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Abstract
Targets with microstructured front surfaces have shown great potential in improving high-intensity laser–matter
interaction. We present cone-shaped microstructures made out of silicon and titanium created by ultrashort laser pulse
processing with different characteristics. In addition, we illustrate a process chain based on moulding to recreate the
laser-processed samples out of polydimethylsiloxane, polystyrol and copper. With all described methods, samples of
large sizes can be manufactured, therefore allowing time-efficient, cost-reduced and reliable ways to fabricate large
quantities of identical targets.
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1. Introduction

Recent studies have shown that targets with nanostructured
and microstructured front surfaces are capable of enhancing
the output of high-intensity laser-based X-ray and particle
sources[1–4]. This is mostly attributed to the highly light-
absorbing properties of these structures, as well as a change
in terms of electron heating mechanisms. By transferring
more energy from the laser into the target the conversion
efficiency is improved, which is especially important for
smaller laser systems. In particular, newly developed laser
systems are capable of repetition rates of several kilohertz[5],
and along with this advancement the demand for large
quantities of identical targets increases[6]. Therefore, it is of
great interest that target manufacturing procedures are time-
and cost-efficient while also guaranteeing high quality and
reproducibility.

Depending on the application, different microstructure
geometries and materials are required. There are several
methods available for fabrication including etching, two-
photon polymerisation, laser processing, pulsed laser depo-
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sition and various moulding techniques[7,8]. Recently, cone-
shaped microstructures have attracted the interest of the
community[9,10]. Her et al.[11] discovered the formation of
such conical needles on silicon wafer surfaces after exposing
them to a series of ultrashort laser pulses. The interference
of the incident and scattered light creates a spatial variation
in the intensity, and laser-induced periodic surface structures
(LIPSS) with a distance of the order of the laser wavelength
develop. Self-focusing of the subsequent pulses deepens
these so-called ripples, eventually resulting in cone-shaped
microstructures. Further studies have shown that the size
and form of these structures can be adjusted without much
effort by changing the laser and processing parameters[12–15].
This technique is well studied for silicon, but also works
with other materials such as titanium or aluminium[16]. It
can be applied to large areas and is rather cost-efficient,
making ultrashort laser pulse treatment a reliable tool for
target fabrication.

To further expand the amount of available materials, the
laser structured samples can be used as the master in a subse-
quent moulding process. For high-precision moulding, poly-
dimethylsiloxane (PDMS) was observed to feature excellent
properties with regards to resolution and handling[17,18]. This
polymer can be used to cast an impression of the master,

© The Author(s), 2021. Published by Cambridge University Press in association with Chinese Laser Press. This is an Open Access article, distributed under
the terms of the Creative Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and
reproduction in any medium, provided the original work is properly cited.

1
https://doi.org/10.1017/hpl.2021.10 Published online by Cambridge University Press

http://dx.doi.org/10.1017/hpl.2021.10
mailto:tebert@ikp.tu-darmstadt.de
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/hpl.2021.10&domain=pdf
https://doi.org/10.1017/hpl.2021.10


2 T. Ebert et al.

resulting in a mould with inverse geometry. The mould is
then employed to manufacture the original microstructure
from a different material. This versatile process chain further
optimizes the overall fabrication effort.

This paper describes experimental procedures to fabri-
cate silicon, titanium, PDMS, polystyrol (PS) and copper
microstructures as well as layered targets based on structured
silicon wafers. Subsequently, the advantages and future steps
are discussed.

2. Method

Depending on the desired target material, different
approaches to manufacture microstructured targets are
chosen. Laser-induced structuring is applied to Si and Ti
whereas replication based on moulding processes yields PS
and Cu microstructures. In addition, fabrication procedures
for layered targets consisting of Si microstructures and a PS
or Cu rear layer are described.

All samples are characterised with a scanning electron
microscope (SEM) with an additional conductive coating
if necessary. The high-aspect structures have proven to be
challenging for atomic force microscopy and their highly
light-absorbing properties make characterisation with opti-
cal microscopy difficult. Cross sections of the Si targets can
be viewed after snapping the structured wafers. By aid of pre-
cut lines, either by a diamond cutter or a short-pulse laser, the
position of the break is predetermined.

