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ABSTRACT The precise engineering of ultrathin nanofilms with variable
functionality remains an unmet challenge in nanotechnology. We report a
strategy for generating free-standing nanomembranes based on the
selective chemical vapor deposition polymerization of functional
[2.2]paracyclophanes on micropatterned self-assembled monolayers of
alkanethiolates on gold. This fabrication strategy can yield microstructured ot
nanofilms that are between 2 and 5 nm thick. Subsequent release from the
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substrate results in free-standing nanoscale membranes with controlled

pore size and geometry. The process allows for modification of important functional parameters, such as ultrasmall membrane thickness, membrane pore

geometry, and chemical functionality.
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the synthesis of chemically functiona-

lized nanosheets and nanomembranes
remains a continuous technological chal-
lenge. Ultrathin, two-dimensional nano-
materials typically cover areas of square
micrometers to centimeters but have a
thickness of only tens of nanometers or
even less. Several techniques have already
been reported for the fabrication of such
nanosheets,"? including nanosheets based
on graphene®* or polymer.>® Similarly,
functional polymer nanomembranes have
been produced by electron-induced cross-
linking of aromatic monolayer films.”®
While extremely thin membranes were
obtained using this approach, the choices
for chemical functionalization of the nano-
sheets remain somewhat limited. Higher
functional diversity can be achieved when
layer-by-layer (LBL) deposition of polyelec-
trolytes® and inorganic filler materials'®"!
are used. However, this method is restricted
to the use of polyionic compounds. In some
specialized examples, nanosheets have also
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been prepared by self-assembly of triblock
copolymers,'> via Langmuir—Blodgett
transfer,'® or by spin-coating of a polymer
solution."'> The aforementioned tech-
niques usually result in nanosheets that
are tens of nanometers thick, which may
be prohibitive for some applications.
Supported functional nanofilms of only a
few nanometers have previously been pre-
pared by chemical vapor deposition poly-
merization.'®'” The vapor-based polymeri-
zation of [2.2]paracyclophanes using the
Gorham route is among the most studied
processes yielding poly-p-xylylene films.'® A
wide variety of functional groups'® can be
introduced by this method, effectively de-
coupling surface and bulk chemistry. This
robust, solvent-free process enables the
fabrication of pinhole-free polymer films.
Their thickness can be easily tuned by con-
trolling the amount of precursor used for
CVD polymerization.® The resulting reac-
tive coatings can be patterned by different
methods, in which the patterning occurs
either in the form of a postmodification
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reaction or during the CVD process. While patterning
methods such as microcontact printing,?' photo-
patterning,®® or dip-pen nanolithography®® create
covalent bonds and demand wet-chemical conditions,
direct patterning during the CVD process has also been
reported. In addition to the use of masks,?* the selec-
tive deposition of parylene on micropatterned sub-
strates featuring variable surface chemistries has been
reported as a viable approach to microstructure CVD-
based coatings.>>~%" In these studies, the CVD deposi-
tion of commercially available parylene, as well as of
functionalized nanofilms,?” was inhibited by the pres-
ence of metals.

The motivation of this study was to create nanosheet
membranes using a versatile fabrication procedure
that consists in (i) selective deposition of functional
poly-p-xylylenes on micropatterned substrates and
(i) the subsequent removal of the nanomembranes
from the substrate to create free-standing nanosheets.
The CVD polymerization of functional [2.2]para-
cyclophanes is the critical step in this approach as (i)
it leads to the fabrication of a wide range of different
chemically functionalized polymer coatings, (ii) the
controlled thickness of the CVD coating can be as
low as a few nanometers, and finally (iii) solventless
microstructuring techniques have already been inte-
grated into the CVD polymerization process, providing
control over the membrane geometry. Herein, we
report on the direct fabrication of microstructured
functional polymer nanofilms by selective chemical
vapor deposition polymerization on micropatterned
self-assembled monolayers (SAMs). This one-step coat-
ing process is used for the production of ultrathin
reactive polymer films, which can subsequently be
etched from the substrate to obtain free-standing
polymeric nanomembranes.

