium
hardmask and subsequent reactive-ion etching in silicon, we prove the suitability of our process
for patterning periodic arrays of micropillars, as required in modern nanophotonic applications
like, for example, optical metasurfaces.
Moreover, a further reduction of the period is introduced by exploiting the Talbot effect of

higher order, while keeping the proximity gap fixed. Images of exposed hole arrays in the second,
third, and fourth Talbot plane confirm the feasibility of the concept, with a period down to
about 700 nm. However, further improvements regarding exposure irradiance and contrast are
necessary for its implementation in high-volume fabrication.
Further improvements in the resolution and the process window of Talbot lithography

can be expected from the combination of the presented continuous wave optical setup with
rigorously optimized phase-shift masks [46], with double patterning [47], with immersion Talbot
lithography [17], or with Talbot displacement lithography [16, 48].
Our studies show the applicability of Talbot lithography using a frequency-quadrupled laser

source emitting at 193 nm for the manufacturing of periodic arrays, required for example for the
fabrication of membranes, filters, and metastructures. Relying on a continuous wave diode laser
has manifold advantages over canonical light sources in the deep ultraviolet in terms of efficiency,
brilliance, and environmental sustainability.
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