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ABSTRACT Palladium alkanethiolates are introduced here as a novel
liquid ink for dip-pen nanolithography (DPN). These structures exhibit the
unusual characteristic of layer-by-layer assembly, allowing one to deposit
a desired number of metal ions on a surface, which can subsequently be
reduced via thermolysis to form active catalytic structures. Such structures
have been used to generate contiguous metallic or conducting polymer

nanoscale architectures by electroless deposition.
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ip-pen nanolithography (DPN)' is a

direct-write lithography technique

that utilizes atomic force microscope
(AFM) tips coated with molecular inks in
order to precisely deliver molecules to a
substrate.”® In the early stages of DPN
development, researchers relied on alkane-
thiols as inks since they readily form self-
assembled monolayers (SAMs) on Au* In
recent years, the DPN tool-kit has rapidly
expanded to other inks, including polymers,®
proteins,® DNA,” metal ions,® nanoparticles,’
sols,' liquid-crystalline inks such as collagen, "’
and phospholipids.'? Traditionally, DPN has
been used for three different applications:
(1) patterning chemical adlayers on surfaces
in order to create patterns on the under-
lying substrate, (2) patterning “soft” materi-
als such as chemical and biological molecules,
and (3) patterning molecular precursors to
convert them into hard materials by post-
processing methods. For all of these appli-
cations, the strength of DPN lies in the ease
of writing structures that are one molecule
thick. This strength, however, can also be a
limitation, as there is currently no method
for controlling the number of layers in a
deposited feature. Monolayers and well-
controlled multilayers of molecules have
generated immense research interest since
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they represent ideal 2-D model systems for
studying the evolution of materials with
interesting physical and chemical phenom-
ena at surfaces/interfaces.'® While one can
build up layer-by-layer atomic structures by
sophisticated epitaxial growth,'* incorpor-
ating metal ions between organic mono-
layers is an alternative method for build-
ing similar molecular structures.' A popular
technique for depositing organic mono-
layers is Langmuir—Blodgett assembly,'®
which makes molecular thin films with
controlled height but cannot be used to
fabricate laterally confined nanoscale struc-
tures without post-lithography processes.'”
Another technique, termed constructive
lithography,'® makes use of a conducting
AFM tip for modifying the terminal func-
tional groups on molecular layers for sub-
sequent templating.'®?° Here, we explore
how metal alkanethiolates (Figure 1) can be
used as novel DPN inks to form three-
dimensional features in a direct-write layer-
by-layer fashion. Metal alkanethiolates were
chosen as a prototypical ink for forming
three-dimensional structures because they
readily self-assemble into multilayer struc-
tures that resemble phospholipid bilayer
structures.'””> Moreover, these molecules
possess electrical and magnetic properties
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Figure 1. Site-specific deposition of Pd octylthiolate lamellar layers: AFM topography images of (a) a single molecular layer, (b) two
layers, and (c) three layers with z-profiles. The schematic arrangement of Pd octylthiolate lamellae is shown alongside.

that are of potential technological importance, such as
negative differential resistance®’ and antiferromag-
netic coupling.??

While various metal thiolates, including those
made from Au, 2 Ag,** Cu,® and Ni,'® have been studied
extensively in their bulk form, there is little work on metal
alkanethiolate SAMs due to the difficulty in transferring
them homogeneously to surfaces.>* While some research-
ers have used conventional lithography techniques such
as e-beam lithography to create patterns of metal alkane-
thiolates on surfaces in a site-specific manner,”® the
deposition of these molecules in their intact form, with
precise control over both the height and feature size,
cannot be done. Herein, we show how DPN and dilute
solutions of metal alkanethiolates as inks can be used to
generate surface structures with control over feature size,
height, and resolution. Surprisingly, one can control the
deposition of metal alkanethiolate structures with nano-
scale resolution, one layer at a time. This capability will be
useful for creating nanoscale reactors®® where the number
of metal ions in a structure can be precisely controlled by
the three-dimensional architecture generated in the DPN
experiment. As a proof-of-concept, we show how such
structures can be converted to metallic features via ther-
molysis and subsequent electroless deposition.