2.1. Ultrashort laser pulse processing

The experimental setup to fabricate the laser-induced
microstructures is based on an ultrashort-pulse Ti:sapphire
laser system. It consists of an oscillator with a central
wavelength of 800 nm and a bandwidth of more than 40 nm
as well as a successive amplifier, which delivers 200 µJ
pulses at 5 kHz. The pulse duration is set to 100 fs. The
average power at the process chamber can be adjusted
continuously between 50 and 800 mW with the aid of
a polariser and an adjustable waveplate. Before entering
the processing chamber, the beam passes a focusing lens.
The position of the lens can be adjusted to precisely align
the focal plane relative to the substrate. Then, the beam
is reflected by a set of two galvanometric mirrors, which
allow the laser to be moved rapidly across the substrate
surface. The substrate is scanned with an approximately
70 µm focus (full width at half maximum (FWHM)),
therefore allowing the fabrication of microstructured areas of
various sizes. Scanning the sample multiple times results in
a homogeneously structured area. Because laser-induced
surface structuring is a material-removing process, the
overall thickness of the wafer is successively reduced with
each scan.

The installed processing chamber can be used to create a
vacuum or be filled with different gases. It is optimised to
minimise the chamber volume to reduce the amount of pro-
cessing gas needed while also keeping the distance between
substrate and laser entry window large enough to prevent
damage to the glass from the converging laser. A description
of process chambers for our particular laser setup suitable for
air or liquid processing media can be found in Ref. [15].

Figure 1(a) shows a cross section of a Si substrate pro-
cessed in a 600 mbar SF6 environment. The combination of
ablation, slight melting and etching results in sharp needle-
like structures. Their size depends both on the energy and
the number of laser pulses hitting the same spot. For this
sample, the averaged power was kept constant at 150 mW
but the number of pulses was increased from 250 to 1250
toward the right, therefore gradually increasing the height
of the structures. It is crucial to choose the right distance
between the scanned lines, in this case 25 µm, to obtain an
overall homogeneously structured area. With the described
method, any desired combination of structure height, base
thickness and frame thickness can be dialled in. Depending
on the specific parameter combination, the thickness of the
initial substrate varies.

For some laser–matter experiments it might be interesting
to orient the microstructures in or against the direction of the
incident high-intensity laser. By tilting the substrate during
the structuring process slanted needles can be produced as
shown in Figure 1(b). As the structures always point in the
direction of the incoming processing laser, the tilt is directly
linked to the slant angle.

To create microstructured targets with a particular geome-
try an empirical dial-in procedure is applied to find the cor-
rect parameter set. This starts with choosing the processing
medium and the incidence angle, which determines the shape
and the slant angle, respectively. Then, the optimal distance
between the scanned lines is determined by structuring a
small area (e.g. 500 µm × 500 µm) in the respective
processing medium with different distances. The velocity,
which is typically between 0.5 and 5 mm s−1, and the fluence
are fixed and should not be changed afterwards. In particular,
the latter influences the width of the structured line, because
relevant permanent changes to the surface arise only if the
fluence exceeds the ablation threshold. These thresholds
depend on the material, the processing medium and the laser
parameters. For silicon in SF6 with our laser parameters the
ablation threshold is approximately 2 kJ m−2[12]. Afterwards,
the samples are checked with an optical microscope to find
the scanning distance that yields the most homogeneous
area. This parameter is then used during the subsequent
scans. To determine the total number of pulses necessary,
several areas are scanned with varying numbers of repeats.
By breaking the samples, their cross section can be evaluated
with an SEM to measure the height of the structures and
the remaining base thickness. If the values do not match
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Figure 1. SEM images of laser-induced microstructures. The top and
middle images show cross sections of Si processed in 600 mbar SF6. For
(a) the pulse number was increased from 0 to 1500 pulses from left to right
at a fluence of approximately 8 kJ m−2. The sample is viewed at 30◦. The
slanted structures in (b) are created with a laser incidence angle of 45◦, a
fluence of approximately 9 kJ m−2 and roughly 1000 pulses. This sample
is viewed at 90◦. The bottom image (c) shows Ti microstructures fabricated
in 7 mbar vacuum with different laser fluences. Low fluences below the
ablation threshold lead to ripples (left third) whereas higher fluences (up to
20 kJ m−2) generate broad cones (two thirds on the right).

the desired design, a substrate with a different thickness is
chosen or the number of scans is adjusted.

