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Abstract: ~ We utilize shape memory polymers as active mold inserts
for the thermoforming of complex, hierarchical nano- and microstructured
optical components with undercuts on large scales. Our approach combines
nanoimprint/hot embossing and thermoforming with the unique features
of shape memory polymers. As examples for this nano- and microthermo-
forming process, we demonstrate the fabrication of hierarchical photonic
structures inspired by the blue Morpho butterfly as well as diffractive optical
elements with nm- and pm-size structures.
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1. Introduction

Many optical structures found in nature offer a variety of interesting and useful features origi-
nating from their nanostructure [1-5]. Nanonipples on the moth eye, for example, dramatically
decrease its reflectivity [1, 6] and inspired the design of anti-reflex coatings [7, 8]. Various
butterflies generate their colorful appearance through structural colors [2, 3] and the Christ-
mas tree-like structure of the famous blue Morpho butterflies inspired new concepts for sen-
sors [4,9]. However, commercial applications of these bio-inspired optical components rely on
large scale production techniques to be cost effective [10]. Morphologies like the moth eye can
be easily replicated as there are no undercuts [11, 12]. Truly three-dimensional nanostructures
with undercuts like the Christmas tree-like structure of the Morpho butterfly, however, are still
a challenge which can be attacked by material specific under-etching [13]. Nonetheless, the
replication of complex, hierarchical nano- and microstructures is laborious and restricted to
small areas in many cases. Therefore, it is of high interest to develop new processes for the
production of optical components on large scales.

One approach to manufacture macroscopic structures of higher complexity without detri-
ment concerning the area is thermoforming or blow-molding, usually employed for industrial
shaping of polymers at low costs [11, 14]. This manufacturing approach can be downsized and
reaches smaller dimensions using microthermoforming [15, 16]. Microfluidic devices can be
thermoformed from previously processed polymer foils to replicate three dimensional struc-
tures [17,18]. This combination of structuring and subsequent thermoforming of a polymer foil
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allows the three-dimensional fabrication on large areas. Nevertheless, the route from micro- to
nanoscale thermoforming is blocked by several issues. The fundamental principle of thermo-
forming requires that the thickness of the polymer foil is less than half the size of the smallest
cavity to be filled. Therefore, the thickness of the foil has to decrease with structure size. Poly-
mer foils with a thickness of some hundreds of nanometers, however, are not mechanically sta-
ble enough to survive uneven stretching during thermoforming and release from the mold after
thermoforming. Consequently, a simple downscaling of this approach towards optical nanos-
tructures is not within reach.

To overcome these issues we utilize shape memory polymers (SMPs) [19-22] as active mold
inserts for the thermoforming of complex, hierarchical nano- and microstructures which can be
used as optical components. It is a remarkable ability of SMPs to recover from a temporary
shape to a previously defined, permanent shape by an external stimulus like heat. A thermore-
sponsive SMP, for example, is processed above its permanent temperature Tperm to receive the
permanent shape. After subsequent deformation at lower temperatures it recovers (or ’remem-
bers”) this shape if heated above its transitions temperature Tians [19]. The implementation of
a SMP into an established large area replication process allows us to bypass limitations un-
avoidable in classical thermoforming and paves the way to fabricate optical components with
hierarchical features on large areas. In this way we expand recent studies on optical compo-
nents produced from SMPs without hierarchy [23,24]. We demonstrate the basic principle of
nanothermoforming with SMPs by the manufacturing of photonic structures inspired by the
blue Morpho butterfly and the composition of diffractive optical elements.

