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Nanoimprint templates were fabricated from diamondlike carbon 共DLC兲 films grown on Si, using
negative-tone e-beam lithography and oxygen plasma etching. An antiadhesion coating was
provided through fluorocarbon-based plasma treatment, which was found to form a Teflon-like thin
layer on the treated DLC surface. The fluorinated templates were used to imprint arrays of dots with
diameters down to 10 nm in polymethyl-methacrylate. Application of the fluorocarbon plasma
treatment was also demonstrated in the antiadhesion treatment of the nanoimprint resist and in
elastomer molding. © 2008 American Vacuum Society. 关DOI: 10.1116/1.3013281兴

I. INTRODUCTION
Since the introduction of nanoimprint lithography,1
silicon,2,3 quartz,4 and silicon dioxide5,6 have been the most
commonly used materials for nanoimprint templates. Alternative materials, such as silicon carbide7 and diamond,8–10
have been reported, but they have not yet seen widespread
use.
One of the most critical aspects of the nanoimprint lithography 共NIL兲 process is the separation of the template from
the imprinted surface at the end of the imprint. Ideally, the
template surface should be left clean of any resist residue and
ready for the next imprint cycle, while the imprinted resist
should be free of damage while maintaining adhesion to the
substrate. Neglecting the case of cohesive failure in the bulk
of the imprinted resist during the separation, which would
leave polymer residuals both on the imprinted substrate and
on the template, this scenario can be achieved by strengthening the adhesion between the polymer to the imprinted
substrate, as well as by weakening the adhesion between the
polymer and the template. In addition, weak adhesion between the template and the resist will promote easy separation without the application of significant mechanical force.
In order to achieve this goal, the template surface is coma兲
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monly treated with a variety of mold release agents.11 For
silicon dioxide templates, self-assembled monolayers of
alkyl silanes with fluorocarbon outer tails are widely
used,12–16 increasing the hydrophobic properties of the
treated templates, with water contact angles in the range
90°–110° 共Ref. 17兲 and surface energies around 20 mJ/ m2.
Diamondlike carbon 共DLC兲 is an attractive option as a
base material for NIL templates. DLC films can easily be
deposited on Si or quartz substrates by plasma enhanced
chemical vapor deposition 共PECVD兲 and they possess excellent mechanical properties, which is particularly important
for NIL because of the high mechanical forces applied during
imprint.18 Ramachandran et al.19 successfully demonstrated
the use of DLC templates for NIL, achieving good separation
from the imprinted resist for the patterning of 1 m wide
lines.
Although the surface energy of as-deposited DLC is relatively low 共⬃40 mJ/ m2兲,20 which makes DLC useful as a
material for antiadhesion coatings in many applications,21 it
is still not low enough for achieving smooth and easy
postimprint separation. Thus, an additional surface treatment
is required. It has already been demonstrated that in situ
fluorination of DLC during growth 共i.e., adding fluorocarbons to the PECVD gas mixture兲 significantly lowers its surface energy, resulting in more hydrophobic films compared
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FIG. 1. Schematic process flow of DLC-based NIL template fabrication.

