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Abstract. While automatic hot embossing systems are available for large- and small-scale productions of poly-
meric devices, one of the process challenges remains to be the manufacturing of precise, durable, and yet
inexpensive hot embossing stamps. The use of metallic stamps manufactured by electroplating a photoresist
pattern or by precision milling and their replication into silicone molds with UV-lithography, electroplating, and
molding techniques is state of the art. Yet, there have been few, if any, thriving attempts to directly emboss
polymers by means of bare photoresists, and in particular polyimide-based photoresists, without transferring
the photoresist patterns into a different stamp material. We conduct a proof-of-concept by developing hot
embossing stamps based on photosensitive polyimide. We focus primarily on the reliability of the aforemen-
tioned stamps throughout the hot embossing cycle and the fidelity of pattern transfer onto polymeric films
for different microstructural patterns. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.15.3

.034506]
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1 Introduction

Hot embossing techniques enable the processing of in-
expensive polymers, e.g., as functional materials in optical
devices' or structural materials in fluidic systems.”> While
automatic hot embossing systems are available for large- and
small-scale productions, one of the main challenges remains
to be the manufacturing of precise, durable, and yet in-
expensive hot embossing stamps. In research and early proto-
typing, masters made of photoresists® patterned by means of
photolithography or e-beam lithography are a standard. Due to
the limited thermomechanical reliability of conventional pho-
toresists and their poor adhesion to the supporting substrate,
generally micromachined silicon wafers,* electroplated metal-
lic stamps,” and silicone casts® of the original photoresist
master are conventional work-arounds. On one hand, etched
silicon, metallic stamps, or silicone casts counterbalance the
high manufacturing costs of the original master by extending
lifetime to failure. On the other hand, further processing after
photoresist patterning adds to the complexity of the manufac-
turing process in large-scale productions. There have been
few, if any, thriving attempts to directly emboss polymers by
means of bare photoresists,”® and in particular polyimide-
based photoresists. Here, we completely eliminate the silicone
replications, and reinvent the use of photostructurable polyi-
mide for direct hot embossing. Notably, we choose polyimide-
based photoresists due to their low surface energy (37 to
44 mJ/m?),'° which is mainly beneficial for demolding pur-
poses. Therefore, we omit the use of nonstick coatings and any
corresponding contamination issues during hot embossing.'!
Moreover, we utilize thermosetting polyimides that exhibit the
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required mechanical strength and thermal stability at hot
embossing temperatures of polymeric materials (150 to
250°C). By means of nanoindentation experiments at room
temperature, we have obtained a young’s modulus of 4.19 GPa
and a surface nanohardness of 415.06 MPa for the polyimide
material used in this work that is maintained up to glass tran-
sition of the polyimide (300°C). In comparison, SU-8 photo-
resists that were used for direct hot embossing,7’8 have a lower
glass transition temperature (200°C) and young’s modulus
(2.0 GPa) as reported by the SU-8 suppliers. Compared to
SU-8, polyimide possesses longer polymer chains, which
explains its higher thermomechanical stability and com-
promises, however, the quality of patterning (straightness
and smoothness of side walls of patterns) with photolithog-
raphy. Hence, an appropriate photoinitiator in the chemical
composition of the polyimide precursor is necessary to mon-
itor the polyimide pattern geometry. As importantly, we
decide on polyimide because of its wide availability and
usage in research and industrial settings.

In this work, we conduct a proof-of-concept by develop-
ing hot embossing stamps based on photosensitive polyimide
ultimately for MEMS and MOEMS applications. We focus
primarily on the reliability of the aforementioned stamps
throughout the hot embossing cycle and the fidelity of pat-
tern transfer onto polymeric films for different microstruc-
tural patterns.

2 Experimental Setup and Methods

We employ a commercially available photosensitive polyi-
mide precursor FUJIFILM Durimide 7320 that we process
as described below. Foremost, we avoid any timing lags
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between the processing steps in pursuance of minimizing
wrinkling of the functional surface of polyimide, especially
with a polyimide thickness of 25 ym and higher. The follow-
ing process parameters are dependent on the lab conditions
and equipment types.