2. Experimental

2.1. Nanothermoforming with shape memory polymers

The final structures produced by nanothermoforming have primary (typically um) features im-
posed by the structure of a shape memory polymer and secondary (typically nm) features on a
thin polymer film covering the SMP. As shown in Fig. 1, the primary structure is defined by hot
embossing [11,25] — also known as thermal nanoimprint (NI) [26,27] — into the SMP and this
process consists of three basic steps. As SMP we used an aromatic polyether-based thermo-
plastic polyurethane (Tecoplast® TP-470, Lubrizol) with a Tperm ~ 170° C and Tians ~ 80° C.
In the first step, a 500 um-thick SMP foil is placed between a mold insert and a counter plate.
This setup is contained within an evacuated chamber ensuring a complete filling of cavities and
preventing an uncontrolled heating due to the compression of air in cavities [11]. The sample is
heated to a defined temperature above the SMP’s permanent shaping temperature. In the second
step, a force is applied to the substrate and the SMP is pressed into the cavities. A sufficient
holding time is kept to allow the polymer mold to fill the cavities of the mold insert completely.
In the third step, the SMP cooled down to room temperature while the previously applied force
is kept constant to compensate for polymer shrinkage [11]. In this embossing step we applied a
temperature of 200°C with a pressure of 3 MPa. In a second embossing process, the structures
are temporarily flattened using a flat plate instead of a structured mold insert. The temperature
for this step is chosen to ease the process by lowering the SMP’s viscosity but still it has to
remain under Tpery to ensure a temporary flatting only. In our case, the embossing temperature
is set to 90° C while a pressure of 3-4 MPa is applied. During the following processing steps
we use this programmed SMP as an active mold insert.

In order to embed the secondary (or nano-scale) structure, a thin polymer film is spin-coated
onto the flat SMP which now acts as a substrate. For the presented examples, we created a
polymethyl metacrylate (PMMA, Allresist AR-P-672) film with thicknesses between 100 nm
and 1 um. In contrast to common spin-coating, we omit the post-baking step in order to prevent
the SMP from recovering prematurely. To compensate for this, we keep the spin-coated samples
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Fig. 1. Schematic of the hierarchical nano- and microthermoforming of optical component
with a shape memory polymer (not to scale). (a) A primary structure is permanently repli-
cated into a SMP foil by hot embossing with a mold insert, (b) then demolded and (c+d)
hot embossed again to a temporary flat shape. (e) Afterwards, an ultrathin polymer layer
is spincoated onto the flat SMP and (f+g) hot embossed with the secondary structure. (h)
Finally, both polymer films are heated and the thin nanostructured film is thermoformed
by the recovering of the SMP into its permanent shape. As described in the text this is the
important step for the fabrication of hierarchical structures and the relation between the
characteristic temperatures of the SMP (Tperm Tirans) and the thin film (7) is crucial for it.
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at room temperature for an accordingly long period (12-16h) to ensure a proper diffusion of
the solvent. (This process time can be reduced to 1 hour by drying in vacuum to accelerate
evaporation of the solvent.) The next step comprises the embossing of the previously spin-
coated polymer film, thus generating the secondary structure. The embossing is performed in
the same way as the hot embossing of the SMP. The choice of the embossing temperature,
however, is crucial during this process step. It has to be well below the permanent shaping
temperature Tperm of the SMP to preserve the pre-structured pattern of the active mold insert
and above the glass transition temperature of the spincoated polymer film (7, = 105° C for
PMMA). Being limited to low temperatures by these constraints, the thin polymer film might
be embossed with higher pressures if required.

In the final step of the process, we heat the whole sample above the transition temperature of
the SMP to 100° C near to the glass transition temperature of the polymer film. Since a shape
memory polymer recovers its permanent shape if it is heated above its transition temperature,
the polymer film on its surface is thermoformed by the restoring force of the SMP. Near its
glass temperature the polymer still remains in a rubber-elastic state [15] and this choice allows
an easier shaping of the film but preserves the polymeric structure as well as the embossed
nanostructures on its surface. The surface structures remain intact due to the choice of tempera-
ture, but they are widened due to the stretching by the SMP. The final step (Fig. 1h) is different
to conventional thermoforming because the spincoated polymer layer containing the secondary
structure is formed into its final shape by the underlying SMP and not by gas pressure, i.e.,
the shape memory polymer acts as an active mold. After the complete recovery of the SMP,
the setup is cooled down to room temperature to avoid further deformations during subsequent
handling. The final sample features the thermoformed primary structure of the SMP as well as
the embossed secondary structures on its surface.
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2.2.  Examples

