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Capillary Force Lithography: Fabrication of Functional Polymer
Templates as Versatile Tools for Nanolithography**
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The implementation of high-resolution polymer templates fabricated by capillary force lithography (CFL) is explored both in
nanoimprint lithography (NIL) and in the wet-etching of metals. Several different thermoplastic and UV-curable polymers and
types of substrates are incorporated into the general CFL procedure to meet the diverging requirements of these two applica-
tions. The mechanical stability of UV-curable templates for imprinting in polymers, as examined by atomic force microscopy
(AFM), and their anti-adhesive properties are excellent for application in NIL. The conditions for curing the UV-curable poly-
mer are optimized in order to obtain high-stability polymer templates. Gold patterns on silicon with a lateral resolution of
150 nm are fabricated by subsequent lift-off in acetone. Similar patterns with a lateral resolution of 100 nm are fabricated using
templates of thermoplastic polymers on gold layers on silicon as an etch mask. The transfer of stamp residues during CFL with
these polymer templates is proven by X-ray photoelectron spectroscopy (XPS) and AFM friction analysis. For poly(methyl-
methacrylate) (PMMA), the presence of large amounts of silicon-containing residues is found to compromise the processability
of the resulting template in subsequent O, reactive-ion etching (RIE) treatment. The extent of silicon contamination is up to
six times less for polystyrene (PS). At this level, the etch performance of the PS etch mask is not affected, as was the case for
PMMA. Accurate downscaling of the lateral dimensions of the resulting metal patterns by several factors with respect to the di-
mensions of the PS etch mask is achieved by over-etching of the gold. Overall, the results in this paper demonstrate the poten-
tial of CFL templates as tools for high-resolution soft lithography.

1. Introduction

[*] Prof. ). Huskens, Prof. D. N. Reinhoudt, C. M. Bruinink,

Dr. M. Péter, P. A. Maury The development of low-cost, high-throughput lithographic
Laboratory of Supramolecular Chemistry and Technology techniques for the fabrication of sub-100 nm patterns has
MESA" Institute for Nanotechnology, University of Twente . e — .
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MESA" Institute for Nanotechnology, University of Twente . [1] .
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7500 AE Enschede (The Netherlands) . . . .
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Photonic Structures’. Of CMAL/MESA", Mark A. Smithers is ac- g0 of interest. To overcome the reliance on expensive state-
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Gerrit Boom of the MESA* cleanroom are acknowledged for con- NIL into the sub-100 nm range. These inexpensive strategies
structive scientific discussions. basically exploit the combination of different (aspects of) soft-
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and/or photolithographic techniques in or-
der to downscale the feature sizes of the
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master. From the ever-increasing list of e !

existing strategies, the most promising 1 REM

set of lithographic techniques to date is

edge lithography. The general feature that PDMS stamp

relates the lithographic techniques in this substrate polymer

set is the translation of the structural

characteristics of the master into resultant 2 GRLAT>Th)

edge patterns. Edge-lithographic tech- [ W

niques include near-field phase-shift pho- R

tolithography,”! maskless lithography,®!

undercutting by isotropic wet-etching,”! A Uvecurable B €

patterning local disorder in monolayer re- — VIRVIRY mr-lL 6000\ EVIRY - \ 4 ; 4 A4 -—

sists,['”) and edge-spreading lithography.!''! silicon silicon silicon

The development of these techniques has REM crosslinking, residual layer {

led to the facile fabrication of features M rerfioval, Oy RIE

with ultimate lateral sizes of down to PDMS stamp | B W . S

50 nm. silicon silicon

. Recently, we .have reported a novel. \{ar- LGP i, wol etchingl

iant of edge lithography by combining PMMA

capillary force lithography (CFL)!"? with SAM gald L-.-_.- YERYERY
silicon silicon silicon

replica molding (REM)® for the fabrica-
tion of second-generation stamps suitable
for conducting high-resolution soft lithog-
raphy.m] CFL is an emerging, non-photo-
lithographic technique that combines the
essential feature of NIL—molding a poly-
mer melt—with the key element of soft li-
thography —molding with an elastomeric
stamp for large-area patterning of poly-
mer films.'"¥ At a temperature (T) above
the glass-transition temperature (7,) of the polymer, capillary
forces drive the polymer to conform to the mold pattern. The
initial polymer film thickness and the feature dimensions of the
mold determine the type of the resulting polymer patterns.
CFL of thick polymer layers results in a negative copy of the
mold, with a residual layer that remains on the substrate. Upon
decreasing the initial polymer film thickness, the meniscus can-
not rise to completely fill the spaces between the mold and the
substrate, owing to polymer insufficiency. Although no special
attention was given to the latter structures by Lee and co-work-
ers'?l we have been investigating the potential of these high-
resolution polymer templates in edge lithography, for example,
the use of these templates as masters in soft lithography
(Fig. 1, route A). Application of the resulting stamps in micro-
contact printing (uCP) resulted in patterned self-assembled
monolayers (SAMs) and gold structures after subsequent wet-
chemical etching, with a resolution of ca. 125 nm.!"*!