i. Single layer gyroset spin coating: In order to guarantee a
homogeneous distribution of the embossing pressure, we
spin coat the polyimide precursor onto planar and atomi-
cally smooth 4 in. to 525-um thick silicon substrates with
an arithmetic surface roughness R, < 1.5 nm, unless oth-
erwise stated. First, we dehydrate the substrates on an
open hot plate at 100°C immediately before spin coating
to guarantee intact adhesion between polyimide and sub-
strate. Dependent on the heating equipment and process
conditions, higher temperatures than 100°C may be nec-
essary to achieve a complete dehydration. Varying the
spin coating speed from 10 to 5000 rpm at a spin coating
duration of 40 s in a gyroset spin coater Karl Suss RCS8,
we obtain polyimide layers of thicknesses ranging from 4
to 150 ym in a single spin coating step. In order to
achieve a good adhesion between the polyimide and
the smooth silicon substrate, we coat the silicon platform
with an adhesion promoter that enhances the adhesion of
polyimide to silicon or we pattern polyimide onto a sil-
icon wafer precoated with polyimide. The adhesion of the
polyimide to the stamp platform is quantified by con-
ducting shear tests on polyimide studs of the anticipated
stamp dimensions (polyimide thickness and pattern size).
Typically, we obtain a shear strength of 4 to 5.5 kg/mm?
for both 100 x 100 ym? polyimide-on-polyimide and
polyimide-on-silicon patterns.

ii. Soft bake: Especially required for thicker layers, slow
heating at a maximum rate of 5 K/s from room temper-
ature to soft bake temperature, 100°C, is adopted. It is to
be noted that the duration of soft bake increases with
increasing thickness of the polyimide layer. For refer-
ence purposes, soft bake times of final coating thick-
nesses below 25 ym should not exceed 10 min. In
addition, in order to reduce coating stresses in thick pol-
yimide coatings, a presoft bake at 70°C is necessary
before increasing the soft bake temperature to 100°C.
Finally, unprompted cooling down to room temperature
is necessary for further processing.

iii. Contact illumination: Employing the contact aligner
Karl Suss MA6 and a chrome-on-glass photomask
(Delta Mask b.v.), we illuminate the polyimide coatings
with conventional UV (350 to 450 nm) radiation at peak
wavelengths 365, 405 and 438 nm with the intensities
100%, 70%, and 55%, respectively. Here, an illumina-
tion power of 13.6 mW /cm? is adopted, whereas the
duration of illumination and post exposure crosslinking
depend on the thickness of the coating. For instance, a
13-um thick coating is illuminated for 30 s at the afore-
mentioned illumination power, whereas a postexposure
crosslinking of 30 min is sought to be sufficient. With
the increase in the soft bake time past evaporation of the
solvent content, the illumination duration is expected to
increase as well. Using an i-line filter, a sharper pattern-
ing of the polyimide may be achieved. Some commer-
cial polyimides come with photoinitiators that are
sensitive to 350 nm only, and the use of an i-line filter
is not necessary.
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iv. Immersion development: In order to ensure impeccable
development of the polyimide patterns, any prior contact
of the illuminated polyimide with nitrogen past the regu-
lar nitrogen content in the air, e.g., through blow drying
with a nitrogen gun or the like, and with solvents should
be avoided. Employing the polyimide developers
QZ3501 and QZ3512, we immerse the illuminated pol-
yimide samples in development baths in the following
order: (1) QZ3501, (2) (50%-QZ3501, 50%-QZ3512),
(3) QZ3512, (4) QZ3501 for a few seconds in each
bath until wetting of the functional surface occurs,
and repeat iteratively until optical inspection confirms
complete development. With the increase in coating
thickness and illumination time, immersion develop-
ment takes longer. Finally, development remnants are
rinsed using isopropyl alcohol and blow dried by
means of nitrogen. Particularly, a successful develop-
ment is obtained once a decrease in thickness does not
exceed 5% of the predevelopment thickness, and discol-
oring of the QZ3512-bath does not occur.

v. Imidization: Under nitrogen flow, the developed polyi-
mide samples are heated at a rate of 5 K/s from room
temperature to 350°C, which is held for 60 min consecu-
tively. Subsequently, the samples are cooled down to
room temperature while maintaining nitrogen flow.
Upon successful imidization, the polyimide layers
shrink mainly in thickness by 30% to 50%.

vi. In a mass production setting, multiple stamps could be
prepared in parallel to compensate for the process lay-
overs. Since immersion development is a time-intensive
technique to develop polyimides, atomized spray devel-
opment should be employed in a mass production
setting. Adopting atomized spray development, a devel-
opment process including rinsing and drying for a coat-
ing thickness of 25 pym takes below 1 min.