Fig. 2. SEM images of a triangular grating with a period 20 pm superimposed with a 400 nm
grating manufactured using the process described in Fig. 1. (a) The overview demonstrates
the uniformity whereas (b) presents details of the structured surface. The 400 nm grating
remained intact during the nanothermoforming process. (¢) The tilted view into the sec-
ondary structures reveals the distinctive undercuts created by the 400 nm grating on the
slopes of the underlying triangular ridges.

Applying the above described manufacturing steps, we fabricated a surface with triangular
shaped ridges superimposed with a grating of 400 nm period (see Fig. 2). The triangular primary
structures were replicated into the 500 pm-thick SMP film and as previously described we spin-
coated a 110 nm film of PMMA on top. The primary as well as the secondary structure have an
aspect ratio of about 1. As revealed by the tilted view displayed in Fig. 2¢) the structures of the
smaller grating appear as undercuts at the slopes of the ridges.

This approach also works on smaller scales as demonstrated by the example shown in Fig. 3.
Here, we manufactured a photonic structure inspired by the famous blue Morpho butterfly [2,
3] and recorded the topography of the sample during the fabrication steps by atomic force
microscopy (AFM). Compared with the first example, we used a denser grating with a period
of 3 um to program the primary structure into the SMP sample. Applying now the same steps
described above, we again define the secondary structure by a grating with a period of 400 nm.
After heating the sample, the primary structure recovers and the surface features two gratings
with different periods and the overall structure resembles that of the of the Morpho butterfly.

Consequently, the final sample shows the famous wide-angle iridescence for blue light and
appears blue for viewing angles up to 15° while the 400 nm grating is blue only for vertical in-
cidence (see Fig. 3d). In order to quantify this effect in more detail we recorded optical spectra
of both samples using a Perkin Elmer LAMBDA 1050 UV/Vis/NIR Spectrophotometer with
integrating sphere. The integrated spectrum of the 400 nm grating does not show pronounced
features. The Morpho-type structure on the other hand has peaks in the blue color regime ex-
plaining its blue appearance for a wide range of angles.

During the transition of the SMP to its permanent shape the thin polymer film is stretched
depending on the aspect ratio of the primary structure and the secondary structure embossed
into this thin film is stretched accordingly. This effect has be taken into account for the final
design of the hierarchical structure. Furthermore, the spincoated polymer foil (PMMA in our
case) exerts a force onto the recovering SMP thus preventing a complete recovery of its initial
shape. As shown in Fig. 3a) and c) the SMP consistently only recovers back to 35% of its initial
height in our case. This value, however, might be larger or smaller depending on the actual
geometry of the two structures as well as the material properties and thicknesses of the two
films.

As both materials, the shape memory polymer Tecoplast as well as the PMMA, are transpar-
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Fig. 3. Fabrication of a Morpho-type structure. The topography images (left) and line scans
(right) of the samples were measured by atomic force microscopy. (a) The grating has a
periodicity of 3 um which is hot embossed into the shape memory polymer. Subsequently,
the surface is flattened and a thin PMMA film is spin-coated onto the SMP. (b) The AFM
image and line scan show the 400 nm grating which is hot embossed into the thin film. (c)
Finally, after the recovery of the previously programmed primary structure both gratings
are combined. The resulting surface topography resembles that of the optical structure of a
Morpho butterfly. (d) A direct comparison of the 400 nm grating with the final Morpho-type
structure in diffusive white light reveals that the blue iridescence of the butterfly structure
appears blue even for large viewing angles of up to 15° while the 400 nm grating does not.
The total reflection spectra of the 400 nm grating (dashed line) and the replicated Morpho-
type structure (solid line) explain the difference in their optical appearance.
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ent for visible wavelengths it is also possible to combine diffractive optical elements (DOE) [28]
with our approach. Figure 4 shows the combination of two optical structures. The primary struc-
ture is a simple linear grating with a period of 3 um programmed into the SMP. The interference
maxima of zero and first order can be observed when coherent light shines through the grat-
ing (Fig. 4a). As secondary structure we embossed a pattern forming diffractive optical element
(PF-DOE) [29] into the thin PMMA film. This structure is the Fourier transform of a flattop [29]
which appears on the screen (Fig. 4b). Heating now the sample above the transition tempera-
ture, the primary structure of the SMP recovers and the two structures can be observed as a
combination on the screen as well as in the topography of the sample (Fig. 4c).