Here, we report recent developments in using CFL as a
nanofabrication technique by utilizing the CFL polymer tem-
plates in two additional patterning techniques (Fig. 1). We dis-
cuss the applicability of the polymer templates as molds for
NIL (Fig. 1, route B) and as etch masks for the selective wet-
etching of metals (Fig. 1, route C) by incorporating UV-cur-
able polymers and the use of gold on silicon substrates in the
CFL procedure, respectively. The (mechanical) stability and in-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Schematic representation of the general, two-stage CFL procedure for the fabrication of
high-resolution polymer templates. 1) REM of the first-generation silicon master to poly(dimethyl-
siloxane) (PDMS) stamps (width, w: 5 um, spacing, s: 3 um, and height, h: 1.2 um); 2) CFL[12] on
thin polymer layers at T> T, of the polymer for several hours. After cooling at room temperature
and releasing the stamp, the resulting submicrometer polymer templates can fulfill different func-
tions, depending on the type of polymer and substrate: A) template as master for stamp fabrica-
tion; B) template as mold for NIL; C) template as etch mask for the wet-etching of metals. PMMA:
poly(methyl methacrylate); SAM: self-assembled monolayer; RIE: reactive-ion etching; pCP: micro-
contact printing; PS: polystyrene.

tegrity of the template during processing and the ultimate reso-
lution of the resulting metal patterns are of prime importance
in our process evaluation, which was carried out with atomic
force microscopy (AFM) and scanning electron microscopy
(SEM). Therefore, emphasis was placed on the process condi-
tions and the etch behavior of the polymer templates (and of
the underlying substrate) in order to achieve these goals.

2. Results and Discussion

2.1. Fabrication of High-Resolution, Functional Polymer
Templates

The top part of Figure 1 depicts the basis of our soft-litho-
graphic procedure for generating high-resolution polymer fea-
tures on substrates by CFL. A liquid prepolymer of poly(di-
methylsiloxane) (PDMS) was cast against a silicon master. All
the masters in our study were fabricated by standard photo-
lithography and contain either continuous (lines) or discontinu-
ous (pillars) features of micrometer size (width, w=>5 um,
spacing, s=3 um, height, =12 um). The PDMS stamps
were cured for 1-18 h at 60°C in order to obtain stamps of
minimal (ca. 0.5 N mm?) to medium (ca. 2 N mm?) modulus,**!
respectively, suitable for conducting CFL. Placing these PDMS

Adv. Funct. Mater. 2006, 16, 1555-1565
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stamps onto any substrate at room temperature led to intimate
physical contact over large areas. Special care was taken to pre-
vent the interference of dust particles by contacting the sub-
strate and stamp with minimal delay. Larger dust particles in
particular were found to act as sites at which conformal contact
was gradually lost during CFL.

High-temperature processing is known to limit the perfor-
mance of PDMS stamps.!"?) Without taking proper precautions,
the contact between the substrates and PDMS stamps cannot
withstand the thermal stresses that build up owing to differ-
ences in thermal expansion coefficients (appms >> ds;). To pre-
vent separation, the thickness of the PDMS stamps was kept
down to about 1 mm, in order to ensure sufficient flexibility.
This measure was found to improve the overall performance of
commercial PDMS for CFL processing of polymer layers effec-
tively, even though the stamp hardens further by thermal cur-
ing during processing.

To obtain high-resolution polymer templates, thin polymer
layers (ca. 35-200 nm) were spun onto silicon substrates. At
this range of polymer film thicknesses, no dewetting effects
by physical confinement—which could impair the alignment
of the polymer features at the feature edges of the PDMS
stamp—were to be expected.!'”! The initial conditions for CFL
on thin polymer layers are crucial for the formation of useful
symmetrical template structures. Of all the different proce-
dures, pre-equilibration of the PDMS stamp and the substrate
to the annealing temperature before bringing the PDMS stamp
into conformal contact with the substrate was found to result in
the most-symmetrical polymer structures over large areas.!"”!
The annealing temperature T was set sufficiently above T,
(T'=T,+40°C) in order to ensure polymer mobility for pat-
terning the polymer layers during CFL. Typical annealing times
were chosen in the range 2-20 h.
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Capillary kinetics of a polymer melt in permeable micro-
channels"”! have been shown to depend on several parameters,
such as time, polymer flow (temperature, type of the polymer,
wetting capabilities of the stamp), and the amount of polymer
accessible to fill the spaces between the mold and the substrate
(initial polymer film thickness, fill factor of the stamp). As a re-
sult, one can expect to have control over the lateral and verti-
cal dimensions of the resultant polymer features by changing
any of these parameters. Figure 2 shows the result of increasing
the initial polymer film thickness from 35 nm to 150 nm while
the other process parameters were kept constant (polystyrene
(PS), weight-average molecular weight M, =240 kDa
(1 Da=1.66x10"" kg), 150°C, 20h, PDMS stamp with
5 um x 3 um line-and-space pattern).

Cross-sectional AFM analyses of the resultant PS templates
(Fig. 2d) revealed that it is possible to exert certain control
over the feature line width of the polymer template, ranging in
this case from 440 to 850 nm (Fig. 2a—c). Adjusting the other
process parameters should result in polymer templates with an
even larger range of feature widths. Under the present process
conditions, a thin residual layer of <100 nm is always present
in the template, protecting the underlying substrate from direct
post-processing (Fig. 2e).

In contrast to our previous procedure,m] it was found by op-
tical inspection that cooling the stamp and substrate for 5 s (in-
stead of 30 min) at room temperature was already sufficient to
release the stamp from the substrate without generating (mi-
croscopic) distortions to the polymer template. After every
process step, the templates and substrates were examined by
AFM and/or SEM to obtain information about the mechanical
stability of the template during processing and the pattern-
transfer fidelity of the patterning technique to the substrate,
respectively.

