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Abstract

Mechanical metamaterials can exhibit extraordinary mechanical properties due to a specific architecture rather than the base
material. When the structural dimensions reach the sub-micrometer range, such micro- and nanolattices may also benefit
from size-affected mechanical properties. However, well-defined geometric adjustments on this length scale are limited by
the resolution limits of the underlying manufacturing technology. Here, we used a 3D direct laser writing (3D-DLW) process
with integrated laser power variation to fabricate polymeric microlattices, which were then pyrolized to obtain glassy carbon
structures. The laser power was varied by a quadratic function along the beams from one node to another over the length of a
unit cell, thus enabling geometric adjustments in the range of a few nanometers. Rounded and notch-like joints were realized
by increased and reduced laser power at the nodes, respectively. Furthermore, the beam cross section was varied along the
beam length, thereby creating convex or concave beam shapes. A laser power variation opens up new design possibilities

for micro- and nanolattices in the sub-micrometer range by overcoming process related limitations.

Introduction

Micro- and nanoarchitected materials, such as beam-, shell-,
or plate-based lattices, have attracted increasing attention
due to their often extraordinary mechanical properties,
exceeding those of most known bulk materials [1, 2]. The
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finest feature resolution can be achieved by 3D printing,
while the printing techniques are mostly restricted to pol-
ymer-based systems [1]. Various coating deposition tech-
niques can be used to add additional functionalities [3]
through deposition of thin metallic and ceramic coatings
with thickness in the (sub)nanometer range on nano- and
microlattices. Recent work has emphasized the importance
of architecture, for example for strength and stiffness as well
as damping behaviors and recoverability [4-9]. However,
adjustments of the geometries in the nanometer range are
challenging, due to resolution limits of the respective 3D
manufacturing technologies [10, 11].

In this paper, we demonstrate a single step 3D direct laser
writing (3D-DLW) method to vary structural elements of
microlattices in the sub-micrometer range. Beam-based tet-
rahedral structures were investigated because their high spe-
cific strength has already been demonstrated [9]. By varying
the laser power within structural elements, we are able to
change beam and node shapes and manufacture variations
of a structure but on the base of the same initial model. Sub-
sequent pyrolysis converting and shrinking the polymeric
microlattices to glassy carbon nanolattices enables further
design freedom of nanometer sized structural elements.
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Experimental

Tetrahedral microlattices (Fig. 1) with different sizes were
fabricated on silicon substrates using 3D-DLW (Photonic
Professional GT2, Nanoscribe GmbH, Eggenstein-Leopol-
dshafen, Germany) and the proprietary photoresist IP-Dip
(Nanoscribe GmbH). After printing and development, the
fine structures were dried in a critical point dryer (EM
CPD300, Leica Microsystems GmbH, Wetzlar, Germany)
to avoid distortion or collapse due to surface tension.
Pyrolysis of the polymeric structures was performed in a
vacuum tube furnace at a pressure of 107 to 10~ mbar for
one hour at a maximum pyrolysis temperature of 900 °C.
During the process the polymeric microlattices underwent
a shrinkage of around 80% in size and were converted to
glassy carbon (GC). The sample dimensions before and
after pyrolysis were measured using a helium ion micro-
scope (HIM, ORION NanoFab, Zeiss, Oberkochen, Ger-
many) and a scanning electron microscope (SEM, SUPRA
V-60, Zeiss, Oberkochen, Germany).

The software MATLAB (Version R2019b, The Math-
Works, Inc., Natick, USA) was used to define the printing
parameters and printing sequence as well as the dimen-
sions. The structures were printed layer-by-layer with a
constant distance between two adjacent voxel lines in the
x- and y-directions (hatching distance) and z-direction
(slicing distance) of 200 nm using the galvo scanning
mode. The inclined and horizontal beams show a circular
cross section. The tetrahedral structures were printed with
a laser power (LP) ranging between 10% (2.65 mW) and
50% (12.9 mW) of the available LP of the Nanoscribe sys-
tem, and a constant printing speed of 3000 um s~!. LP var-
iations within the structural elements, as shown schemati-
cally in Fig. 1a, b, were applied using the naming scheme
LPa - b. Here, a corresponds to the LP in the nodes and
b to the LP in the middle of the beams. This change in LP
from one node to another over a beam was applied fol-
lowing a quadratic function and was implemented into the

MATLAB code by allocating a LP value to every point of
the geometry [12].

The tetrahedral structure size was varied by different sizes
of the edge length 7 of a unit cell (Fig. 1¢), which is equiva-
lent to the beam length. Sizes of 7.5 pym and 10 um were
used and henceforth labelled as T7.5 and T10. To measure
the lattice dimensions and relative densities of the architec-
tures, successive cross sections with a step size of 50 nm
were performed with a dual beam focused ion beam micro-
scope (FIB, Helios NanoLab DualBeam 650, ThermoFisher
Scientific, Hillsboro, USA).

