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I Trends in Manufacturing

Resource-efficient generation of
large-area micro and nanostruc-

tures

High-quality, large area diffraction gratings originated by diode laser-
driven interference lithography

Benedikt Blasi, Martina Miiller, and Harald Rossmeier

Lasers are widely used in various manufacturing processes. In order to achieve

sustainable production, it is important to reduce the environmental impact

caused by the laser operation. One major improvement is the step from gas

lasers to diode lasers.

Replacing gas with diode lasers reduces
the energy consumption of the light
source by up to a factor of 1,000. Gas
lasers usually also require substantial
cooling, either wasting thousands of
liters of water every operating day or
increasing energy consumption when
a closed cooling circuit is used. This
articleaddresses large scale interference
lithography as an important application,
where gas lasers were the light source
of choice until the arrival of solid-state
lasers and novel diode laser solutions
in recent years.
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In interference lithography, high-
end lasers are used to originate micro
and nanostructures on areas up to the
square meter scale [1, 4]. Large area
gratings or engineered diffusers can be
used in displays, LED lighting or in solar
cells [2]. Lasers emitting at wavelengths
<445 nm with extreme requirements of
stability, beam profile, coherence and
output power are needed for large area
interference lithography.

For 3D AG, a tooling and industrial
manufacturing company specialized in
processing nano and microstructures,

A The large-scale interference lithogra-
phy setup at the Fraunhofer Institute for
Solar Energy Systems ISE (Source: Fh. ISE)

large area originations are needed to
obtain seamless surface areas - both
for research and for industrial clients.
The laser used in the lithography setup
is one of the core elements to produce
high quality structures. The template
originated by interferencelithographyin
glass is later replicated by 3D AG using
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Fig. 1 Toptica's TA-SHG pro system comprises a high-power, tunable, frequency-doubled diode laser, a high power semiconductor
(TA) and an integrated frequency doubling stage (SHG pro) with digital control DLC pro (right). (Source: Toptica)

electroforming processes, and the nickel
replicas serve as templates for industrial
manufacturing processes. This first glass
master is crucial for the high fidelity and
functionality of the structure in subse-
quent steps and final products.

Experimental setup -
interference lithography
Interference lithography is based on the
superposition of two or more coherent
waves on a photoresist-coated sample.
Typically, alaser beam is split, expanded,
spatially filtered and then superimposed
on the sample. Therefore no mask is
required and the achievable exposed
size only depends on the beam diame-
ter as long as the exposure stability can
be maintained. In a subsequent wet
chemical development step, the pat-
tern recorded in the photoresist is trans-
formed into a surface relief structure.
At Fraunhofer ISE, an L-shaped opti-
cal table with 10 and 12 m length enables

Companies

beam expansion up to very large areas
(up to 1.2 x 1.2 m). For such large area
processes, the exposure times can reach
up to five hours. The phase between
the interfering waves needs to be kept
stable during this time, which implies
extremely high thermal and mechan-
ical stability of the setup as well as
high laser coherence and stability. As
an example, vibration amplitudes or
position changes of more than 20 nm
over the exposure time would be detri-
mental [6]. In this work, we evaluated
a Toptica DLC TA-SHG pro emitting
at 390 nm with a single frequency out-
put power of 1 W. No water cooling is
required due to its high energy etfi-
ciency. This not only makes installation
and operation easier, but also contrib-
utes to the overall stability. Large area
structures for various applications such
as diffraction gratings, solar cells and
LEDs could be successfully originated
using this laser system.

Versatile functionalities of
structured large area surfaces
Large-area and seamless micro and
nanostructures are needed for a wide
range of applications. In display tech-
nology they can be used as diffusers
or antiglare surfaces, as grating cou-
plers or to polarize light. In lighting
technology, surface structures lead to
enhanced LED outcoupling or light
steering. In the highest efficiency
solar cells, gratings-based light trap-
ping makes optimum use of the solar
radiation.

If seamless and homogeneous large-
area structures are needed in the prod-
uct, the mastering technology must
fulfil these requirements. High-end
mastering technologies, such as elec-
tron beam lithography or extreme ultra-
violet (EUV) lithography, are extremely
expensive and not feasible for large
areas. Interference lithography is very
well suited for such requirements,

Institute

3D AG

3D AG is an independent full service
company based in Switzerland with
thirty years of experience in micro

and nanotechnology. From designing
banknote security features to the cre-
ation of tools for display manufacturing,
3D AG explored and acquired a wide
knowledge in the processing of struc-
tures for various functionalities. 3D

AG focuses on manufacturing durable
molds by electroforming and has devel-
oped various in-house processes, such
as a high precision step-and-repeat UV
imprint technology. The 3D AG exper-
tise is customized to upscale micro and
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nanostructures from the laboratory to
industrial manufacturing.