Figure 2. Contact-mode (CM)-AFM height images (z range: 1000 nm; image size: 25 pm x 25 pm) of different high-resolution polymer (PS) templates.
The polymer templates were fabricated by CFL on initial polymer thicknesses of a) 35, b) 80, and c¢) 150 nm at 150°C for 20 h. d) The feature widths (full
width at half maximum, FWHM) of these PS structures, respectively 440, 680, and 850 nm, were determined from the average height cross-sectional anal-
ysis of the respective meniscus of each template. e) SEM image of a cross-sectional view of a symmetrical polymer template on silicon. From the close-

up SEM image, a thin residual layer is seen on the silicon substrate.

Adv. Funct. Mater. 2006, 16, 1555-1565

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

d3idvd 11Ind

www.afm-journal.de 1557



[
™}
<
a
-l
wd
=
4

1558 www.afm-journal.de

C. M. Bruinink et al./Capillary Force Lithography Fabrication of Nanolithography Templates

2.2. CFL Templates as High-Resolution Molds for NIL

The requirements for polymer templates that can success-
fully function as robust NIL molds (Fig. 1, route B) are more
stringent than for use as masters for pCP stamp fabrication
(Fig. 1, route A), because the imprint conditions in standard
NIL processing schemes demand the template to be resistant
to high temperatures—in the range of 70 to 80 °C above the T,
of the polymer—and high pressures for several minutes. To
date, only low-viscosity thermoplastic polymers, for example,
poly(methylmethacrylate) (PMMA), PS, and some block co-
polymers have been exploited in CFL. However, the CFL pro-
cess is universal in that it also allows the patterning of other
types of polymers, for example, UV-curable polymers. The use
of this type of polymer offers the advantage over thermoplastic
polymers of post-processing stabilization of the polymer tem-
plate by UV crosslinking (Fig. 3a).

The commercially available UV-curable polymer mr-L6000
(Microresist Technology GmbH, Germany) is a chemically am-
plified negative-tone photoresist with a very low T}, (35 °C), per-
mitting moderate processing conditions for patterning by CFL
(T=70°C, 2 h). Special care was taken so that, prior to UV ex-
posure, the mr-L6000 substrate was not exposed to white light
(i.e., processing was carried out in a yellow-light environment).
Cross-sectional AFM analysis of a representative mr-L6000 tem-
plate (Fig. 3b) reveals the typical transient meniscus (W-shaped)
of capillary rise."8!! It has been shown that i) any meniscus
evolves in a uniform U-shape upon long annealing times,"®! and
ii) splitting of the meniscus may give rise to exposure of the un-
derlying substrate in the noncontact areas."! Therefore, the ob-
servation of a transient meniscus in our template implies that,
under the present processing conditions, the polymer pattern
could not fully develop the characteristic U-shape meniscus.

Ad Ad hd
silicon

crosslinking, UV
(100 °C)

Ad Ad Ad
silicon

(a) (b)
stamp [
e mr-L 6000 (~150 nm)
silicon
lCFL (70 °C) |

UV crosslinking of mr-L6000 templates typically involves a
flood-exposure in a UV-exposure system, followed by a post-
exposure bake on the hotplate. For an exposure dose of
360 mJ cm™ and a post-exposure bake at 100 °C for 10 min, the
structural integrity of the template was not affected by the
post-processing stabilization procedure (Fig. 3b and c, template
height is ca. 100 nm and the full width at half maximum,
FWHM, is ca. 400 nm). UV exposure of this type of resist acti-
vates a photoacid generator responsible for releasing an acid
that initiates the cationic polymerization of the epoxy resist
upon heating. At this stage, both crosslinking and thermal flow
may occur simultaneously, which can have a significant effect
on the pattern fidelity upon curing, in particular when thermal
flow dominates over crosslinking.™” The results shown in Fig-
ure 4 are the outcome of an AFM study that was carried out in
order to address the interplay between these two processes dur-
ing a post-exposure bake at 100 °C for 10 min following expo-
sure at different doses.

The response of unexposed mr-L6000 templates to thermal
treatment excludes the interference of thermal crosslinking
with the stabilization of polymer patterns during UV crosslink-
ing at 100 °C (Fig. 4a). Figure 4 illustrates a clear trend in pat-
tern stability, in terms of feature height and width, as a function
of the exposure dose. At low exposure doses, thermal flow was
the dominating process, causing significant sagging of the fea-
tures on the template (Fig. 4b). Upon increasing the exposure
dose (Fig. 4c) the template structures became more and more
heat resistant, up to the point where the feature dimensions
were independent of the exposure dose (Fig. 4d). At these high
exposure doses the polymer template was resistant to thermal
flow, as crosslinking was the dominating process in this regime.
The critical exposure dose of ca. 100 mJ cm™, at which UV
crosslinking of the polymer template is still successful, was esti-
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Figure 3. a) Schematic representation of the CFL procedure for the fabrication of NIL molds using the UV-curable resist mr-L6000. b,c) CM-AFM height
images (z range: 800 nm; image size: 40 um x40 pm) of the high-resolution polymer template before (b) and after (c) UV crosslinking, including the
average-height cross-sectional analyses. The polymer template was fabricated by CFL on a ca. 150 nm mr-L 6000 layer at 70 °C for 2 h. Subsequently, the
template was exposed to a dose of 360 m) cm™ (at an intensity of 9 mWcm™), in order to induce crosslinking, on a hotplate at 100°C for 10 min.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Exposure-dose dependence of the stability of the polymer templates (CFL at 70°C for 2 h) towards a standard post-exposure bake at 100 °C for
10 min as shown from CM-AFM height images (z range: 250 nm; image size: 30 pm x 30 um), including the average-height cross-sectional analyses, at
exposure doses of a) 0, b) 36, c) 72, and d) 360 mJcm™ and e) plot of the feature height and FWHM of the polymer template as a function of UV cross-
linking. The trend lines in the plot are only drawn as a guide to the eye; a—d refer to the corresponding AFM images above.