With the described setup, both Si and other solid-state
substrates can be structured. The right-hand side of Figure
1(c) shows a Ti sample processed in a vacuum with a residual
air pressure of 5 mbar with 110 pulses at 500 mW. The
resulting microstructures are broader and more irregular,

and also show a different substructure on the cone surfaces
compared with Si needles.

2.2. Replication

In case the desired material cannot be structured by ultra-
short laser pulse processing, a replication process based on
a moulding procedure can be employed. Here, casting is
used to fabricate similar cone-shaped microstructures from
other materials. The process is illustrated in Figure 2. First, a
master is produced, e.g., by ultrashort laser pulse processing,
and placed in a container. In this case, microstructured Si
samples are employed as masters. Then, an anti-sticking
coating is applied to ease the peeling off of the mould. For
this, the sample is placed in a desiccator together with a
small amount of chlorotrimethylsilane. Under low pressure
the silane evaporates and coats the master.

For the moulding of microstructures, the material used
needs to have excellent resolution properties. One substance
frequently used in other areas such as nanofluidics and
microfluidics is PDMS[19], which is comparatively inexpen-
sive, straightforward to handle and can be removed without
difficulty from the master because it is flexible once solid-
ified. The PDMS Sylgard 184 by DowCorning[20] is mixed
with a 10:1 ratio of base and cross-linker as recommended
by the manufacturer. Degassing the polymer after stirring as
well as placing the master, on which the PDMS is poured, in
a desiccator removes trapped air bubbles, therefore leading
to a precise impression of the original sample. The polymer
is degassed for 60 min at room temperature and then cured
at 100◦C for another 30 min to accelerate the solidification
process. Figure 3 shows a silicon master and its mould with
the clearly visible substructures on both samples.

After carefully peeling the mould of the master it is used
in two different ways. One option is the replication with a
polymer such as PS, which can be either deuterated or non-
deuterated as both solutions can be handled in the same way.
For this replication, the mould is placed in a spin coater
with a toluene atmosphere, which prevents the PS solution
(0.104 g PS per 1 mL toluene) from irregularly solidifying.
Then, a drop of the solution is applied with a syringe before
spinning the sample at 3000 r/min for 60 s. The result is a
thin, approximately 15 µm thick, microstructured foil that
can be placed on a target frame.

The second possibility is replication via electroplating
with, e.g., Cu. As this method requires a conducting seed
layer on the surface of the PDMS mould, which is a dielec-
tric, the cold sample is coated by thermal evaporation with
10 nm Cr and a 90 nm thick seed layer of Cu. The Cr
is necessary to improve the bonding between polymer and
metal. Next, the mould is placed in an electrolytic cell filled
with Tifoo Bright Copper Plating Solution[21]. It is coated
for 60 min at room temperature with a current density of
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Figure 2. Replication procedure. (a) The Si master is placed in a container and coated with an anti-sticking coating before (b) PDMS is poured onto it.
(c) After solidification, the PDMS is removed and can then be used as a mould to either create (d) a PS replicate by spin coating or (e) a Cu replicate by
thermal evaporation followed by electroplating.

Figure 3. SEM images in top view of (a) Si needles fabricated in a SF6
environment and (b) a different section of the respective PDMS mould. The
nanometre substructures of the master are clearly visible in the mould.

approximately 6 A dm−2. During the deposition, an agitator
keeps the electrolyte in motion to prevent the creation of
inhomogeneities in the Cu layer, e.g. by H2 production or
local depletion of the electrolyte. Afterwards, the sample
is thoroughly cleaned with distilled water to remove any
excess electrolyte. Lastly, the approximately 25 µm thick
microstructured Cu foil is carefully removed with a scalpel.

As the Cu is deposited on an uneven surface, the rear side
of the resulting foil can exhibit protruding features. Their
size depends on the dimensions of the microstructures in
the mould and on the final thickness of the foil, as this
unevenness is smoothed out during the deposition process.
For thin targets requiring a flat rear surface it therefore might
be necessary to add a subsequent polishing or grinding step.

Figure 4 shows a Si master and PS and Cu replicates.
Although the sub-micrometre structures slightly differ due
to shrinking or swelling, the overall shape is very similar,
which shows the remarkable replication capabilities of this
process chain.

