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Nanoimprint molds are traditionally made from silicon. Silicon molds suffer from distinct
disadvantages as they are brittle, prone to damage, scratch easily, and can only be used in a planar
format. This has limited their use in higher throughput systems where flexible molds are required
such as in roll-to-roll and roll-to-plate systems. Nickel (Ni) molds, which are now de-rigueur in both
batch and roller nanoimprint processes, can be used to address these problems, but fabrication and
durability issues limit their availability and effectiveness in production. In this report, the authors
introduce a fabrication route that has the potential to overcome the fabrication, quality, and wear
problems of Ni molds. The new process relies on atomic layer deposition to form a smooth and highaspect ratio patterned layer of iridium (Ir) on a Ni substrate. A large area nanohole array mold was
fabricated using displacement Talbot lithography to demonstrate this process. The authors show the
use of such composite molds via a batch thermal imprinting process to fabricate 70 nm hole arrays
onto polycarbonate templates with a 610% tolerance in diameter between the polycarbonate and the
C 2016 American Vacuum Society.
composite mold, and less than 1% of defects. V
[http://dx.doi.org/10.1116/1.4967696]
I. INTRODUCTION
While nanoimprint lithography1,2 has surpassed expectations on resolution2,3 and throughput,4,5 there are still specific issues that need to be addressed to enable this
lithographic process to be widely implemented for the fabrication of very high resolution features. Crucial to the nanoimprint process is the supply of a suitable mold that will
allow an accurate and faithful replication of the features
from the mold to the polymeric material. Such nanoimprint
molds are typically made of silicon but can also be fabricated from other hard materials such as silicon oxide/
nitride,6 silicon carbide (SiC),7 and also quartz.8 However,
there are inherent limitations to the use of such hard molds.
They are often brittle and very expensive to fabricate especially when complex high resolution features are required,
often not durable enough due to their susceptibility to
scratches and cannot be applied in a roller process or a rollto-plate process. For silicon-type molds especially, their
rigidity has often resulted in uneven imprints on rigid substrates. Solutions have been proposed to circumvent the use
of hard molds and these often involve the use of soft molds
fabricated either directly onto polymeric films or on resin
coated films.
Imprint molds fabricated from polymers9–11 have been
largely explored. While these soft molds offer some advantages
a)
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such as the ability to conform to uneven substrate surfaces12
and also can be applied onto roller processes, their properties
are often dependent on the inherent properties of the polymer
or resin from which they are fabricated. Soft molds directly
fabricated onto polymer films such as ethylene(tetrafluoroethylene)9 and even poly(dimethylsiloxane)11 have been
demonstrated though their uptake on the roller process is
limited due to the higher processing conditions required on
the soft molds and their poor resistance to solvents. The fabrication of soft molds has evolved to the use of UV curable
resins13 such as siloxane based resins, epoxy based resins,
and also polyhedral oligomeric silsesquioxane based resins
to improve the properties of soft molds. Though successful,
the creation of these soft molds is still reliant upon an additional coating of the specific resin on the supporting polymer
substrate. Today, such molds are prized for their improved
anti-stiction properties14–17 imparted from the properties of
the resin.
Intuitively, the use of metal molds such as nickel molds
has caught on in nanoimprinting. Such nickel molds are typically electroplated18 and are very durable and suitable for
the roller process. While heavily utilized by most roller and
batch processes today, there are still specific requirements
on the performance of such nickel molds and this has led to
other works by Chou et al.1,2,4 on the use of chemical vapor
deposition processes to deposit thin amorphous silicon films
onto polymer templates for “soft” silicon molds to recreate
the flexibility of both a hard and soft mold in one process.
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Ni molds offer a number of advantages as described
above, but fabrication of high-resolution and high-aspect
ratio Ni molds presents significant challenges often limiting
their use in many nanoimprinting applications. Typically,
high-resolution patterns are created on a flat substrate like a
silicon wafer by an e-beam or photolithography process. A
suitable conductive seed film is then deposited on the patterned surface by a vacuum deposition process. This is followed by the electroplating process which forms a
complementary copy of the patterned surface in a substantially thick (typically 0.5–5 mm) Ni substrate. Finally, the
formed Ni is released from the original substrate and used in
imprint process after suitable cleaning and possible antiadhesion coating steps. As the pattern resolution and the aspect
ratio of the desired structures increases, this process becomes
less reliable. This is mainly due to the inability of the conventional seed layer deposition processes to form uniform
conformal layers on such patterned surfaces, for example,
bottom parts of deep holes or grooves are often not properly
coated. Such inhomogeneity and voids in the seed layer prevent the faithful replication of the desired structure in the Ni
electroplating process. In addition, Ni electroplating into
such deep holes may lead to the formation of voids that compromise the strength and durability of the mold.
In this work, nanoimprint composite molds of nickel and
iridium are fabricated to address these problems and to
obtain high-fidelity nanostructures with the durability and
lifespan of nickel molds. Specifically, we have used these
molds to fabricate large-area 70 nm hole arrays on polycarbonate (PC) with less than 1% defects, voids, and other
imperfections due to incomplete filling from the imprint
area.
II. EXPERIMENT
A. Production of masters with DUV displacement
Talbot lithography