mated from the plot (Fig. 4¢). Quantitatively, this exposure
dose (100 mJ cm™ for 150 nm thick layers) is ca. 33 % larger in
comparison to the one determined by dissolution experiments
on full resist layers after exposure (500 mJ cm™ for 1 pm thick
layers).[m] However, no difference in pattern stability between
templates that have undergone a standard post-exposure bake
(100°C for 10 min) and a gradual post-exposure bake®! (from
30 to 100 °C with a ramp of ca. 4°Cmin™") was found by AFM
analysis. This result implies that the initiation of crosslinking
on the hotplate is fast on the timescale of thermal flow, and
therefore that the rate of crosslinking (resulting in pattern sta-
bility) is totally dependent on the exposure dose.

An additional long exposure and hard bake at 120°C for
10 min were carried out prior to imprinting in PMMA to in-
crease the thermal and mechanical stability further. The struc-
tural integrity of the mold was not affected by this hard bake.
At a FWHM of ca. 400 nm, the pattern density of the as-fabri-
cated polymer mold was ca. 10 %. For imprinting of such
low-pattern-density molds in high-molecular-weight PMMA
(M, =350 kDa), the NIL conditions were set to 180°C and
100 bar (1 bar=10° Pa) at an imprint time of 1 min. Figure 5a
and b illustrates the high fidelity of NIL as a technique for the

Adv. Funct. Mater. 2006, 16, 1555-1565
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pattern replication of the polymer mold in (thermoplastic)
PMMA. The feature dimensions of this polymer imprint
(Fig. 5b, 120 nm in height and FWHM of 390 nm) approximate
the dimensions of the polymer mold (feature height of 125 nm
and a FWHM of 400 nm, fabricated by CFL at 70 °C for 4 h).

AFM analysis of the mold during a durability test of tens of
imprints (Fig. 5a and c) also illustrates the high mechanical sta-
bility of the mold to imprinting under the present conditions.
The anti-adhesive properties of this low-density polymer mold
were also outstanding. Specific efforts undertaken in the past
to eliminate the adhesion of polymer to the mold included the
use of ultrathin anti-adhesive layers formed by plasma deposi-
tion,m anti-adhesion additives in polymers,m] and the formu-
lation of novel resists and low-surface-energy mold materials.
An additive, the formulation of mr-L6000, or a combination of
both factors could account for the excellent anti-adhesive prop-
erties of the polymer molds during NIL in our case.”)

In most NIL applications, additive (deposition) or subtrac-
tive (etching) post-imprint processing steps usually follow the
imprinting step. To use the functionality of the imprint as a
template, it is essential to remove the residual polymer layer in
the trenches of the imprint by O, reactive-ion etching (O,

d3idvd 11Ind
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Figure 5. CM-AFM height images (z range: 300 nm; image size: 40 um x40 um) of a) the polymer mold, b) an imprint in PMMA, and c) the same poly-
mer mold after tens of imprints at 180 °C and 100 bar, including the average-height cross-sectional analyses.

RIE). The thickness of this residual layer was kept to a mini-
mum by choosing a thickness of the initial PMMA layers
(ca. 140 nm) close to the imprint depth of the polymer mold.
Cross-sectional AFM analysis of the imprint (Fig. 6a) illus-
trates a positive taper that is, in general, not the ideal lift-off
profile[24] for performing metal lift-off.

To prevent tearing and detachment of the metal during lift-
off, metal lift-off on these imprints was performed for thin

nm}

125
0 /\\jf\_ — N
125 . . -
0 2 4 & [um] 8

Figure 6. CM-AFM height image (zrange: 250 nm; image size:
8 umx 8 um) of a) a PMMA imprint, including the average-height cross-
sectional analysis. The imprint was fabricated by NIL with a UV-cured mr-
L6000 mold in 140 nm PMMA at 180°C and 100 bar. Subsequently, the
imprint was exposed to O, RIE (50 mTorr (1 Torr=133.32 Pa), 50 W,
20 sccm Oy, 15-20 s). The processing time was set to over-etch ca. 20 %
of the actual residual layer thickness in order to correct for any differences
in residual layer thickness over the entire area of the imprint (etch rate of
350 kDa PMMA was ca. 1.7 nms™'). SEM images of b) 150 nm wide gold
lines on silicon after subsequent evaporation of 10 nm of gold and sonica-
tion of the substrate in acetone at 40°C for 15 min and c) 150 nm wide
trenches in gold on silicon after wet etching for 10 min and removal of the
PMMA in acetone. In the latter case, NIL in PMMA was carried out on
20 nm gold on silicon. Prior to etching, the gold was reduced in absolute
ethanol for 30 min. The insets show higher magnification SEM images of
an individual feature, for example, a gold line (b) and a trench in the gold
layer (c).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