Results

To realize a nanoscale modification of geometry in glassy
carbon nanolattices, a 3D-DLW process with a variable LP
was designed (Fig. 1a). Without a modification of the geo-
metric model, by changing the LP during writing, different
shapes of nodes and beams were produced. The overall lat-
tice dimensions of both, the polymeric and glassy carbon
structures depend on the absolute value of the LP and on
the LP difference from node to middle of a beam. Figure 2
shows T10 tetrahedral structures with constant writing
parameters, labelled as LP40-40 (Fig. 2a, b) and with LP
variation, i.e. LP10-40 (Fig. 2c, d). The polymeric structure
LP40-40 (Fig. 2a) exhibited no measurable size reduction
in the diameter D compared to the input dimensions, but
a 2% reduction in the height H regarding the input dimen-
sions. By contrast, the LP10-40 structure (Fig. 2¢) exhibited
areduction of 6% in diameter and height. Regarding pyrol-
ysis induced shrinkage, the LP10-40 structure exhibited a
slightly higher shrinkage of one percentage point compared
to LP40-40. Similar trends were observed for the T7.5 tetra-
hedral structures. The polymeric structure LP10-40 showed
up to 4 percentage points higher shrinkage values of the
structure dimensions compared to LP40-40. Similarly, due
to pyrolysis, an increased shrinkage of LP10-40 of up to 3
percentage points was observed compared to LP40-40.

Laserpower in %

Fig.1 a Model of tetrahedral structure with variable LP in the nodes and in the middle of the beams and b detail of the structure with corre-
sponding color coding of the LP of the Nanoscribe system in percent. ¢ Tetrahedral unit cell with unit cell edge length T

4 Springer



Architectural tunability of mechanical metamaterials in the nanometer range

509

Fig.2 Micrographs of typical tetrahedral structures T10. a constant
LP as-written, polymeric structure and b the corresponding pyrolized
GC structure. ¢ variable LP as-written, polymeric structure and d the

In addition to the differences in the overall shrinkage, a
modification of the joint shape was observed when the LP
was varied. As can be seen in Fig. 3 for LP40-40 (Fig. 3a, b),
a constant LP resulted in rounded joints at the nodes, which
is also apparent for the LP40-30 structure (Fig. 3g, h) with
a higher LP in the nodes than in the beams. By contrast,
the LP variations in Fig. 3c—f, with reduced laser power
at the nodes, produced rather sharp notches at the joints.
Furthermore, the shape of the beams was affected by the
LP variation. While the constant LP resulted in beams with
a constant cross section (LP40-40 in Fig. 3a, b), increased
LP towards the middle of the beam length created convex
beams (LP10-40 and LP20-50 in Fig. 3c—f). Using the T7.5
LP10-40 structure (Fig. 3d) as an example, a difference of
less than 30 nm between beam diameter in the middle of
the beams and beam diameter at the joints was realized.
Conversely, when the LP in the beams was lower than in
the nodes, the beams were more slender towards the middle

corresponding pyrolized GC structure. Polymeric structures (a) and
(c) were imaged using the helium ion microscope and GC structures
(b) and (d) using the scanning electron microscope

(LP40-30 in Fig. 3g, h). For the 10 um unit cell, a LP of
40% in the middle of the beams resulted in a beam diameter
of 596 +9 nm for LP40-40 and 579 +5 nm for LP10-40.
For higher and lower LP, i.e. 50% and 30%, the diameters
were 627+ 7 nm and 541 + 10 nm for LP20-50 and LP40-30,
respectively. Similarly, for the smaller structures with 7.5 pm
unit cell, the beam diameters were affected by the LP. A LP
of 40% resulted in a diameter of 477 +7 nm for LP40-40
and 456 +4 nm for LP10-40, a LP of 50% in a diameter of
501 + 10 nm (LP20-50), and a LP of 30% in a diameter of
445 + 11 nm (LP40-30).

To study the interior structure of the nanolattices, we
prepared FIB cross sections of the GC structures. In Fig. 4,
LP40-40 and LP10-40 of the structures T10 are compared.
The detail images of cross sections through the nodes clearly
show the differences of the beam and node geometries for
the different writing strategies, i.e. constant cross sections
of the vertical beams (Fig. 4a) and a cross section variation
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nT10 - LP40-30 [

Fig.3 Top view (SEM) of T10 and T7.5 GC microlattices produced from polymeric structures written with (a) and (b) constant LP40-40, (c)
and (d) LP variation LP10-40, (e) and (f) LP variation LP20-50 and (g) and (h) LP variation LP40-30. All scale bars are 2 um

Fig.4 SEM micrographs showing FIB cross sections (at a tilt angle
of 52°) of T10 GC tetrahedral structures fabricated from polymeric
microlattices written with a constant LP (LP40-40) with detail image
of a cross section through the node and b LP variation (LP10-40)
with detail image of a cross section through the node. White rectan-

along the beams (Fig. 4b). Based on the cross sections of the
unit cells, the relative densities were estimated as
V.

structure ZiAi,struclure

Vunit cell Zi Ai,unit cell

with Vi icure a0d Vipic cen @S the volumes of the GC mate-
rial and the unit cell, respectively. A; e a0 A; i cen
represent the areas of the GC material and the unit cell,
respectively, determined from the individual cross sections
(Fig. 4c). Several cross sections through a unit cell of the
structure were prepared in 50 nm steps. Then, the unit cell
areas (white rectangles in Fig. 4a and 4b) and areas covered
by the structure were determined for all slices. After adding

up all rectangle areas and all structure areas, the relative

ey
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gles mark the unit cells. ¢ Unit cell of the tetrahedral structure (indi-
cated by the white rectangles in a and b). The volume of the structure

Vucture 1 shown in gray and the volume of the unit cell V,; .. cor-

responds to the white geometry

density was estimated according to Eq. 1. We observed a
denser architecture for LP40-40 (Fig. 4a) of 2 percentage
points compared to LP10-40 with reduced LP at the nodes
(Fig. 4b).