Thereafter, we employ the polyimide stamps for hot
embossing of micropatterns onto 1-mm thick poly(methyl
methacrylate) films in analogy to the process as described
in Ref. 12. In particular, we emboss periodic rib and trench
(positive and negative) patterns in the range of [5,80] ym in
thickness and [50,200] ym in width. Accordingly, the hot
embossing stamp-hot embossed polymer mates are brought
into intimate contact in the nanoimprinter Jenoptik Hex03.
Notably, the hot embossing cycle except for demolding
and wedge correction is automated. Knowing that the glass
transition temperature of the poly(methyl methacrylate) film,
an off-the-shelf product, lies in average at 105°C, we have
opted for 140°C as a hot embossing temperature, where
we observe the poly(methyl methacrylate) film to success-
fully flow and inherit the stamp pattern, largely for all
batches, as investigated in Ref. 12. Subject to vacuum con-
ditions, top and bottom heating at 140°C, and an embossing
pressure of 0.76 MPa, a duration of 180 s is determined to
sufficiently allow for filling of the stamp cavities by action of
polymer flow. When stamp and polymer are cooled down to
40°C, demolding is conducted manually. Embossing stamps
(ST) and embossed poly(methyl methacrylate) films (PM)
are inspected by means of confocal laser scanning micros-
copy Keyence VK-9710, whereas a laser wavelength of
408 nm is utilized. Positioning of the measurement locations
under the laser scanning microscope was done manually
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Fig. 1 Measurement locations (M1, M2, M3, and M4) on (a) a-4 in. embossing stamp (ST) and (b) a-4 in.
embossed poly(methyl methacrylate) film (PM) and micrographs of the corresponding measured pat-
terns. The illustrated horizontal line y = y(x) over the range x = [a, b] denotes the location of the

extracted 2-D profile from the scanned pattern.

without the use of precision positioning. Despite extreme
care, the pattern lateral location was not positioned in the
exact same way with respect to the microscope imaging
frame, which causes a slight visualization shift in the width
direction. Unless otherwise stated, four locations (M1, M2,
M3, M4) per region of interest are scanned from which a
two-dimensional (2-D) profile per region is extracted. The
2-D profiles were extracted manually from the scanned pat-
terns, and hence, do not lie for two different measurements at
the exact same location on the scanned region. Knowing that
the spin-coating process induces a nonplanarity, i.e., slight
variations in thickness, to the free surface of the polyimide
coating despite the planarity of the stamp platform, the varia-
tion in thickness for the same pattern and platform is
reflected in the extraction method of the 2-D profiles. In par-
ticular, we extract 2-D profiles of the measured locations
(Fig. 1) and scrutinize their geometrical attributes.

Figure 2 exemplarily shows scanning electron micro-
graphs of embossed patterns.

3 Results and Discussion

3.1 Replication of Trench Patterns of [5,80] ym in
Thickness

In this section, we investigate the fidelity of pattern transfer
from a polyimide micropattern of varying thickness (5, 29,
and 80 um) obtained by hot embossing. In particular, we
employ trench patterns at the stamp level that are 100-ym
wide. We inspect the surface profile of the stamp patterns
before and after hot embossing, and compare them with
the resulting hot embossed patterns (Fig. 3, Table 1).
While polyimide patterns that are <30 gm in thickness deliv-
ered impeccable results within the limitations of the meas-
urement method, hot embossing by means of 80-um thick
polyimide patterns failed, mainly due to the original quality
of the polyimide pattern. In particular, a deficit in the defi-
nition of the side walls of the 80-um patterns was observed
after polyimide development and is to be related to the lim-
itations of thick single-layer spin coating of the polyimide
precursor. In addition, the existing undulations in the poly-
imide side walls were deformed due to demolding and are
expected to affect the reproducibility of the pattern transfer
throughout subsequent hot embossing cycles.

3.2 Replication of Trench and Rib Micropatterns

Hot embossing with trench patterned stamps is traditionally
known to be less delicate than hot embossing with rib
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patterned stamps.'® In this work, while the patterns are
shaped by polyimide, mechanical support of the patterns
is granted by common surface areas of the polyimide and
the silicon substrate. In the case of a trench-shaped pattern,
the surface area, and hence, the mechanical support to the
pattern, are larger than those of a rib-shaped pattern.
Hence, for the same embossing load, the rib patterns are sub-
ject to a higher hot embossing and demolding pressure,
which may exceed their deformation yielding point.
Consequently, the fidelity of replication of trench patterned
stamps is expected to be superior.

In order to investigate the aforementioned hypothesis, we
hot emboss trench and rib patterns of a thickness of 5 ym
(Fig. 4), since the stability of replication of the trench
counterpart was confirmed in Sec. 3.1. In addition, we focus
on the pattern transfer of micropatterns of 50, 100, and
200 ym in width. In this investigation, we measure only
two locations per region of interest, as observed in the forth-
coming to be sufficient for a consistent analysis.