layers of metal only (ca. 10 % of the imprint depth). Special
care was taken to position the substrate perpendicular to the
evaporation source during the evaporation of 10 nm of gold.
Subsequent sonication in acetone was carried out to remove
the polymer template. Gold lines ca. 150 nm wide were fabri-
cated on silicon using this procedure (Fig. 6b). The imprint can
also function as an etch mask when imprinting is done on con-
tinuous gold layers on silicon substrates. Trenches ca. 150 nm
wide were fabricated in gold on silicon by wet-etching of the
gold in a basic ferro/ferricyanide-containing etch solution!®
after the O, RIE (Fig. 6¢). As a result of the positive taper in
the PMMA imprint, a discrepancy exists between the feature
dimensions of this imprint (after O, RIE, FWHM of
ca. 400 nm) and the feature dimensions of the metal structures.
By changing the time of O, RIE treatment, it should, in princi-
ple, be feasible to create different opening sizes to the sub-
strate, resulting in a further reduction in the feature dimensions
of the metal structures after post-processing (e.g., metal lift-off,
or wet-etching) to the sub-100 nm scale. Therefore, these re-
sults do not represent the lower limit of this approach, as NIL
has been proven to be the most promising technology for the
replication of sub-10 nm features.?*!

2.3. CFL Templates as Etch Masks in Wet-Chemical Etching of
Metals

One of the major drawbacks of most polymers is the poor
etch resistivity toward O, (containing) plasmas. Recently, the
highly etch resistant poly(ferrocenylsilanes) (PFS)*’! have
been exploited in CFL processing for the direct transfer of the
template pattern into silicon by RIE.”®! The requirements for
polymer templates to function as etch masks in the wet-chemi-
cal etching of metals are, however, not so stringent. This proce-
dure (Fig. 1, route C) differs from the fabrication of pCP mas-
ters (Fig. 1, route A) in that CFL of thermoplastic polymers
is carried out on 20 nm gold-on-silicon substrates instead
of on bare silicon (Fig. 7a). PMMA (M,,=38 kDa) and PS
(M, =240 kDa) were used in this procedure.

Adv. Funct. Mater. 2006, 16, 15551565
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Figure 7. a) Schematic representation of the CFL procedure for the fabrication of polymer (PMMA or PS) etch masks on gold layers on silicon. b,c) CM-
AFM height images (z range: 300 nm; image size: 40 um x40 um) of a PS template (b) and the corresponding etch mask after residual layer removal (c),
including the cross-sectional analyses. The PS template was fabricated by CFL on a ca. 120 nm PS layer at 150°C for 8 h. Removal of the residual layer
was done by O, RIE for 2 min in order to expose the underlying gold. The processing time was set to over-etch ca. 20 % of the actual residual layer thick-
ness in order to correct for any differences in residual layer thickness over the entire area of the template.

Cross-sectional AFM analysis of a representative PS tem-
plate (Fig. 7b) illustrates again the typical transient meniscus
(W-shaped) of capillary rise. The present processing conditions
result in polymer template features of ca. 180 nm height
(FWHM is ca. 480 nm). Attempts to etch the underlying gold
were futile, owing to the presence of a residual layer that was
protecting the gold. For this template (Fig. 7b), the residual
layers were of the order of 80 nm thickness, as determined by
an AFM height measurement of the polymer template at a
scratch made by a scalpel. Removal of the residual layer with-
out deterioration of the template structures is crucial in the
present procedure. The gradual dissolution of the residual
polymer in acetone was found to be a convenient and fast pro-
cedure, as polymer templates dissolve within about 10-15 s.
However, O, RIE was chosen instead, in order to have more
control over the removal rate of the polymer, which is of the
order of nanometers per second. The O, RIE etch rates of PS
and PMMA were 0.9 and 1.9 nms™, respectively, as deter-
mined from film-thickness measurements by ellipsometry on
full polymer layers upon etching.

A distinct difference in the adhesion of PDMS stamps to PS
and PMMA was seen upon cooling the substrate plus stamp,
which appeared to result in the clear O, RIE rate difference
found upon removal of the residual layer. PDMS stamps were
found to detach from PS templates within seconds, whereas
manual removal of the stamps was necessary in the case of
PMMA templates. For the PS templates, removal of the residu-
al layer was feasible at a process time corresponding to the etch
rate of this polymer as determined for full layers. From the
cross-sectional AFM analysis (Fig. 7c), it is clear that the PS
template structure was still intact (in terms of the profile) after
O, RIE. Additionally, the absolute reduction of ca. 50 nm in
feature height and FWHM to ca. 130 nm and ca. 430 nm, re-
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spectively, indicates that the O, RIE was isotropic. For the
PMMA templates, completely removing the residual layer in
the former contact areas of the stamp with the PMMA sub-
strate (Fig. 8a and b) was impossible, even after longer etching
times.

The contrasting etching behavior of these different polymer
templates in O, RIE was the starting point for investigating the
templates and the polymer-etch rates in more detail by AFM
friction analysis, X-ray photoelectron spectroscopy (XPS), and
ellipsometry. Only in the case of the PMMA was a significant
increase in friction in the contact areas found by AFM friction
analysis (Fig. 8c). This is attributed to the transfer of low-mo-
lecular-weight silicone residues from the PDMS stamp onto
the template during CFL of PMMA. Silicon-containing poly-
mers are known to form thin, nonvolatile silicon oxide (SiO,)
layers at the surface during O, plasma exposure, and therefore
exhibit a high etch resistance toward O, RIE.”! To examine
the transfer of silicone residues and its effect on the polymer
etch rate, ca. 150 nm thick PS and PMMA layers were put in
contact with two featureless PDMS stamps of different modu-
lus at 150°C for 8 h (standard CFL conditions). XPS analysis
was performed on these layers to determine the amount of sili-
cone transfer, whereas ellipsometry was performed to deter-
mine the corresponding etch rate during 20 s of O, RIE. The
results are summarized in Table 1.