The high-resolution masters required for producing the
iridium-nickel molds were fabricated using displacement
Talbot lithography (DTL).19 The exposures were performed
on a PhableR 100 lithography tool which is specifically
designed to perform DTL exposures. For the lithographic
exposures, a deep ultraviolet (DUV) laser operating at a wavelength of 266 nm was used as the light source.20 Using the
DTL method, an array of pillars with a diameter of 75 nm and
period of 150 nm was first formed in a photoresist layer. This
pattern was then used as an etch mask in a dry etching process
to form Si pillars having a height of 90 nm. An SEM image of
the pattern etched in Si can be seen in Fig. 1.
B. Production of iridium-nickel composite molds

After dry etching, the silicon mold was coated with a
100 nm thick layer of iridium using plasma enhanced atomic
layer deposition in a Picosun R200 ALD system equipped
with an inductively coupled plasma source. The process consisted of 2840 cycles of exposure to a precursor of Ir(acac)3
(acac ¼ 2,4-pentadionato) and to a O2 plasma as reactant.
The reactor chamber temperature was set to 370 " C. The gas
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FIG. 1. (a) SEM images of (a) the pattern etched in Si. (b) The complementary pattern on the composite iridium-nickel mold. In both images, the
period (center-to-center distance between features is 150 nm.

flow of the plasma source was 50 sccm, and the power of the
plasma unit was set to 2 kW. Subsequently, a 0.5 mm thick
Ni layer was electroplated on the Ir layer, and the resulting
iridium-nickel composite mold was detached from the Si
substrate. The process flow is illustrated in Fig. 2. The patterned Si wafer was used directly after the last reactive ion
etching step without any additional surface preparation steps.
In our experiment the Ir/Ni hybrid mold detached readily
from the Si substrate. No damage or degradation of the mold
surface due to the detachment process was observed on the
mold.
C. Nanoimprint process using composite molds

The free-standing PC films (Young Chang High Tech
Materials Co., Ltd., Republic of South Korea) used in this
study are about 184 lm thick and have a glass transition temperature of 150 " C. There are various free standing polymers
film such as PC and poly-(methyl methacrylate) (PMMA)
that we can imprint on. Aside from structural differences in
polymer chain, PC and PMMA also have very close glass
transition temperatures 125 and 100 " C, respectively; therefore, there should be no challenges to imprint PMMA. The
surface energy for PC is lower than that of PMMA; this can
contribute to a slightly easier demolding process for PC than
PMMA.21,22 PC was used throughout the experiment to
achieve consistency for that material. The composite mold
was first precoated with an antistiction coating, perfluorodecyltrichlorosilane, via a vapor deposition process. The
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III. RESULTS AND DISCUSSION
A. Characterization of composite mold

FIG. 2. (Color online) Schematic diagram of the process flow for the fabrication of the iridium-nickel composite mold. (a) DTL exposure of photoresist
coated on Si (b) pattern developed in photoresist (c) etched pattern in Si. (d)
ALD deposition of Ir layer. (e) Ni electroplating. (f) Iridium–nickel mold
after releasing from the Si master.

composite mold area was 40 # 40 mm with a uniform square
array of 70 nm diameter pillars.
A thermal nanoimprint lithography process was carried
out in this study. One cycle of the imprint process comprises
two main steps and was carried out in an Obducat
Nanoimprinter; first, the temperature was elevated to 160 " C
(10 " C above the glass transition temperature of the imprint
material), and the composite mold was embossed into the
material at a pressure of 40 bars for 300 s. Then, the system
was cooled to 25 " C before the imprinted material, and mold
were separated in the demolding step. Significant force is
required to demold the film from the composite mold, but
the film was not damaged or deformed during the process
from the first to 100th imprint. In this study, the composite
mold was subjected to 100 imprint cycles.

