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Solid-State Replication of Relief Structures in
Semicrystalline Polymers**

By Natalie Stutzmann, Theo A. Tervoort,*
Cees W. M. Bastiaansen, Kirill Feldman, and Paul Smith

Surface relief structures in polymers are employed in a
large variety of useful objects such as compact discs, digital
versatile disks, security and decorative holograms, bright-
ness enhancement foils, and light collimators.[1±8] Original
master relief structures, which often are produced with
lithographic techniques and may feature dimensions in the
micrometer and sub-micrometer range,[9,10] are reproduced
into polymer materials with processes such as injection
molding, hot embossing, and casting using metallic and in-
organic masters, molds, or shims. Poly(methyl meth-
acrylate), polystyrene, and polycarbonate are commonly
used for the reproduction of relief structures with injection
molding. Poly(ethylene terephthalate) and poly(vinyl chlo-
ride) are frequently employed in the reproduction of these
structures in films with hot embossing, and special thermo-
set resins are available for casting.[11] Generally, amorphous
polymers or polymeric materials of low crystallinity are
used, and the actual reproduction of the relief structures is
performed in the melt or in a pre-polymeric liquid state.[11]

Rather surprisingly, other members of the vast class of
semicrystalline polymers are rarely employed for the
production of relief structures, which may be associated
with their perceived, often poor optical properties. How-
ever, various techniques exist to reduce light scattering in
semicrystalline polymers and to produce highly transparent
thin films.[12] Generally though, semicrystalline polymers
offer advantages over amorphous macromolecular materi-
als in that (above the glass transition temperature of the
former) they are tough instead of brittle, and molecular ori-
entation may be introduced and retained. The latter prop-
erty leads to highly useful anisotropic optical characteris-
tics as well as increased axial mechanical properties. In
addition, certain semicrystalline polymers such as polyole-
fins and perfluorinated polymers are notorious for their
non-adhesive properties to virtually all other materials,
which represents a potentially significant asset in the repro-
duction of relief structures. Thus, we set out to investigate

the feasibility of structuring the surfaces of semicrystalline
polymers and explore some of the advantages alluded to
above.

Here, in a first set of experiments, a perfluorinated poly-
mer, poly(tetrafluoroethylene-co-hexafluoropropylene),
FEP, was used as a model material. Hot embossing was per-
formed in the polymer melt at 330 �C, after which the sam-
ples were quenched to room temperature. High-resolution
optical micrographs, an environmental scanning electron
micrograph, and scanning-probe micrographs of the em-
bossed films are shown in Figure 1 together with the relief
structures of the ªmasterº. As seen in these images, the re-
lief structure of the latter is accurately reproduced in the
polymer, even with respect to small details, such as an edge
with a radius less than 10 nm. This holds promise for the
generation of sub-micrometer and/or nano-sized structures.
The reproduction of the microstructures and release of the
sample from the master indeed appears to be facilitated by
several factors: i) low adhesion between polymer and mas-
ter, ii) substantial shrinkage (about 10 vol.-%) of the poly-
mer during crystallization (mold release), and iii) the high
toughness of the semicrystalline polymer (damage reduc-
tion). In general, the (isotropic) shrinkage upon crystalliza-
tion may have an effect on the accuracy of reproduction,
especially in case of free shrinkage. However, in our case,
the shim was only removed after crystallization, and no ef-
fect on reproducibility was observed.

In particular the non-adhesive properties can, of course,
be even further exploited. We used, for example, melt-em-
bossed FEP films to produce epoxy ªsub-mastersº, some
with extremely fine features, as the scanning-probe micro-
graphs (Fig. 2) illustrate. The epoxy replicas were obtained
by pouring a pre-polymeric liquid onto the structured poly-
mer, curing it at elevated temperature (60 �C) for 24 h and,
subsequently, removing the epoxy sub-master from the em-
bossed FEP film. The release from the microstructured
polymer was straightforward, thus exemplifying that poly-
mers such as perfluorinated polymers and polyolefins are
not only highly suitable for replication but also for pattern
transfer.