For the PS (C/O 1:0.005) and PMMA (C/O 5:2.01) reference
layers, the elemental atomic compositions are in close-to-theo-
retical quantities (PS C/O=1:0, PMMA C/O=5:2). On these
reference polymer layers, no Si-containing residues were de-
tected by XPS that could have originated from the environ-
ment (e.g., wafer dust, oil vapor from the vacuum pumps). The
presence and the position of the Si2p peak (102.1 eV) on each
polymer layer that was in contact with a PDMS stamp indicates
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The most important findings of this XPS study are:
i) the transfer of Si-containing residues onto PMMA
is three to six times higher than in the case of PS;
ii) the curing conditions of the PDMS stamp only af-
fect the transfer in the case of PMMA (more curing
results in less contamination); and iii) the presence
of Si-containing residues on polymer layers compro-
mises the processability of the polymer etch mask to
a certain extent during the O, RIE, resulting in etch-
rate reductions of 8% for PS and 16-26 % for
PMMA. On the basis of the AFM height data in Fig-
ure 8a, however, the reduction in etch rate on the
PMMA template should have been at least 60 %.!]
This discrepancy suggests, in accordance with a pre-
vious study on other systems,*?! that even more Si-
containing residues are transferred in the case of
stamps containing patterns. The fact that complete
inhibition of etching is not seen in the case of PMMA
indicates that the amount of Si-containing residues
on the surface is not sufficient to form a continuous,
etch-protective layer of Si0,.”* The clear shift in the
Si2p peak of the Si-containing residues to a higher
binding energy (103.4 eV), which is consistent with

————1—
110 105

Figure 8. a) CM-AFM height image (z range: 600 nm; image size: 34 umx 34 um) of
a PMMA template (CFL at 150°C for 8 h) after 100 s of O, RIE, including the cross-
sectional analysis. b) Three-dimensional CM-AFM height image (z range: 600 nm; im-
age size: 7.5 umx 7.5 um) of a close-up of one individual PMMA ring. c) CM-AFM
friction image of a PMMA template that was in contact with a minimal-modulus
PDMS stamp for 8 h at 150°C prior to O, RIE (image size: 34 um x 34 um; friction
forces [arbitrary units] increase from dark to bright contrast). d) Si2p XPS spectra of
full PMMA layers before and after O, RIE. In this typical experiment, the full PMMA
layers were in contact with featureless PDMS stamps under the same CFL conditions.
The vertical lines in the spectra represent the positions of the Si2p peak for PDMS

(101.8 eV) [30] and SiO, (103.3 eV) [34].

Table 1. XPS analysis of polymer substrates versus substrates that were in
contact with featureless PDMS stamps under CFL process conditions
(150°C, 8 h), and the corresponding O, RIE (50 mTorr, 50 W, 20 sccm Oy,
20 s) rates of these substrates.

———
100
Binding energy [eV]

XPS [%] Etch rate
Cls)  OQls) Si@2p)  [nm/s]
PMMA no stamp 71.4 28.6 0.0 1.9
medium-modulus stamp 67.1 29.1 3.8 1.6
minimal-modulus stamp 62.4 29.7 8.0 1.4
PS no stamp 99.5 0.5 0.0 0.87
medium-modulus stamp 96.8 1.8 1.4 0.81
minimal-modulus stamp 97.4 1.4 13 0.80

that contamination of the polymer surface with Si-containing
species from the PDMS stamp (101.8 eV)P originates only
from the CFL process, irrespective of the type of polymer and
the PDMS stamp.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

o5 that of SiO,¥ (Fig. 8d), and the high surface rough-
ness®! (ca. 20-40 nm) in the former contact areas
(Fig. 7b) upon O, plasma exposure support this
statement.

On the basis of the processability by O, RIE, PS
was chosen as the polymer of choice in this proce-
dure. Figure 9b shows an SEM image of 390 nm wide
gold rings on silicon after wet-etching of the underly-
ing gold for 10 min. Over-etching and undercutting
by isotropic wet-etching are well-known techniques
in the semiconductor industry for decreasing feature
sizes.’®! Figure 9a shows our over-etching procedure
for downscaling the lateral dimensions of the result-
ing metal structures under the polymer etch mask to
the sub-100 nm range (Fig. 9c; average line width: 115 nm).*”)

The basic concept of this procedure is to over-etch the gold
from both sides of the sub-micrometer polymer etch mask to
obtain high-resolution metal patterns. This procedure is there-
fore conceptually different from the procedure that exploits
the undercut by isotropic wet-etching to transfer the edges of
polymer patterns by metal deposition and lift-off.”’) The two
SEM images in Figure 9 illustrate the potential of our over-
etching procedure, showing the reduction of the lateral dimen-
sions by a factor of 3.6. Additionally, the plot of line width of
the gold features versus etch time (Fig. 10a) and further SEM
images (Fig. 10b-e) illustrate that high control over the line
width of the metal patterns is achieved by controlling the etch
time.