An SEM image of the resulting composite mold is shown
in Fig. 1(b). From our SEM observations, the holes on the
mold are fully formed, and no evidence of voids or other
imperfections due to incomplete filling of the Si master by
the seed layer are noticeable. In contrast, conventional sputtering and physical vapor deposition processes do not yield
such smooth and faithful replication at this high resolution
and significant aspect ratio.
Instead of the nickel surface in a conventional nickel
mold, the exposed surface of the iridium–nickel composite
mold is iridium. Iridium, being harder than nickel, is potentially more robust and durable. Visual inspections of the
iridium-nickel composite mold after each imprint cycle did
not show any noticeable cracks or delamination of the patterned area. This shows that the interface between the iridium outermost layer and underlying nickel base is durable
and is able to withstand the thermal imprint environment
used in this study. AFM measurements on the composite
mold were carried out for a comparison between preimprint
composite mold feature and postimprint mold (refer to supplementary material Figs. S3 and S423). The AFM measurements indicate that the composite mold had maintained its
pattern fidelity (70 nm holes array) after 30 imprints and did
not show noticeable microcracks on the mold surface.
After the 100th imprint cycle, the surfaces of the composite mold were further visualized using SEM to assess and
check for any forms of physical damage to the mold.
Representative SEM images are shown in Fig. 3. From our
surface scans, no observable physical damage was found.
Thus, the composite mold showed excellent durability over
100 imprint cycles.

D. Surface characterization of mold and
nanoimprinted films

B. Characterization of nanoimprinted PC film

Composite mold durability, lifespan, and the imprint
quality are the most important factors in this experiment.
The composite mold is subjected to repeated processing at
high temperature of 160 " C and then cooling to room temperature at 25 " C. The composite mold was used for a total
of 100 imprint cycles without an additional antistiction
coating process between cycles. The criteria defined for
assessing the polymer films fabricated in the previous step
are described in the supplementary material under Table
S1.23 The fabricated films were assessed for macroscopic
defects such as residue stains, microscopic defects such as
cracks and scratches, and also the ease of demolding. The
patterns were imaged by atomic force microscopy (Bruker
Dimension ICON) under tapping mode (AFM tip Model:
NCHV, Bruker Probes) for height analysis and scanning
electron microscope (JEOL FESEM 6700) for surface analysis. Each polymer film at 0th, 30th, 60th, and 100th
imprint was divided into nine sections, and three SEM
images of each section are collected—a total of 27 images
were subsequently acquired for each film (refer to supplementary material Figs. S1 and S223).

Figure 4 shows the SEM images of the imprinted polycarbonate templates from the first imprint and 100th batch thermal imprint cycles. To determine the consistency of the
imprints quality and the fidelity of pattern transfer with the
repeated use of the composite mold, image processing software IMAGEJ was used to measure the diameters of the nanopillars on the composite mold and PC templates at 30th,
60th, 90th, and 100th imprint cycle. Diameter measurements
on the SEM images of the composite mold indicate that the
average diameter of the nanostructures was 80 6 2 nm, while
the average diameter of the nanopillars on the PC templates
ranges from 75 to 78 nm at various imprint cycles [refer to
Fig. 5(a)]. The maximum difference between the measured
diameter of the nanostructures on the composite mold and
the nanopillars on the PC templates is less than 10%
(6.25%). Though there are small differences in the measured
diameters, statistical analysis over the diameters of the nanopillars did not show any statistical differences.
In this study, the number of defects was enumerated by
counting the number of missing pillar nanostructures from
scanning electron micrographs of the imprinted PC film
taken at a magnification of 10 000#. At this magnification,
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FIG. 3. SEM images of the composite mold at each of the nine sections after 100th imprint cycles showing no observable physical damage to the mold surface.
The scale bar represents 200 nm for all figures shown.

FIG. 4. SEM images of (a) imprinted polycarbonate template from the first imprint, (b) the imprinted polycarbonate from the first imprint at high magnification, (c) imprinted polycarbonate templates from the 100th imprint, and (d) the imprinted polycarbonate template from the 100th imprint at high
magnification.
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introducing an iridium seed layer on the silicon master by
atomic layer deposition (ALD) before electroplating the
mold with nickel. Here, we demonstrated that the highresolution composite molds thus fabricated have highfidelity; excellent durability over 100 imprint cycles and
produce quality imprints of 70 nm pillar arrays onto the
polycarbonate films with a 610% tolerance in diameter
between the polycarbonate and the composite. Therefore,
such iridium–nickel composite molds are viable flexible
nanoimprint molds for the mass-production of large-area
sub-100 nm nanostructures with excellent durability and
lifespan.
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FIG. 5. (a) Average diameter of imprinted nanostructures measured from
SEM images. (b) Average percentage imprint defects over 100 cycles of
thermal imprinting steps.

there are at least 4312 nanopillars, and the area of the image
is approximately 119 lm2 within a frame (the total area of
approximately 87 040 lm2 in one imprint). By sampling 27
fields of view on the PC templates over different sections of
the imprinted surface, the percentage defects were enumerated and reported in Fig. 5(b). Although the defects increase
after more imprint cycles, the defect percentage is measured
to be within less than 1% of the total area. The increase in
defect is not likely due to the mold damage but rather due to
the wear-down of the antistiction layer on the surface of the
mold.
IV. SUMMARY AND CONCLUSIONS
To circumvent the technical challenges surrounding the
fabrication of conventional nanopatterned nickel molds, iridium–nickel composite molds have been fabricated by first
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