to pure DLC.22 In situ fluorinated DLC was reported as an
antiadhesion coating for SiO2 NIL templates23 with a thickness of 50 nm, and implemented for patterning of features
with dimensions of a few hundreds of nanometers.24 Exposing the surface of pure DLC to a fluorocarbon plasma can be
used to modify its surface properties as well, significantly
lowering the surface energy25 and making its antiadhesion
characteristics well suited for nanoimprint application.
In this work we report on the use of a DLC film that
undergoes a fluorocarbon-based plasma treatment to lower
the surface energy of the DLC. These films are used as templates to pattern ultrasmall 共sub-20 nm兲 features by NIL. Additional applications of fluorocarbon plasma treatment to reduce adhesion are also demonstrated: Direct treatment of
nanoimprint resists for use with templates that have no antiadhesion surface treatment, as well as for polymer molds that
are used for the preparation of elastomer stamps used in microcontact printing.
II. EXPERIMENT
The process flow of the NIL template fabrication is schematically presented in Fig. 1. DLC films, 100– 200 nm thick,
were deposited on Si substrates in a parallel plate rf PECVD
system. Prior to the deposition, the Si substrates were
cleaned in an Ar plasma at 100 mTorr and 125 W for 30 s.
Pure cyclohexane was used for the DLC film growth, at a
chamber pressure of 100 mTorr, rf power of 200 W, and a
temperature of 60 ° C. Under these conditions the growth
rate of DLC was 3.4 nm/ s.
The templates were patterned by electron beam lithography using hydrogen silsequioxane 共HSQ兲 as a negative-tone
resist. 20 nm thick HSQ 共Fox-12, Dow Corning兲, diluted in
methyl-isobutyl-ketone, was applied to Si/DLC substrates by
spin coating. The HSQ was not baked prior to the e-beam
exposure, in order to maximize contrast.26 An FEI XL-30
Sirion scanning electron microscope equipped with a Nabity
NPGS pattern generator was used for the e-beam patterning.
Exposure was done at 30 keV with a probe current of 25 pA
for the highest resolution features. The HSQ was developed
JVST B - Microelectronics and Nanometer Structures
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in 0.26N TMAH 共Microposit LDD-26W兲, followed by a deionized water rinse. The pattern consisted of features of different sizes and geometries: The finest features were dots
with diameters ⬃10– 20 nm, arranged in arrays with interdot
spacing in the range 40– 200 nm.
Direct patterning of DLC by an inorganic e-beam lithography resist, such as HSQ, followed by O2 etching provides a
simple process flow for DLC-based template fabrication. An
Oxford PlasmaLab 80 Plus etch system was used for O2
plasma etching of the DLC, with a typical chamber pressure
of 75 mTorr, gas feed rate of 100 SCCM 共SCCM denotes
cubic centimeter per minute at STP兲, and rf power of 50 W.
Substrates were typically 12⫻ 12 mm2 in size. The fact that
the HSQ mask remains untouched by the oxygen plasma
etching allows us to use very thin 共down to 20 nm兲 films of
HSQ, in which features with size as small as 10 nm and less
can be patterned by e-beam lithography. In this work, the
DLC was etched to a depth of 30– 50 nm, providing an aspect ratio of 1:2 to 1:3 for the finest features.
DLC surface fluorination was done in an Oxford PlasmaLab 80 Plus etch system. C4F8 or CHF3 gas was used as
source material, with the chamber pressure varying in the
range 33– 88 mTorr, the rf power in the range 100– 300 W,
and the gas feed rate of 200 SCCM. The typical fluorination
time was 30 s. For most of our experiments, standard conditions were chosen as 88 mTorr and 100 W, and these parameters were used for all the plasma fluorination processes
mentioned below.
Null 共single wavelength, 632.8 nm兲 ellipsometry 共Rudolf
El III兲, tapping mode atomic force microscopy 共PSIA XE100兲, water and glycerol contact angle measurements, and
x-ray photoelectron spectroscopy 共XPS兲 共Kratos Axis Ultra
spectrometer with an Al K␣ 1486 eV monochromatic x-ray
source兲 were used to characterize the physical and the chemical properties of DLC surfaces.
NIL was done using a Nanonex BX-200 nanoimprint system, with polymethyl-methacrylate 共PMMA兲 共M w = 35 K兲 as
the imprint resist. The PMMA thickness varied from
50 to 150 nm, and usually was designed to provide a minimal residual layer of 20– 30 nm, depending on the featured
height on the NIL template and the template geometry. Typically, the imprint was performed at 3.45 MPa, and 180 ° C
for 5 min.
For the experiments in which we fluorinated the imprint
resist, 120 nm of PMMA 共M w = 35 K兲 was spun onto Si substrates, followed by nanoimprint with Si/ SiO2 templates
without any antiadhesion treatment. The template pattern
consisted of arrays of lines with the width from
100 to 200 nm and a height of 100 nm. The same fluorination and imprint conditions described above were used.
PMMA resist films, imprinted on Si substrates and
plasma-fluorinated in the same manner, were used as molds
for the preparation of microcontact printing stamps from a
polydimethylsiloxane 共PDMS兲 elastomer, in order to facilitate the separation between mold and template, which we
have found to be somewhat difficult in the case of highaspect-ratio structures. In this case, the PMMA molds con-
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FIG. 2. Average percentage of fluorine in the modified DLC surface as a
function of depth for three different chamber pressures, as measured by
XPS.