Generally, solid semicrystalline polymers are ductile in
the temperature range between the glass transition and
melting temperature. In a second set of experiments we at-
tempted to hot emboss FEP in the solid state in this tem-
perature range (Temb = 200 �C). Gratifyingly, the micro-
structure of the master was reproduced over the entire area
if somewhat higher pressures (up to 850 g/mm2) were used
in the experiments. Optical, environmental scanning elec-
tron, and scanning-probe microscopy revealed that the
grating structure again is accurately reproduced in the
films, indistinguishable from those shown in Figure 1 and,
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therefore, not reproduced here. Evidently, the high ductil-
ity of the polymer permits production of relief structures in
the solid state, which opens interesting possibilities in the
manufacturing of relief structures. For instance, re-emboss-
ing of relief structures in a pre-embossed, polymeric sub-
strate can be performed. In order to demonstrate this op-
tion, a grating structure was first generated in the polymer
melt and the sample was quenched to room temperature.
The master was subsequently rotated 90� and the films
were re-embossed in the solid state at 200 �C under a pres-
sure of 300 g/mm2, which yielded a final array of rectangu-
lar, pyramid-like features (Fig. 3a). The excellent regularity
of the structure is demonstrated by its laser diffraction pat-
tern (Fig. 3b). In the reference experiment, pre-embossed
films were re-embossed in the polymer melt. The latter
procedure invariably resulted in severe damage to the pri-
mary grating structure due to flow of the polymer, illustrat-
ing clearly that solid-state embossing is a pre-requisite for
multiple embossing of relief structures in polymers. Al-
though demonstrated here only for one particular geom-
etry, it is self-evident that this technique allows for the gen-
eration of complex, multi-scale features.

In a third set of experiments, the concept of added mo-
lecular order was introduced in embossing by employing
a highly anisotropic polymer. A uniaxially drawn (four
times its original length), highly birefringent FEP film
was used for this purpose. Special precautions were taken
to obtain drawn films with smooth surface texture (see

Fig. 1. High-resolution optical micrographs and scanning-probe micrographs (cross-section; three dimensional view as inset): a) of the master
and b) of the poly(tetrafluoroethylene-co-hexafluoropropylene), FEP, relief structure. The second inset in (b) shows an environmental scan-
ning electron micrograph of the melt-embossed structure.

Fig. 2. Scanning probe micrographs (three-dimensional and cross-sectional
view) of an epoxy-replica of a melt-embossed FEP film.



experimental section). These films were embossed at
200 �C in the solid state: parallel, perpendicular, and at an
angle of 45� to the drawing direction. Typical optical mi-
crographs, environmental scanning electron micrographs,

and scanning-probe micrographs of relief structures em-
bossed parallel to the orientation direction and at an an-
gle of 45� are shown in Figure 4. The corresponding mi-
crographs of films embossed perpendicular to the drawing
direction were virtually indistinguishable from Figure 4a,
and are therefore not reproduced here. In all cases, well-
defined gratings were obtained. Note the presence of the
fibrillar features at an angle of 45� to the grating
(Fig. 4b). The latter are of course associated with the uni-
axial order in the FEP film used. These observations are
indeed indicative of possibilities of generating materials
that combine optical anisotropy originating from the bulk
of an oriented polymer with other optical functionalities
related to a relief structure.[13] In Figure 6, optical micro-
graphs of relief structures embossed at an angle of 45� to
the orientation direction are shown. The optical micro-
graphs were recorded between crossed polarizers with the
orientation direction of the drawn FEP parallel to one of
the polarizers (Fig. 5a) and at an angle of 45� (Fig. 5b).
The micrographs illustrate that a material with highly in-
teresting optical properties results upon embossing a mi-
crostructure in an oriented polymer film, superimposing
in this way a lamellar grating on a uniaxial birefringent
material.

This unique optical behavior observed with light mi-
croscopy was further characterized using an experimental
set-up as depicted schematically in Figure 6a. FEP films,
embossed, parallel, perpendicular, and at an angle of 45�
to the drawing direction, were positioned between
crossed linear polarizers, with the drawing direction of
the films aligned at an angle, y, with respect to the ana-
lyzer. The transmitted light intensity of a white light
source was subsequently measured with a highly sensitive
photodiode as a function of the orientation angle, y
(Fig. 5c). In the inset of Figure 5c, moreover, the mea-
sured intensities for an unembossed film and a film em-
bossed at an angle of 45� to the drawing direction are
plotted in logarithmic scale to illustrate, in particular, the
differences in the ªlow-intensity regimeº clearly observed
with light microscopy (Fig. 5a) between the unstructured
and structured parts.