RESULTS AND DISCUSSION

Chemical Vapor Deposition Polymerization on Homogeneous
SAM Substrates. Polymer nanofilms were fabricated by
chemical vapor deposition (CVD) polymerization of
functional [2.2]paracyclophane on SAM substrates.
This vapor phase deposition process consists in the
sublimation of a functional precursor under reduced
pressure, followed by its pyrolysis, leading to reactive
dimers that spontaneously polymerize on a cold sub-
strate, thus forming a functional nanofilm. Preliminary
CVD polymerizations have been performed on homo-
geneous SAMs. For this purpose, SAMs have been
grown by immersing gold substrates in ethanolic
solutions of 11-mercapto-1-undecanol (MUD), 16-mer-
captohexadecanoic acid (MHDA), or 1-hexadecanethiol
(HDT). Then, 4-trifluoroacetyl [2.2]paracyclophane and
4,15-dichloro[2.2]paracyclophane were pyrolyzed at
660 °C under a reduced pressure (0.15 mbar), and the
respective functional poly-p-xylylenes were deposited
on the SAM-coated gold substrates, maintained at a

GALL ET AL.

temperature of 15 °C. Using a quartz crystal microba-
lance located in the deposition chamber, the approx-
imate thickness of the polymer coating was monitored
in situ. Two distinct deposition runs have been carried
out to fabricate polymer coatings with different tar-
geted thicknesses. As evidenced by the ellipsometry
measurements shown in Table 1, poly(4-trifluoroacetyl-
p-xylylene-co-p-xylylene) and poly(4-chloro-p-xylylene)
were successfully coated on carboxyl- and hydroxyl-
terminated SAMs (MHDA and MUD, respectively),
whereas little deposition occurred on alkane-termi-
nated SAMs (HDT). A thickness difference of around
13 nm was observed when poly(4-chloro-p-xylylene)
was coated on MHDA or MUD compared to HDT. In
the same way, poly(4-trifluoroacetyl-p-xylylene-co-p-
xylylene) was around 5 nm thicker on MHDA or MUD
than on HDT. Similar tendencies were observed when
ultrathin nanofilms of 2 nm were fabricated.

Fabrication of Microstructured Polymer Nanofilms. To con-
firm the preferential deposition of functional poly-p-
xylylene previously observed on carboxyl-and hydroxyl-
terminated SAMs compared to alkane-terminated
SAMs, CVD polymerization, targeting the fabrication
of nanofilms of a few nanometers, was performed on
micropatterned SAM-coated substrates. Scheme 1 il-
lustrates the experimental procedure followed to entail
selective polymer deposition. Laterally patterned SAMs
on gold substrates were produced by microcontact
printing (uCP).?® Experimentally, a polydimethylsilox-
ane (PDMS) stamp with an array of squares of 3 um x
3 umwas inked with an ethanolic solution of a first thiol
molecule. The pattern was transferred to the gold
surface by bringing the stamp into contact with the
substrate. The area surrounding the patterned part was
then filled with a second SAM by simple immersion of
the patterned substrate in an ethanolic solution of the
second thiol molecule. In this way, a regular pattern
with 3 um wide zones of MHDA/HDT (isolated MHDA-
covered areas surrounded with HDT) and HDT/MUD
(isolated HDT-covered areas surrounded with MUD)
was produced.

CVD polymerization of 4-trifluoroacetyl[2.2]-
paracyclophane and 4,15-dichloro[2.2]paracyclophane
was subsequently performed on the micropatterned
SAM substrates, as previously described on homoge-
neously coated SAMs. The topography of the coated
samples was analyzed by atomic force microscopy (AFM).
As noticeable in Figure 1, AFM micrographs confirm the
preferential deposition observed by ellipsometry.

Functional parylene nanofilms were preferentially
coated onto COOH- and OH-terminated SAMs com-
pared to CHz-terminated SAMs, according to thickness
profiles. No mechanistic evidence has been obtained
yet, but we hypothesis that such behavior originates
from the polarity of the functional groups present on
the SAMs that favors the interaction with functional
p-xylylene reactive intermediates. Chemisorption of
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TABLE 1. Thickness of the Functional CVD Polymer Layers, Poly(4-trifluoroacetyl-p-xylylene-co-p-xylylene) and Poly-
(4-chloro-p-xylylene), Measured by Ellipsometry, after Two Independent CVD Polymerizations onto Different

Homogeneous SAMs

CVD thickness (nm)
CVD coating SAM Deposition 1 Deposition 2
(2 nm targeted) (15 nm targeted)
MHDA 2.2 18.5
MUD 1.7 18.6
Cl n
HDT 0.5 5.7
MHDA 2.2 13.9
O ! MUD 1.6 12.0
07> CF,
m HDT 1.1 8.2