Certainly, the deviation between the geometry of the hot
embossing stamp—before and after hot embossing—and the
hot embossed polymer is negligible for the trench patterns
when compared to the rib counterparts (Figs. 5 and 6). As
shown in Table 2, the range of deviation in width and height
of the rib-shaped patterns is larger than for the trench-shaped
patterns, which confirms the instability of the polyimide ribs
for hot embossing. In addition to the nonfidelity of replica-
tion, the distortion of the rib patterns according to the
Poisson effect is of fundamental consequence on the reliabil-
ity of the hot embossing process. Finally, the convex front
shape of the rib patterns due to shrinking in the imidization
process as depicted in Fig. 4(b) is noted and needs to be con-
sidered if crucial to a specific application. For instance, the
convex shape may serve as an optical element, such as a lens,
if embedded in an optical device.

3.3 Reliability Testing of Embossing Stamps

In this study, we focus the attention on the thermomechanical
reliability of polyimide for hot embossing purposes. For this
reason, we avoid the failure of other stamp constituents prior
to the failure of polyimide. Hence, we eliminate the silicon
substrate due to its brittleness and prior failure to the poly-
imide in the presence of wedge errors between stamp and
polymeric film. Instead, we employ a 5-mm thick brass
plate with a surface roughness given by the arithmetic aver-
age R, =0.215 ym as a substrate for polyimide. Even
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Fig.2 Scanning electron micrographs of exemplary embossed trench patterns from (a), (c), and (e) poly-

imide stamp onto (b), (d), and (f) polymeric film.
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Fig. 3 Pattern transfer from a polyimide micropattern of (a) 5-um, (b) 29-um, and (c) 80-um thickness
onto polymer film and comparison of stamp condition before and after hot embossing.
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Table 1 Replication of 100-um wide trench patterns of [5,80] xm in
thickness: average deviations in pattern width and height due to the
hot embossing process. 537 and 6§T are the deviations in pattern width
and height, respectively, on a stamp after one hot embossing cycle.
S5 PM and 53TPM are the deviations in pattern width and height,
respectively, between stamp and embossed polymer.

though not originally anticipated, the surface roughness of
the brass plate is expected to enhance the adhesion of poly-
imide to the supporting substrate by means of mechanical
interlocking, and is sought to be beneficial for the stamp reli-
ability. Yet, the surface roughness induces nonplanarity of

the coating in addition to the nonplanarity due to the spin
coating process, which needs to be considered carefully for

Anticipated .= . . .
height (um)  |sST| (%) |55T| (%)  |sSTPM| (%)  [oST-PM| (%) applications with rigorous requirements on surface smooth-
elg w h w h . .
ness. Compared to the silicon wafer used previously, the
5 1.144 4.43 2.59 3.88 brass plate is not as highly planarized.
In order to evaluate the long-term reliability of the
29 031 0.58 1.86 214 stamp, we track the evolution of the shape of a micro-
80 0.49 27 0.15 20.73 pattern (100-ym wide and 29-uym thick as prescribed by
the lithography mask and the spin coating process) over
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Fig. 4 Exemplary surface profiles of the replication of (a) trench and (b) rib patterns.
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Fig.5 (a) Width and (b) thickness of stamp (before and after embossing) and hot embossed polymer of a
trench pattern for micropatterns of 50, 100, and 200 ym in width.
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Fig. 6 (a) Width and (b) thickness of stamp and hot embossed polymer of a rib pattern for micropatterns
of 50, 100, and 200 ym in width.
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Table 2 Replication of trench and rib micropatterns: average devia-
tions in width and thickness due to the embossing process. 55" and
55T are the deviations in pattern width and height, respectively, on a
stamp after one hot embossing cycle. 55 "M and 63T-"M are the devi-
ations in pattern width and height, respectively, between stamp and
embossed polymer.

Anticipated width  [557| (%) |83T| (%)  [05TPM| (%)  |85T-PM| (%)

50 yum—trench 0.12 0.73 0.53 2.11
100 gum—trench 3.41 3.55 5.27 6.41
200 um—trench 1.04 2.64 0.48 0.17

50 pm—rib 0.12 7.01 11.61 18.37

100 um—rib 3.53 1.88 29.36 1.31

200 ym—rib 5.08 2.69 20.72 19.44
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o v o o
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105
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50 hot embossing cycles in a nonaccelerated manner (Figs. 7
and 8).