2.3. Layered targets

For some experiments it is not strictly necessary that the
whole target is made of the same material. Previous studies
showed the great potential of layered target designs with
flat front surfaces[22,23]. Combining specific microstructures

Figure 4. SEM images viewed from the side with an approximate angle
of 25◦ (left column) and from the top (right column). The top row shows a
Si master, the middle row a PS replicate and the bottom row a Cu replicate.
The lower magnification (2500×) of the side view illustrates the distribution
and cone-shape of the structures whereas the higher magnification (7500×)
of the images in top view shows the sub-micrometre features as well as the
diameter of the structures.

with favoured materials is expected to further enhance the
particle and radiation output for secondary applications. As
the structuring process is well known for Si and allows for
a wide variety of structure shapes and sizes, this material is
used as the target front component.
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Figure 5. Layered target configurations as schematic (top row) and photo
(bottom row). The PS foil (a) appears greenish on the rear side of the Si
wafer with front surface microstructures. To create a defined laser-driven X-
ray source, Cu microdots (b) are applied to the Si wafer before structuring
the opposite side.

In particular, for laser ion acceleration and neutron gener-
ation a proton- or deuteron-rich layer at the target rear side
is of great interest. For this, thin polymer foils are produced
via spin coating[24] on a glass wafer, which are then detached
by submerging the wafer into distilled water so that the foils
float on the surface. With the structured Si targets already
mounted on a target frame, the foils are carefully lifted out of
the water. Given the correct angle and speed, the foils cling to
the Si wafer without any additional adhesive. An exemplary
target is shown in Figure 5(a).

Targets used for X-ray generation often require a high-Z
material. In this case, sputtering, electroplating or thermal
evaporation can be employed to add the required layer. By
using masks, the layer does not have to coat the entire target,
but can also be restricted to specific areas. Figure 5(b) shows
an image of a Cu microdot target. Here, the Cu dots are
manufactured by thermal evaporation in combination with a
25 µm Ni mask. Afterwards, the front side of the respective
Si wafer is structured with ultrashort laser pulses.

3. Discussion

Experiments studying different aspects of laser–matter inter-
action are numerous and require a wide range of target
materials. In particular, the reproduction process can be
easily transferred to manufacture cone-shaped microstruc-
tures from, e.g., silver, nickel and gold electrolytes or nano-
powder and polymer mixtures to meet the experimental
requirements.

In addition, the moulding procedure reduces the expendi-
ture of time and costs as one mould can be re-used multiple

times. Obviously, the described process chain is applicable
to all sorts of microstructures and macrostructures.

Another advantage of the PDMS moulds described here is
that they are flexible and can therefore be shaped into dif-
ferent macroscopic geometries before continuing the repli-
cation process.

Furthermore, all described methods facilitate the fabri-
cation of very large structured areas, which in our case is
mainly restricted by the respective containers and processing
chambers. For usage in further experiments, the samples are
laser cut to fit the specific target setups. In this way, by
creating large samples a large number of targets with identi-
cal properties can be produced for, e.g., high-repetition-rate
experiments.

The presented procedures allow the customisation and
optimisation of the target design for respective experimental
campaigns. To find the optimal geometry for a specific
laser configuration, parameter scans can be performed by
fabricating microstructures with varying geometries and
dimensions, which is within reasonable effort as most of
the processing parameters can be easily modified. Previous
studies[10,25] discussed that the influence of the microstruc-
tures on the energy transfer between laser and target not
only depends on the properties of the target, such as the
material, cone geometry and distribution, but also on the
laser parameters, among which pulse length and contrast are
key factors. Depending on the amount of energy deposited
before the main pulse, the microstructures will retain their
overall geometry or dissolve. This, in turn, influences the
electron heating mechanisms involved in the energy transfer
between laser and target, which are a variable composition
of Brunel heating on the intact, sloped structure sides and
resonant absorption in the valleys filled with preplasma.

4. Summary

In summary, fabrication procedures for cone-shaped
microstructures from various materials for enhanced laser-
matter coupling have been presented. Whereas silicon and
titanium can be structured directly via ultrashort laser pulse
processing, microstructured surfaces on PS and copper
substrates can be manufactured by moulding with PDMS.
The moulding process chain enables the replication of the
exact same structure geometry. In addition, methods for
building layered targets have been presented. This variety
of materials meets the requirements of a wide field of
laser–matter interaction experiments, which can all benefit
from the excellent absorption properties of the discussed
microstructures.
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