Discussion

Various approaches have been described in order to tailor
the properties of mechanical metamaterials by changing the
architectural design [13—16]. However, solutions for locally
tailored dimensions at sub-micrometer length scales have
not yet been studied. By varying the laser power within the
structural elements of micro- and nanolattices, the dimen-
sions and the shapes of, e.g., the beams and nodes can be
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defined without additional process steps or the creation of
new architectural models. In this study, within the given
laser power range, the beams and nodes of polymeric micro-
lattices and GC nanolattices were varied by several hundreds
and several tens of nanometers, respectively. This facilitates
additional design freedom for mechanical metamaterials.

Polymeric lattices were varied in size as well as beam and
node shape by introducing a variable LP in the structural
elements. These differences can be attributed to different
degrees of conversion during the 3D-DLW process caused
by the different energy input [11, 17]. Since the hatching
and slicing distances were kept constant at 200 nm, greater
overlap of successive voxel lines may occur for higher LP.
In addition, due to the intersection of inclined and horizontal
beams, the degree of polymerization at nodal points is dif-
ferent, which affects the resulting volume [17]. As shown for
the T7.5 LP10-40 structure, a variable cross section along
the beams was observed by introducing a LP variation with
areduced LP at the nodes (Fig. 4b). Small adjustments, such
as a difference between beam diameter in the middle and
beam diameter at the joints of less than 30 nm were real-
ized, resulting in convex-shaped beams. Additionally, sharp
notches at the joints are apparent for structures with a LP
variation of LP10-40 (Fig. 3c, d). The pyrolysis appears to
further reduce the node volume by size-dependent shrinkage.
Here, an enhanced shrinkage of smaller structures or features
is related to an enhanced surface-to-volume ratio and there-
fore to easier degassing during pyrolysis [18, 19]. Applied to
our structures, we suggest on the one hand a reduced size of
polymeric LP-varied structures by a lower polymeric volume
due to a reduced degree of conversion. On the other hand,
for the GC structures we assume a higher shrinkage during
pyrolysis related to an increased surface area, especially at
the nodes with sharp notches having smaller volume. This
can also explain the difference in the relative densities of the
LP-varied structure LP10-40 (Fig. 4b) and the constant LP
structure LP40-40 (Fig. 4a).

Furthermore, investigations of the mechanical perfor-
mance of LP-varied structures are needed in order to fully
understand the adjustability of mechanical properties by
geometric changes. A number of multistep processing
approaches for architectural adjustments of mechanical
metamaterials have been reported recently [7, 16], either by
creating new input models or by an additional process step
after printing of the structures. Portela et al. [16] showed
3D-printed lattices with a unit cell length of 60 um and
changed the node geometry by different input models to vary
the mechanical properties. Due to process related size limita-
tions [10, 11], reported design changes via 3D-DLW are in
the micrometer range. Furthermore, systematic introduction
of imperfections can cause targeted mechanical behaviour
[13, 20], e.g., by missing beams. Integrating the presented
LP variation in single unit cells or even single beams or

nodes can generate a tailored deformation or failure behav-
ior, which can be used to study the influence of imperfec-
tions on the mechanical performance.

With our approach of laser power variation in the
3D-DLW process, a design possibility for microlattices in
the sub-micrometer range is accessible. Thus, design limita-
tions regarding nanometer-scale variations of the geometry
that are related to the printing technology used [10, 21] may
be overcome. Additionally, we combine the LP variation
with pyrolysis to achieve control over feature sizes of GC
nanolattices in the nanometer range.

Conclusion

In this study, we introduce a method that facilitates the vari-
ation of beam and node shapes and dimensions in microlat-
tices produced by 3D-DLW. Without the need for additional
processing steps or different input models, the variation of
laser power within structural elements facilitates specific
joint shapes at the nanoscale as well as adjustments of
the beam geometries. Using the example of a tetrahedral
structure, polymeric microlattices were fabricated with the
method of laser power variation, followed by a pyrolysis to
obtain glassy carbon nanolattices. Depending on the applied
laser power, joints were changed from rounded shape to
sharp notches and beams with convex and concave shapes
were realized. Especially at the nodes, a reduced laser power
resulted in smaller dimensions of polymeric and glassy car-
bon tetrahedral structures. This might be related to a reduced
polymerized volume during printing (3D-DLW) and a size-
dependent shrinkage during pyrolysis.
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