Up to the 50th cycle, no major deterioration of the hot
embossing stamp was observed except at location M2,
where polyimide started to peel off, mainly due to demolding
artifacts,'* and due to nonreproducibility in manual demold-
ing. When approaching the 50th embossing cycle, the varia-
tion in the stamp dimensions is due to the failure mode seen
while demolding. All other variations prior to failure are due
to the limitations in the measurement method and the spin
coating process in combination with the nonplanarity and
roughness of the underlying brass platform that induce a
variation in coating thickness across the stamp. Clearly,
the deviation range should match the requirements of the
anticipated device and could be compensated by using a
highly planar and smooth stamp platform. As significant
is the observed recurrence of frictionless demolding of the
polymer film from the hot embossing stamp in the absence
of any surface pretreatment and nonstick coatings. In
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Fig. 7 Profile of 50-um wide 25-um thick trench patterns at four locations [(a) M1, (b) M2, (c) M3, and
(d) M4] of the embossing stamp (ST) for 50 consecutive embossing cycles.
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Fig. 8 Evolution of (a) height and (b) width of stamp micropatterns at four measurement locations (M1,

M2, M3, M4) more than 50 embossing cycles.
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addition, optical inspection confirmed the nonexistence of
any contaminants on the hot embossed polymer film.

4 Summary and Outlook

In this paper, we have demonstrated the use of polyimide as a
stamp material for direct hot embossing of micropatterns
onto thermoplastics. We argue that this approach of stamp
fabrication is profitable for spatially sparse and dense devices
(MEMS and MOEMS) that can be manufactured in a roll-to-
roll approach. First, we have verified the reliability of the
polyimide stamps and frictionless demolding in the absence
of any surface pretreatment and nonstick coatings up to 50
hot embossing cycles. In addition, we have demonstrated
impeccable replication of trench patterns in the width
range [50,200] gm within the limitations of single layer
spin coating of the polyimide precursor. Moreover, we
have expounded the inferior embossing quality of rib pat-
terns, which can be optimized when demolding is adjusted
and automated. Also, by automating demolding, the long-
term reliability of the polyimide stamp is expected to
increase. In order to deliver thick patterns (80 ym and
above) and well-defined geometries of the polyimide stamps,
we propose multilayer spin coating and postexposure bake to
counteract undulation of the polyimide side walls. As for
optical applications, the surface roughness of the polyimide
patterns needs to be monitored rigorously, which is the focus
of a follow-up work.

Appendix

Let a 2-D surface profile of a micropattern extracted from
the confocal laser scanning microscope measurements be
described as y = y(x), whereas x € [a, b]. The height h of
the profile is calculated as follows: 7 = max,ef, ;) y(x) —
ming(, ;) y(x). For a trench pattern, the width w of the
stamp profile (ST) and the corresponding embossed profile
(PM) are given by

2

wir =y~ {maxxe fez2.] y(X)} -y [maxxe fosst] y(X)} :
Wy = 7! [minxe fe2] y(X)] -y [minxe o3t y(X)] :

respectively, whereas for a rib pattern, the width of the stamp
profile and the corresponding embossed profile are given by

Wip =y~ [minxE [%,,‘b]y(x)] -y [minxE [a.“t—”}y(x)]’

Wwhy =y~ {maxxe [e52.] y(X)} -y [maxxe [a,;%b] y(X)} :

In the remaining, we denote by En the embossing cycle,
where n € N. In addition, the expressions STEn and PMEn
prescribe the status of stamp and embossed polymer after n
embossing cycles, where n € N. Finally, STEnMm and
PM EnMm designate the status of stamp and embossed pol-
ymer after n embossing cycles at location Mm, where n €
Nand m € {1,2,3,4}, respectively. Consequently, the aver-
age deviations in pattern width and height due to the
embossing process are calculated. The average deviation
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in stamp width before and after embossing in percent is
given by

1 WSTEIMm — WSTEOM
ST =y - —STEMm ST 5 100.
4 m WSTEOMm

The average deviation in stamp thickness before and after
embossing in percent is

5ST — lz hSTEle - hSTEOMm % 100
" 4 m hSTEOMm '

The average deviation in pattern width in percent between
stamp and polymer film reads

1 WSsTEOMm — WPMM,
SRTPM = % " —STEOMm " % 100.
4 m WSTEOMm

Finally, the average deviation in pattern height between
stamp and polymer film is

SSTPM — lz hsteomm — heMmm % 100.
44 hstEoMm
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