3)  soreen screen topography

primary

0pm

secondary

0

combination

opm

Fig. 4. Combination of two diffractive optical elements. The photos on the left show the
image on the screen when the DOEs are illuminated with a laser as depicted in the sketch
in the upper left corner. The images in the right column represent the topography of the
DOEs measured by atomic force microscopy. (a) The linear grating results in a character-
istic interference pattern. (b) The PF-DOE creates a flattop as diffraction pattern. (¢) The
superposition of both optical structures creates a combined pattern, i.e., the flattop appears
as main and side order of the linear grating.

3. Conclusion

These examples prove the feasibility of the overall concept and give a prospect on the potential
of the achievable complexity using nano- and microthermoforming with active SMP molds. In
contrast to other techniques it allows the replication of complex, hierarchical optical structures
with undercuts on large areas. However, the combination of two polymers into the final product
implies certain restrictions regarding their properties. The glass transition temperature 7y of
the polymer employed as the thin covering film has to lie between the transition T4 and the
permanent temperature Tperm of the SMP. This choice ensures the recovery of the permanent
shape of the SMP at the glass temperature during the thermoforming step. Furthermore, the
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hot embossing of the thin film has to be performed at or above its glass transition temperature
but not above the permanent temperature of the SMP as this would erase the permanent shape.
Since the transition and the permanent temperature depend on the actual SMP the previously
mentioned adaptations represent no limitation of the process itself but they are an important
point of consideration for the choice of the spin-coated polymer.

The use of shape memory polymers as active mold inserts has several advantages compared
to classical microthermoforming where a gas is used to press the polymer film into the cavities
of the mold. Small holes and/or ruptures of the film can lead to a loss of pressure and ultimately
to imperfect results as well as further cracks in the film. In the presented process, the SMP
effectively replaces the pressurized gas by its ability to recover to its pre-structured form, thus
forming the thin covering polymer film into its final shape. Since the SMP remains in a rubber-
like elastic state rather than melting entirely, holes in the polymer film do not result in pressure
loss. Consequently, overcoming this basic limitation allows also thermoforming of deliberately
perforated films like permeable membranes.

Furthermore, as the polymer foil adheres strongly to the SMP, its uniform heating is im-
proved. In classical thermoforming the high surface to volume ratio of thin foils demands longer
process times to ensure a uniform temperature since the in-plane heat distribution is severely
hampered. In addition, a precise temperature control is mandatory to compensate for the strong
coupling of the foil to the surrounding environment. However, in the presented process the
SMP acts as an additional medium for the heat transfer and as a heat reservoir to compensate
for possible temperature fluctuations during the final thermoforming step.

So far we produced samples with diameters of about 5 cm in a controlled and reproducible
way. Using commercial hot embossing or nanoimprint machines it will be straightforward to
extend this value to 8” and to produce large areas with complex hierarchical nano- and mi-
crostructures. Nonetheless, even larger areas seem feasible as hot embossing can be extended
to a roll-to-roll process [30]. The crucial point for this up-scaling is the drying or baking of
the thin film on top of the SMP. This issue, however, might be solved by moderate heating and
vacuum drying. Consequently, active molds made from SMPs are a promising approach for the
mass production of complex, hierarchical optical structures.
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