Microstructured SAMs fabrication

Selective coating deposition

Scheme 1. Schematic representation of the selective deposition of a functional CVD coating onto microstructured SAMs. The
first step corresponds to microcontact printing of SAM 1, the second step stands for the immobilization of SAM 2 backfilling
the squared islands. and third step consists in the fabrication of a structured nanofilm by CVD polymerization.

these compounds may be more efficient on COOH-
and OH-terminated SAMs than on CHs-terminated
SAMs, thus encouraging nucleation and propagation
of the polymer chain growth. Via this preferential CVD
deposition, MHDA/HDT samples led to the formation
of functional poly-p-xylylene dots, located on top of
MHDA squares. More interestingly, HDT/MUD samples
enable the production of poly(4-trifluoroacetyl-p-xyly-
lene-co-p-xylylene) on the surrounding area of the
squares, where MUD was located. The poly(4-trifluor-
oacetyl-p-xylylene-co-p-xylylene) coating thus corre-
sponds to a duplicate of the MUD location on the
SAM-coated gold substrate. Since MUD forms a micro-
structured continuous phase on the SAM-coated sam-
ple, the deposition of the functional polymer on this
sample also forms a microstructured continuous phase
(polymer film as a duplicate of the functional SAMs).
Via this combination of SAMs patterning of HDT/MUD
on a gold substrate and the subsequent CVD poly-
merization of 4-trifluoroacetyl[2.2]paracyclophane, a
continuous nanofilm of functional poly-p-xylylene,
microstructured with 3 x 3 um holes, was produced.
The preferential deposition of poly(4-trifluoroacetyl-
p-xylylene-co-p-xylylene) on MUD was unambiguously
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confirmed by time-of flight secondary ion mass spec-
trometry (ToF-SIMS) measurements. Both secondary ion
imaging and depth profiling by Cs* (500 eV) bombard-
ment were performed on patterned poly(4-trifluoroace-
tyl-p-xylylene-co-p-xylylene) samples. Since the pattern
was easily visible in the SIMS images, both areas grown on
MUD and on HDT zones were separated and individual
depth profiles reconstructed. Figure 2a shows the Au™
intensities in the depth profiles. Note that the plotted
signal intensities have not been normalized for different
areas on the sample, and Au,™ signals follow the same
trend. The depth profiles clearly show that gold appears
closer to the surface in HDT regions than in MUD regions,
originating from the presence of a thicker polymer layer
deposited on MUD regions. Additionally, Figure 2b con-
firms the presence of CF; groups, whose content is
mapped, in regions originally functionalized with MUD.
These ToF-SIMS analyses undoubtedly confirmed the
preferential deposition of poly(4-trifluoroacetyl-p-xyly-
lene-co-p-xylylene) on MUD regions. If the deposition of
the CVD polymer is sufficiently low and well-controlled, it
is reasonable to expect the fabrication of ultrathin (few
nanometers thick) microstructured nanosheets of func-
tional poly-p-xylylenes.
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Figure 1. AFM images and profiles of poly(4-trifluoroacetyl-p-xylylene-co-p-xylylene) (a, c) or poly(4-chloro-p-xylylene)
(b) films coated on patterned SAMs made of MHDA/HDT (a, b) and HDT/MUD (c).
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Figure 2. Poly(4-trifluoroacetyl-p-xylylene-co-p-xylylene) coated on patterned SAMs made of HDT/MUD: (a) Au content with
respect to sputter time in HDT regions (black) and MUD regions (red); (b) ToF-SIMS images of the distribution of CF; groups
(color scale corresponds to number of counts).

The production of 2 nm thick nanofilms of poly- mechanical integrity to be maintained if the film is
(4-trifluoroacetyl-p-xylylene-co-p-xylylene) on micro- removed from the substrate.
patterned HDT/MUD substrates was confirmed by Nanofilm Removal for the Generation of a Free-Standing

monitoring the thickness profile of the sample by Nanomembrane. The most challenging issue was the
AFM (Figure 3c). The height profile of the substrate handling of such ultrathin microstructured nanofilms
(Figure 3b, top curve) is in accordance with the expected and particularly the removal from the substrate. To
thickness of the polymer nanofilm. A small amount obtain a free-standing structured nanosheet, an etch-