In order to model theoretically the optical performance
of the microstructured, oriented film, we first applied the
effective medium theory (EMT)[14] to estimate the optical
properties of the embossed grating. Rigorously, EMT is
only applicable to microstructures with sufficiently small
features, i.e., with a grating period much smaller than the
wavelength. Such subwavelength gratings only transmit the
zeroth order (all other diffraction orders are evanescent)
and will act as a homogenous birefringent material.[15±18]

Therefore, they can be mathematically formulated as opti-
cal retarders, whereby EMT yields with simple birefringent
film calculations the ordinary and extraordinary refractive
index of this ªartificiallyº induced birefringence, form bire-
fringence.[19] We used, subsequently, Müller calculus[20] to
describe the experimental system as a train of polarizers
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Fig. 3. Double-embossed relief structure. a) Bright field optical micrograph
and scanning-probe micrograph (cross-sections of the first, melt-embossed
structure, dashed line, and the in the solid-state, secondly embossed struc-
ture, solid line); the insets show a scanning-probe micrograph (three-dimen-
sional view) and an environmental scanning electron micrograph. b) Laser
diffraction pattern of the double-embossed structure.
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and retarders (Fig. 6b) transmitting the incident, unpolar-
ized light of intensity I0, represented by the Stokes vector,
S0, with S0

T = (I0, 0, 0, 0). The intensity of the exiting light is
then given by the first component of the Stokes vector,[21] S.

S = Mpolarizer2´Mretarder2´Mretarder1´Mpolarizer1´S0 (1)

The Müller matrices, Mpolarizer, for the linear polarizers,
Mretarder1, for the oriented FEP film, Mretarder2, for the grat-
ing, are as follows:

Here, a describes the orientation of the polarizers (thus a
= 0� for polarizer 1 and 90� for polarizer 2) and j the angle
of the grating with respect to the drawing direction of the
polymer film. y is the orientation angle as depicted in Fig-
ure 6a, and the retardance, d, where

d � 2pG
l
� 2pDnd

l

with G = the retardation, Dn = the birefringence, and d = the
thickness of the oriented film or grating. The calculations

Fig. 4. Relief structures embossed in the solid state in oriented FEP. Optical and scanning-probe micrographs (cross-section) of: a) film embossed par-
allel to the orientation direction, and b) embossed at an angle of 45� to the orientation direction. The insets show corresponding scanning-probe micro-
graphs (three-dimensional view) and environmental scanning electron micrographs.



were performed for a monochromatic light source
(l = 546.1 nm) to obtain a first approximation. For the ori-
ented polymer, based on retardation measurements, we ob-
tained a value for d of 13.03. Curve fitting the experimen-
tally measured intensities resulted in values for the
retardance, d, of 12.95 for the unembossed film, and 0.06,
0.01, 0.035 for the gratings embossed, parallel, perpendicu-
lar, and at 45� to the drawing direction, respectively, (see
Fig. 5c), which are lower than the with EMT calculated re-
tardances (1.13, 0.60, 0.85). Nevertheless, the general fea-
tures observed are reproduced, in particular for the ªhigh-
intensity regimesº, with the above highly approximate cal-

culations. Discrepancies in the
measured data might be partly
due to diffracted light. Further-
more, it is clear that for a more ac-
curate theoretical description,
more elaborate theories such as
rigorous coupled-wave analysis or
modal analysis have to be applied.
In any case, our theoretical and
experimental investigations illus-
trate that highly unusual birefrin-
gence effects can be generated,
which may be potentially useful,
for instance in optical compo-
nents.

Very similar results to those
presented above for FEP were
obtained with a number of other,
more common, semicrystalline
polymers, such as linear and
branched polyethylenes and
poly(ethylene terephthalate). Of
course, the temperatures at
which single- and multiple
embossing were carried out were
adjusted to the appropriate
ranges: that is melt-embossing
and solid-state embossing at
180 �C and 90 �C for the poly-
ethylenes; 300 �C and 90 �C for
the polyester. More detailed re-
sults on studies with these mate-
rials, as well as further explora-
tion of the use of smaller,
submicrometer-structured mas-
ters will be published elsewhere.