The intrinsic etch rate of gold for the basic ferro/ferricya-
nide-containing etch solution®! was ca. 3.5 nmmin™', as deter-
mined by AFM height analysis of a series of substrates after
etching at various times. At the onset of etching, a reduction
rate (r) of the line width of about twice the intrinsic etch rate

Adv. Funct. Mater. 2006, 16, 1555-1565
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Figure 9. a) Schematic representation of the wet chemical (over-)etching
procedure. Prior to wet-etching, the gold was reduced in absolute ethanol
for 30 min. b,c) SEM images of gold rings on silicon after 10 and 60 min,
respectively, wet-etching of gold at room temperature and subsequent PS
removal by sonication in acetone for 10 min.

of gold was estimated from the slope of the plot (Fig. 10a,
r=7.5 nmmin!). This rate is consistent with the over-etching
of the gold taking place at both sides of the etch mask. How-
ever, r decelerated gradually to about 3.6 nmmin™' (Fig. 10a).
As this etching solution is active for at least several hours, a
possible explanation for the etching behavior in this typical
procedure is that the inward movement of the etching direction
underneath the etch mask limits the diffusion of etchants to the
etching front. From a detailed study of this etching solution,™!
it is known that the etch rate is sensitive to changes in the con-
centration of the coordinating ligand (i.e., thiosulfate) and
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KOH as, for these electrochemical processes, the oxidation of
the gold is the rate-determining step. A reduction in the etch
rate by a factor of two, as shown in Figure 10a, was found to
correlate to a decrease in concentration of the coordinating li-
gand by a factor of ten, or to a decrease in concentration of
KOH by a factor of five. Since KOH is in large excess, the de-
crease in the concentration of the coordinating ligand at the
etching front is the most-probable cause.

By interpolating the etch curve to the optimal etching time
for the 20 nm thick gold layers (ca. 7 min), a line width of
ca. 425 nm was found, which is close to the lateral dimensions
of the PS etch mask after O, plasma treatment (430 nm). Ulti-
mately, gold patterns with line widths of ca. 80 nm have been
fabricated with this procedure, although the number of defects
in the gold structures increases significantly as the feature sizes
approach the grain size of the gold layer."*"!

3. Conclusions

Our results demonstrate that CFL is a convenient and inex-
pensive technique for fabricating functional, high-resolution
polymer templates with high fidelity and excellent uniformity,
without the need of advanced lithographic techniques. The suc-
cessful application of these templates i) as masters for stamp
fabrication in soft lithography,® ii) as molds for NIL, and
iii) as etch masks in the wet-etching of metals illustrates the
potential of these templates as tools for high-resolution lithog-
raphy at the 100 nm scale. Regarding the ultimate resolution,
limitations in the critical dimensions of the resultant patterns
are set by the heterogeneity in mass transport inherent to these
existing pattern-transfer techniques, respectively, alkanethiol
inks to metal surfaces, evaporation of metals onto surfaces, and
isotropic etching (of polymer templates and metals).

The incorporation of UV-curable mr-L.6000 polymer in the
CFL procedure has allowed the fabrication of high-stability
NIL molds, by UV crosslinking. A constructive modification of
this procedure would constitute the crosslinking of the tem-
plate in situ at the annealing temperature by UV illumination
through the (transparent) PDMS stamp after a certain anneal-

Figure 10. a) Plot of the line width of the gold features versus the etch time at room temperature. The trend line in the plot is only drawn as a guide to
the eye. Each data point was calculated from six rings (ten data points per ring) at different locations on the substrate (with a distance of 2.5 mm be-
tween each of these rings). b—e) SEM images showing gold rings after wet-etching of the gold for 10, 20, 50, and 60 min, respectively.

Adv. Funct. Mater. 2006, 16, 1555-1565
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ing time. Efforts for developing such a direct UV-CFL proce-
dure or combining CFL and photolithography of UV-curable
polymers in the fabrication of multilevel structures have not
been further undertaken in this study.

The transfer of PDMS onto the template during CFL was
shown by XPS analysis to depend on the curing conditions of
the PDMS stamps as well as on the type of polymer. For
PMMA and low-modulus PDMS stamps, the transfer of stamp
residues was found to severely compromise the O, RIE pro-
cessability of the template in applications that require direct
transfer of the template pattern into the underlying substrate
(herein, as polymer etch masks for wet-etching of metals). For
PS, this was not the case, allowing the residual layer removal
and subsequent wet-etching to fabricate 100 nm gold struc-
tures.

The key disadvantage of the current set of edge-transfer
techniques is that it only allows the fabrication of low-density,
straightforward patterns with a feature spacing that is set by
the spacing of the original micrometer-size patterns. Although
this study has dealt only with regular and periodic structures,
CFL is capable of fabricating irregular and more-complex tem-
plates without substantial modification of the general proce-
dure, through physical self-organization®” and dewetting,!'**!
and through capillary dynamics.[“] Application of such process-
es in CFL could provide new opportunities in the fabrication
and replication of nanostructures through the combination of
top-down and bottom-up approaches.

4. Experimental

Chemicals and Materials: All experiments were carried out in a
regular chemical laboratory. Octadecanethiol (ODT), pentaerythritol-
tetrakis(3-mercaptopropionate) (PTMP), ethanol, toluene, NaOH,
Na,S,03, K3Fe(CN)g, and K4Fe(CN)g were purchased from commer-
cial sources in the highest available purity and used without further
purification. A kit of PDMS prepolymer (Sylgard 184 silicone elasto-
mer) and PDMS curing agent (Sylgard silicone elastomer curing agent)
was purchased from Dow Corning corporation. PMMA (M, =38 kDa
and 350 kDa) and PS (M, =240 kDa) were purchased from Acros Or-
ganics; mr-L6000 was donated by Microresist Technology GmbH, Ger-
many. 100 mm p-type OSP silicon wafers were obtained from Okmetic.
Gold layers (20 nm) on titanium-primed (2-3 nm) silicon wafers were
purchased from Ssens BV (Hengelo, The Netherlands).