https://3dag.ch

Toptica Photonics

Toptica has been developing and man-
ufacturing high-end laser systems for
scientific and industrial applications for
more than twenty years. The portfolio
includes diode lasers, ultrafast fiber
lasers, terahertz systems and optical
frequency combs. Toptica today has
450 employees in six commercial enti-
ties with a consolidated group revenue
of 100 million euros (about $107M).

www.toptica.com

Fraunhofer Institute for Solar Energy
Systems ISE

Fraunhofer ISE in Freiburg, Germany, is the larg-
est solar energy research institute in Europe. The
institute is committed to promoting sustainable,
economic, safe, and socially just energy supply sys-
tems based on renewable energies. Its research
provides the technological foundations to sup-

ply energy efficiently and on an environmentally
sound basis in industrialized, threshold and devel-
oping countries. Focusing on energy efficiency,
energy conversion, energy distribution and energy
storage, the Institute develops materials, compo-
nents, systems and processes.

www.ise.fraunhofer.de

PhotonicsViews 1/2023

sajp1de ssaddy uadQ 104 3dadxa ‘paniwiiad jou A3d11S S UOIINGUISIP pUR 3sN-3Y “£20Z Jenuer Z| uo - Auewas) suelydo) Ag ‘wodAspimAieiqiiauljuo//:sdiy wouy papeojumoq ‘0z ‘220z ‘80519292



I Trends in Manufacturing

@ TopTICA

]
1.00um

Fig. 2 Examples of large area structures fabricated during the evaluation. The left SEM image shows a diffraction grating designed to
cause a very bright color appearance. The hexagonal grating in the right image is designed to trap light in triple-junction solar cells

with efficiencies =35 %. (Source: Fh. ISE)

Microreplication techniques are
typically used to integrate such func-
tional structures into products. The
basic idea is that firstly a master struc-
ture is researched and designed to then
be originated - the origination being
the initial and most important step to
guarantee proper industrial replica-
tion in further processes. The quality
and fidelity of the structure is crucial
forasuccessful application. Clean room
facilities are an elementary environment
for a high performance laser interfer-
ence setup, as provided by ISE using
the Toptica DLC TA-SHG pro for the
engineering of the experimental setup
described here. A master origination not
only needs true structure fidelity, but a
defect-free surface because defects can
hinder functionality or visually disturb
the surface area.

3D AG has specialized in the later
replication of masters to obtain high
fidelity copies (nickel shims) of the

y

photoresist
on substrate

Fig. 3 Sketch of a large area interference lithography
set-up (Source: Toptica)
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master structure by electroforming.
To make the glass surface conductive,
a gold layer is sputtered onto the glass
master at the ISE facilities. Electro-
forming nickel shims from such sput-
tered masters maintains the origination
effort through the creation of a nickel
shim family with multiple generations.
The first copy is an Au-Ni alloy with
a thickness of 300 pm + 10 um. This
rigid tool, a precise replica of the glass
master, serves as a template for multiple
generations, Defect inspection can only
be conducted in the reflective view of the
sputtered surface or in the first Au-Ni
master. As the process is very delicate
and sensitive, the exposure is repeated
multiple times. The best resultis chosen
to produce multiple pure nickel shims
as tools for industrial replication of the
structure.

One of these nickel tools is used as
a stamper for further processes such
as nanoimprint lithography for the

relevant wavelength
range

257 - 445 nm

industrial replication of the structure
in other materials. Other industrial pro-
cesses are roll-to-roll (R2R) or roll-to-
plate (R2P) applications. Shims of var-
ious thicknesses can be made, mostly
of 80 pm - 200 pum, depending on the
chosen application. In many cases, the
nickel templates can also be welded to
sleeves to better facilitate high volume
production.

Conclusion

The solid-state laser at 390 nm has
proven to be a reliable modern tool
to substitute legacy gas laser systems.
Homogeneous high-quality structures
can be originated seamlessly by inter-
ference lithography on large areas.
Solid-state laser technology is there-
fore well suited for this type of high-
end lithography process, paving the
way to innovative products in display
technology, lighting, or solar energy
conversion.

wavelength stability

unlocked: typ. <5 pm drift in 8 hours
locked: <0.003 pm drift in 8 hours (depending on

reference)
coherence lengths >>100m
spatial mode, TEMyq
beam quality M2<1.2

optical output power

0.5 - 3 W (depending on wavelength)

energy consumption

typ. <100 W

Table Characteristics of the laser system as discussed in the text
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Fig. 4 Interference lithography-based
diffraction gratings enable multijunction
solar cells to achieve the highest efficien-
cies [5]. (Source: Fh. ISE)

The flexibility of modern solid-state
lasers is seen as a plus for interference
lithography as it opens up the accessi-
bility of a great choice of wavelengths
(VIS to DUV) and output power levels
(see Table).
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