of poly(4-trifluoroacetyl-p-xylylene-co-p-xylylene) islands ing process of the gold substrate was carried out that
might be present as well on HDT areas (Figure 3a), but, was adapted from a procedure described in the
as described below, these islands do not lead to a literature.>® The coated sample was immersed for

cohesive polymer film on these areas that has sufficient 30 min in an aqueous solution of ferricyanide etchant
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Figure 3. Etching process performed on a substrate coated with poly(4-trifluoroacetyl-p-xylylene-co-p-xylylene) on
patterned SAMs made of HDT/MUD. (a) Schematic representation of the substrate before and after etching (yellow areas
represent gold, light gray areas stand for MUD, blue areas are HDT, and dark gray areas represent the polymer film; the
vertical and horizontal scales are independent). (b) Height profile of the substrate, measured by AFM before (top) and after
(bottom) etching, and the corresponding AFM micrographs of the substrate (60 #m x 60 xm) (c) before and (d) after etching.

to aid the nanofilm removal from the surface. An
AFM image of the substrate has been made before
(Figure 3b upper profile and ¢) and after (Figure 3b
lower profile and d) the etching process to investigate
the efficiency of the procedure. After the etching
procedure, the height profile confirms the presence
of microfeatures (Figure 3b, lower curve), having ap-
proximately the same lateral size as those generated by
microcontact printing (squares of 3 x 3 um) and seen
on the polymer coating before the etching procedure
(Figure 3b upper profile). However, the height differ-
ence between the squares and the surrounding area is
about 40 nm after etching, which is much higher than
the thickness of the polymer coating (about 1—2 nm).
The squares, previously not covered by the CVD nano-
film, appear as holes of 40 nm depth. This observation
is in good agreement with the effect expected by the
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etching procedure, namely, the decrease of the gold
layer thickness on the substrate, where no protective
layer (polymer coating) was located. The diffusion of
the etchant solution is faster, if no cohesive polymer
film covers the surface. Therefore, the upper gold layer
of the substrate, on which HDT was immobilized, was
more rapidly etched than those below the polymer
coating. The etching procedure continued until the
polymer film spontaneously left the substrate when
the upper nanometers of the gold layer were comple-
tely etched from the substrate.

Finally, a free-standing nanofilm was removed from
the aqueous etchant solution via the use of a TEM grid,
which later served as a support for the film as it was
imaged by SEM, as shown in Figure 4. An ultrathin
gold—palladium layer (3 nm thick) has been coated
on the substrate to allow the visualization of the film.
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Figure 4. Poly(4-trifluoroacetyl-p-xylylene-co-p-xylylene) nanomembrane (1 to 2 nm thick), produced on patterned SAMs
made of HDT/MUD, after its removal from the substrate. The film is pictured on a TEM grid.

The polymer film appears as a free-standing mem-
brane. Holes of around 3 x 3 um are clearly observable
in the nanosheet and are regularly spaced. The holes
do not appear on the entire nanosheet, as noticeable
on the lower magnification micrograph, since this part
of the nanofilm likely corresponds to the side of the
micropatterned area (outside the patterned area, a
continuous polymer film is fabricated, as this unpat-
terned area originates from the deposition of poly-
(4-trifluoroacetyl-p-xylylene-co-p-xylylene) on a homo-
geneous MUD region).

CONCLUSION

In summary, we have developed a novel fabrication
process for functionalized nanomembranes featuring
a thickness of only a few nanometers. This process is
based on the selective deposition of a functional
polymer by chemical vapor deposition polymerization
on micropatterned self-assembled monolayers. To the
best of our knowledge, it is the first time that the
production of an ultrathin membrane of functional
parylene has been reported. The presence of a micro-
structured nanofilm of poly(4-trifluoroacetyl-p-xyly-
lene-co-p-xylylene) on patterned SAMs made of
HDT/MUD has been evidenced by AFM and ToF-SIMS
characterization, for which a clear mapping of CF;