Experimental

Films of poly(tetrafluoroethylene-co-
hexafluoropropylene) (Teflon FEP 100,
DuPont Fluoroproducts, Geneva, Switzer-
land; melting temperature Tm = 260 �C)
with a thickness of about 200 mm were pro-

duced by compression molding at 330 �C. In addition, commercial films
(Angst + Pfister, Zürich, Switzerland) were used that were drawn under
constraint at elevated temperature (200 �C) to a draw ratio of about four.

A variety of silicon-based ªmastersº (Ultrasharp calibration gratings for
SPM scanners) were purchased from NT-MTD (Moscow, Russia; area
9 mm2). In the majority of the embossing experiments, the masters were
placed onto the glass-substrate supported polymer films at room tempera-
ture. In melt-embossing experiments, the assembly was heated up to 330 �C
and subjected to a pressure of 10 g/mm2 for 5 min. Subsequently, the pres-
sure was completely removed, the sample was quenched to room tempera-
ture and the master was lifted off. Experiments were performed at 200 �C in
the case of solid-state embossing. Higher loads (300 g/mm2 for multiple
embossing, 850 g/mm2 for embossing of oriented polymer films) and longer
replication cycles (2 and 12 h) were frequently used in order to obtain
homogeneously embossed relief structures over the entire sample area.
Contrary to melt embossing, for these kind of experiments, the pressure was
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Fig. 5. Relief structure solid-state embossed in oriented FEP at an angle of 45� to the orientation direction. Opti-
cal micrographs recorded between crossed polarizers with: a) orientation direction of the drawn films parallel to
one of the polarizers; b) at an angle of 45� to the polarizers. c) Optical characteristics (measured and curve fitted)
of oriented films, embossed parallel, perpendicular and at an angle of 45� to the drawing direction; unembossed
film, solid line (curve fitted) and ~ (measured); film embossed parallel, dashed bold line (curve fitted) and ^
(measured); film embossed perpendicular, dashed line (curve fitted) and l (measured); film embossed at 45�,
solid bold line (curve fitted) and * (measured). The inset shows a logarithmic plot for the measured intensities of
an unembossed film,~, and a film embossed at 45� to the drawing direction, �.
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removed only after cooling the assembly of glass substrate, polymeric film,
and master to room temperature.

High-resolution optical microscopy was performed with a Leica
DMRX microscope. Optical micrographs were recorded in unpolarized,
reflected light of the silicon-based master and in unpolarized, transmitted
light of isotropic and oriented FEP films. Also, some micrographs of ori-
ented FEP films embossed at an angle of 45� to the drawing direction,
were taken in transmitted light with crossed polarizers using a daylight
filter.

Scanning probe microscopy (SPM) measurements were made with a
Nanoscope IIIa Extended Multimode (Digital Instruments, Santa Barbara,
CA, USA) operating the SPM in the contact mode.

Environmental scanning electron microscopy (E-SEM) was performed
using a Philips FEG E-SEM XL30. Samples were prepared by mounting
embossed polymer films with adhesive carbon tape onto sample holders.
Low acceleration voltages (700 and 1000 V) were used to prevent charging
of the polymer films.

For pattern transfer in epoxy resins, a microstructure was first melt
embossed (330 �C, 5 min, 10 g/mm2) in a FEP film. A pre-polymeric liq-
uid, consisting of 1 mL monomer mixture (41.3 wt.-% Epon 812, Fluka:
54 wt.-% Dibutylphthalate, Fluka; 4.7 wt.-% Durcupan ACM, Fluka),
1 mL hardener (DDSA, Fluka) and 5 drops of accelerator (DMP30, Flu-
ka), was then poured onto the microstructured polymer film and subse-

quently cured at 60 �C for 24 h. The epoxy
replica was then removed from the FEP
master.

The experimental set-up for the character-
ization of the optical behavior of the embossed
polymer films is schematically depicted in Fig-
ure 6a. The samples were positioned between
crossed linear polarizers, the drawing direction
of the oriented polymer aligned at an angle, y,
with respect to the analyzer. A tungsten halo-
gen lamp was used as a light source, its inci-
dent beam focused with a microscope lens
(magnification 50´) onto the embossed grat-
ing. The transmitted light intensities for differ-
ent orientation angles, y, were measured with a
highly sensitive photodiode (S2281, Hamamat-
su Photonics, Japan).

The birefringence of the oriented FEP films
was measured using a Leica DMRX micro-
scope in combination with a Leitz tilting com-
pensator. The birefringences were averaged
over five measurements.
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