Stamp Preparation: Stamps were fabricated by casting a 10:1 (v/v)
mixture of PDMS and curing agent (Sylgard 184, Dow Corning) against
a relief pattern of interest (i.e., silicon master or polymer template),
cured for 1-18 h at 60 °C, and released at this curing temperature to
avoid the buildup of tension due to thermal shrinkage [42]. For CFL,
the thickness of these PDMS stamps was about 1 mm to ensure suffi-
cient flexibility.

Polymer-Template Preparation: Silicon substrates of 2 cmx2 cm
were cleaned by ultrasonic treatment in acetone for 15 min and dried
in a continuous stream of nitrogen. Polymer solutions were applied
onto clean silicon substrates by filtering through a syringe filter with a
0.2 um poly(tetrafluoroethylene) (PTFE) membrane (Acrodisc CR
25 mm). Spin-coating was performed at 3000 rpm for 30 s in order to
obtain polymer layers of 35-200 nm in thickness, followed by a prebake
at 100-120°C for 10 min to remove residual solvent. The stamp and
the substrate were equilibrated at the annealing temperature for
30 min, and contact was applied with minimal delay to prevent any
dust interference. The stamp plus substrate were left in the oven at
about 40 °C above the T, of the respective polymer for 2-20 h. After

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cooling for 5s at room temperature, the PDMS stamp was released
from the polymer substrate.

Nanoimprint Lithography: Prior to imprinting, crosslinking of the
mr-L6000 polymer template was induced by flood-exposure of the tem-
plate under a mask aligner (Karl Siiss mask aligner MASS) at a dose of
360 mJ cm™ (at an intensity of 9 mW cm™) and post-exposure baking
at 100 °C for 10 min. To function as an NIL mold, additional thermal
and mechanical stability was achieved by flood-exposure of this tem-
plate at 10 kJ cm™ and hard baking at 120 °C for 10 min.

For imprinting the mold pattern into a thermoplastic polymer
(PMMA, M,, =350 kDa), the mold plus polymer substrate was placed
in between the plates of a commercial hydraulic press (Specac,
15 tonne manual press equipped with electrical heating plates and a
temperature controller) and heated to the imprint temperature of
180°C (heating rate ca. 35°Cmin™"). Upon reaching this imprint tem-
perature, an imprint pressure of 100 bar was applied to pattern the
PMMA layer. After 1 min imprinting at 180 °C and 100 bar, the stack
was cooled (cooling rate ca. 20 °Cmin™") to 106 °C prior to pressure re-
duction and manual cleavage of the mold from the polymer substrate
with a scalpel. The total process cycle (i.e., heating, 1 min imprinting,
and cooling) took about 7 min.

Metal evaporation was performed on a commercial evaporation
system (Balzers BAK600, E-gun evaporating system). Prior to evapora-
tion, the imprints were exposed to O, RIE (50 mTorr
(1 Torr=133.322 Pa), 50 W, 20 sccm O,) for 15-20 s. The metals were
evaporated on the imprint in the following order: chromium (2-3 nm,
ca. 1 As™ at 2x107° mbar); gold (10 nm, ca. 1 As™ at 3 x 10 mbar).
Finally, the substrates were sonicated in acetone at 40 °C for 15 min.

Undercutting by Isotropic Wet-Etching: The PS templates were ex-
posed to O, RIE (50 mTorr, 50 W, 20 sccm O,) for 120 s in order to re-
move the residual layer. The resulting oxide layer on the gold was re-
duced by leaving the substrates in absolute ethanol for 30 min [43].
Subsequently, etching of the underlying gold was achieved by immers-
ing the templates in an aqueous solution of 1.0M NaOH, 0.1 M Na,S,03,
0.01 m K3Fe(CN)g, and 0.001 m K4Fe(CN)g for various times at room
temperature. (CAUTION: potassium ferricyanide is light sensitive.
Photodecomposition releases products that can contain free cyanide.
Potassium ferricyanide is also incompatible with acids and liberates
HCN.)

Characterization: Polymer film thicknesses were determined with a
Plasmos SD 2002 ellipsometer operating at a wavelength of 632.8 nm.

AFM imaging was carried out with a NanoScope III Multimode
AFM (Digital Instruments, Santa Barbara, CA) operating in contact
mode using SizNy4 cantilevers (Nanoprobes, Digital Instruments) with
an approximate spring constant of 0.32 Nm™. For height measure-
ments, the scanner was calibrated in the z-direction using a calibration
standard with known step height.

Low-resolution SEM imaging was carried out with a JEOL JSM-
5610 SEM operating in secondary electron detection. High-resolution
SEM imaging was carried out with a LEO Gemini 1550 FEG-SEM.

XPS analyses were carried out with a Physical Electronics Quan-
tum2000 equipped with an AlKao monochromatic excitation source
(source energy = 1486.7 eV, take-off angle set to 45°), a spherical sector
analyzer, and a multichannel plate detector (16 detector elements). For
the survey scan (pass energy of 224 eV), the X-ray beam was set to
25 W per 100 pm to scan a total area of 700 um x 300 um; for element
scans (pass energy of 224 eV), the X-ray beam was set to 25 W per
100 pm to scan a total scan area of 700 pmx 300 pm (298 K and
1-3 x 107 Torr). The sensitivity factors used for C, O, and Si for calcu-
lating the atomic concentration were 0.314, 0.733, and 0.368, respec-
tively. The hydrocarbon C 1s signal at 284.8 eV was used as a reference
to correct for surface charging.
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