sisted of imprinted channels with a width of 0.5 m and a
depth of 5 m. PDMS was applied to the surface of the
molds and left overnight at the room temperature for complete curing before mechanical separation.
III. RESULTS AND DISCUSSION
Null ellipsometry was used to characterize the DLC films
before and after plasma fluorination, providing information
about any film thickness change upon the plasma treatment.
It was found that for most process conditions, the DLC films
thickness either remained unchanged or decreased by a few
nanometers probably due to minor etching of the DLC by the
plasma under the lower pressure and higher power
conditions.27 共For higher chamber pressures, an additional
⬃3 nm thick film was detected by ellipsometry.兲 Atomic
force microscopy measurements showed that for bare DLC,
as well as for the DLC after O2 plasma etching and for the
DLC after O2 plasma etching followed by plasma fluorination, the surface roughness did not exceed a rms value of
0.7 nm. The advancing contact angle of water was found to
increase from 70° for bare DLC to ⬃90° – 100° upon the
plasma fluorination under different conditions for both C4F8
and CHF3, pointing to a similar chemical content of the
modified surface in the two cases. A similar increase from
50° to ⬃80° – 85° was observed for the advancing contact
angle of glycerol. No significant change in contact angle was
observed after several imprint cycles. XPS analysis of the
fluorinated DLC surface detected the presence of a thin
fluorine-containing layer near the DLC surface. The thickness of this layer, as calculated from the three different takeoff-angle measurements, varied with the processing conditions, and was found to be up to 3 nm for the highest
chamber pressure 共88 mTorr兲. The relative concentration of
fluorine at different depths was found to depend on the
plasma conditions as well 共Fig. 2兲.
Nanoimprint of PMMA with fluorinated DLC templates
resulted in easy template-substrate separation, with no
PMMA residuals on the templates and high-quality pattern
J. Vac. Sci. Technol. B, Vol. 26, No. 6, Nov/Dec 2008

FIG. 3. 共a兲 PMMA resist after imprint using a DLC template on which the
fluorinated antiadhesion coating was damaged. The left part of the image
shows a large area from which the PMMA resist film was completely detached following separation. 共b兲 The same pattern, imprinted with a perfectly fluorinated DLC template.

transfer to the resist. In contrast, in the case of untreated
DLC templates or DLC templates where the coating was
damaged 共usually by contamination兲, PMMA tended to adhere to the template. In many cases, the detached PMMA
regions were quite extensive and covered significant portions
of the template surface 共Fig. 3兲. The plasma fluorination antiadhesion coating was found to be extremely durable, withstanding more than 100 imprint cycles. In the few cases
where antiadhesion failure was noted, it was generally due to
external factors, such as surface contamination due to the
particles and impurities in the air and resist.
Figure 4共a兲 shows the HSQ pattern on a DLC template.
The pattern consists of dots arranged in array of pairs with
spacing of 200 nm between the pairs. Figure 4共b兲 shows a
side view of the template after O2 reactive ion etching into
the DLC and HSQ mask strip, resulting in pillars with an
aspect ratio of about 1:3. An example of the imprint results is
shown in Fig. 5. Circular holes, ⬃10– 15 nm in diameter,
defined by the template structures, are seen in the resist.
Exposure of PMMA resist films to the same fluorocabon
plasma provides a highly hydrophic PMMA surface, increasing its water contact angle from 75° to 90°. Ellipsometry
measurements of PMMA thickness before and after the
plasma treatment showed no change in PMMA thickness,
and confirmed that the PMMA itself is undamaged by the
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FIG. 6. Cross section of fluorinated PMMA film on Si/ SiO2 substrate, imprinted with untreated SiO2 template. The pattern consists of lines array with
1.3 m pitch size.

FIG. 4. 共a兲 HSQ mask on DLC surface—top view. 共b兲 Pillars on DLC NIL
template, fabricated using the HSQ mask—side view.

the removal of PDMS from the mold is sometimes difficult,
in case of fluorinated PMMA mold the separation was easy,
and high-aspect-ratio 共1:10兲 PDMS structures came out clean
and free of defects.

plasma process with the parameters described above. Similar
to DLC, plasma fluorination of PMMA reduces its surface
energy due to the formation of fluorocarbon groups on its
surface.28 This enables easy separation from an untreated
template after NIL. While imprinting PMMA with an untreated SiO2 template nearly always leads to separation failure, plasma fluorinated PMMA provided easy and clean
template-substrate separation, with a good pattern transfer
from the template to PMMA 共Fig. 6兲. Such surface treatment
of the nanoimprint resist for each imprinted substrate is certainly less practical than treating the template; however, it
could be useful in situations where a low surface energy
template is not readily available.
Figure 7 shows an array of PDMS fences, formed by
molding in an imprinted PMMA film, which was subjected
to plasma fluorination prior to the PDMS application. While

FIG. 5. Array of dots imprinted on PMMA with a fluorinated DLC template.
JVST B - Microelectronics and Nanometer Structures

FIG. 7. Array of PDMS fences, formed from a fluorinated PMMA mold.
共The cracks visible on the high magnification image are in the 20 nm Au
discharge layer, which was sputtered on the top of the surface prior the
scanning electron microscopy imaging.兲
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IV. CONCLUSIONS
We have developed a process for the formation of an ultrathin antiadhesion layer on carbon-based films using a fluorocarbon plasma treatment. Such films are very well suited
as templates for nanoimprint lithography—particularly for
sub-50 nm features. The process is also applicable to other
imprint and molding techniques where a low energy surface
is required.
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