METHODS

Self-Assembled Monolayer Growth. Gold substrates were pre-
pared by thermal vapor deposition (Silz, Germany) of 100 nm
gold (99.995%, Chempur) onto polished silicon wafers (Wacker)
precovered with a 5 nm titanium adhesion layer. Prior to SAM
growth, the substrates were rinsed with absolute ethanol
(Merck) and dried with nitrogen. Homogeneous (unpatterned)
SAMs were deposited on gold substrates by simple immersion
of the wafer in an ethanolic solution of 11-mercapto-1-undecanol
(1 mM in absolute ethanol, Aldrich) for 1 day, 1-hexadecanethiol
(1 mM in absolute ethanol, Aldrich) for 1 day as well, or
16-mercaptohexadecanoic acid (20 uM in a mixture containing
90 vol % ethanol and 10 vol % acetic acid, Aldrich) for 3 days.
To fabricate laterally patterned SAMs on gold substrates, a
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groups was achieved. Additionally, a film removal
procedure has been developed to obtain free-standing
microstructured polymer nanosheets. For this pur-
pose, the etching of the SAM-coated gold substrate
on which the polymer film was deposited has been
performed with an aqueous ferricyanide solution,
and the polymer nanosheet was fished out of the
solution via a TEM grid, which then served as the
support for the nanosheet as depicted by SEM micro-
graphs. Selective CVD polymerization on SAMs is
an elegant approach for the fabrication process of
microstructured polymer nanofilms since the func-
tional polymer is directly deposited on the micro-
patterned SAMs and since no metallic top layer is
required during the deposition. The polymer nanofilm
is produced in a one-step process and does not
require additional cross-linking or film treatment to
ensure its cohesion. Additionally, nanofilm produc-
tion by CVD polymerization is a vapor phase process,
which occurs at room temperature, enables a fine-
tuning of film thickness, and is already developed for
the production of various functional polymers. There-
fore, this study paves the way for the fabrication
of free-standing microstructured nanosheets made
of functional polymers in order to develop ultrathin
nanomembranes.

microcontact printing method was used.?® For instance a poly-
dimethylsiloxane stamp with an array of squares of 3 um x 3 um
was inked with a 1 mM ethanolic solution of HDT and dried with
nitrogen.?® The pattern was transferred to the gold surface by
bringing the stamp into contact with the surface of the sub-
strate for 2 min. The area surrounding the HDT patterned part
was then filled with MUD SAM by simple immersion of the
patterned substrate in a 1 mM MUD ethanolic solution. In this
way, a regular pattern with 3 um wide zones of hydroxyl-
terminated SAM (MUD) between 3 um large squares of alkane-
terminated SAM (HDT) is produced. These micropatterned
SAMs are named HDT/MUD. MHDA/HDT is prepared in a similar
way, except that a T mM MHDA solution contains a mixture of
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90 vol % ethanol and 10 vol % acetic acid and that the inked
stamp was kept in contact with the substrate for 1 min.

Functional Parylene Nanofilm Deposition. Functional parylene
nanofilms were subsequently deposited on microstructured
SAM samples, as well as on gold references. For this purpose,
CVD polymerization of two functional [2.2]paracyclophanes
was performed in a custom-built CVD setup. 4-Trifluoroacetyl-
[2.2]paracyclophane®’ was synthesized as described elsewhere,
and 4,15-dichloro[2.2]paracyclophane was commercially avail-
able. The dimer precursor was sublimated under a reduced
pressure (0.15 mbar) at a temperature close to 100 °C. Then, it
entered the pyrolysis furnace, heated at 660 °C, with the help of
an argon flow (20 sccm). Quinodimethane intermediates were
formed and spontaneously polymerized on the substrate, main-
tained at 15 °C on the sample holder, located in the deposition
chamber. A slow deposition rate (close to 0.2 A/s), monitored by
a quartz crystal microbalance located in the deposition cham-
ber, is targeted to fabricate thin parylene nanofilms.

Removal of the Microstructured Nanofilm from the Substrate. Micro-
structured nanofilms deposited on patterned HDT/MUD
were removed from the gold substrate by immersion of the
samples in an aqueous solution containing 3.2 mg of potassium
hexacyanoferrate(ll) trihydrate (K4[Fe(CN)¢], 3H,O, Aldrich),
33 mg of potassium hexacyanoferrate(lll) (Ks[Fe(CN)gl, Aldrich),
210 mg of sodium thiosulfate (Na,S,0s3, Aldrich), and 800 mg of
potassium hydroxide (Aldrich) in 10 mL of deionized water. In
this way,*° the gold was slowly etched, favoring the removal of
the polymer film after 30 min. For subsequent analyses, the
polymer film was fished from the aqueous solution with a TEM
grid as support and the remaining substrate was washed with
deionized water.
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