RESULTS AND DISCUSSION

For these experiments, Pd alkanethiolates are an ideal
choice of ink since they are soluble in a wide variety of
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organic solvents including toluene, chloroform, and
acetone.?” The low solubility of Pd alkanethiolates in
water may hinder the transfer from the tip to the surface
through the water meniscus,?® which is the conven-
tional transfer medium for DPN. Pd alkanethiolates,
however, are metallomesogens®® (liquid crystals that
contain metals) and thus should remain liquid on the tip
of an AFM and transfer via liquid ink mechanisms.>°
Prior to evaluating the properties of Pd alkanethio-
lates as DPN inks, we characterized thin films formed
by drop-casting a solution of Pd octylthiolate (in toluene)
on a Si substrate. Upon evaporation of toluene under
ambient conditions, the Pd octylthiolate ink appeared
liquid-like and sticky. An X-ray diffraction (XRD) pattern
of the film showed a series of periodic peaks (Figure S1
in the Supporting Information), and from these data,
the period of the lamellae was estimated to be 24.8 A
according to the d(001) reflection. Previous work on
the lamellar structure of this molecule has shown
that the lamellae are composed of two layers of alkan-
ethiols, juxtaposed in opposite directions®**' with the
palladium—sulfur repeating units forming a backbone
in the middle of a lamellar layer. Here, the orientation
of the lamellae when deposited on a surface was
probed by grazing incidence small-angle X-ray scatter-
ing (GISAXS).3? The GISAXS pattern shows high intensity
in the vertical direction (Figure S2), which indicates that
the Pd octylthiolate lamellae are standing upright on the
surface.
VOL.7 =

NO.3 = 2602-2609 = 2013

WWww.acshano.org

2603



@) 400,
E 300 g7
£ g
;Ié 200 i ] ’ Regime Il
g 100{ &

< Regime |

00 02 04 06 08 10

Dwell time (s"%)

(b) 40] A
30 ‘
E
=
= 201 '/
'%-, Regime |l
© Regime | u
10| » /
|4
of
00 02 04 06 08 10
Dwell time (s"%)

Figure 2. Variation of feature size with dwell time: (a) diameter and (b) height of the patterned Pd octylthiolate nanodots as a

function of dwell time.

For DPN patterning, 1-D AFM tip arrays (12 tips) were
coated with Pd octylthiolate ink (50 mM in toluene)
using commercially available inkwells (Figure S3). After
aligning the tips to inkwell microchannels, the tips
were left in contact with the Pd octylthiolate ink
for about ~30 s. Once the inked tip was brought into
contact with a Si substrate under an ambient humidity
of ~30% and temperature of ~20 °C, the liquid-like ink
flowed continuously from the tip to the substrate,
forming an array of patterned single Pd octylthiolate
molecular layers (Figure 1a). The height of a Pd octyl-
thiolate molecular layer measured by AFM is ~2.3 nm,
which is in excellent agreement with the ~2.29 nm
value estimated from molecular models and the XRD
data on the thin film (2.4 + 0.2 nm) (Figure 1a).*’ It
should be noted that the structural motif of a single Pd
octylthiolate molecular layer is a bilayer of hydrocar-
bon chains linked by Pd.?? Single molecular layers are
formed relatively quickly (dwell time 0.01 s), and with
increasing dwell time (0.05 s), two molecular layers are
deposited (Figure 1b). Importantly, although the over-
all thickness (4.5 & 0.3 nm) corresponds to the ex-
pected value for two layers, the thicknesses of the top
and bottom layers are 2.9 £ 0.2 and 1.6 £ 0.1 nm,
respectively. It is known in the literature that the
topographic images of molecular layer-by-layer struc-
tures can show artifacts due to local variations in
polarity’® and abrupt changes in topography®® (as
each step is only a molecular layer thick). When the
molecular layers are deposited one on top of the other,
the discrete entities may also have defects at the
intercalation spots between the hydrocarbon chains
(Scheme 51).273* Importantly, dwell time allows one to
precisely control the deposition of subsequent layers,
and therefore, increasing it to 0.1 s allowed us to form a
third layer (Figure 1c). Phase images for the molecular
multilayer structures (Figure S4) can be used to visua-
lize the layers,®® although quantitative analysis is diffi-
cult. The formation of these layered vertical stacks was
unexpected and is quite interesting. We believe this
occurs because the ink employed, Pd octylthiolate, is a
covalent amphiphile3 that can be driven to assemble
into a single molecular layer at the water meniscus—air
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interface. This is analogous to the Langmuir—Blodgett
technique for monolayer formation, where the AFM tip
acts here as both a point source for the molecular ink
and driving force for the assembly. Here, the driving
force for assembly arises from the movement of the tip
and the meniscus as the tip traverses the surface.
During the deposition process from AFM tip to sub-
strate, there is a compromise reached between the
natural tendency of the Pd octylthiolate toward
stacked bilayer organization and the compatibility of
such organization with the total volume and height/
diameter aspect ratio of a particular deposited spot,
which are determined by the deposition conditions
such as dwell time and possibly the wetting properties
of the substrate.”® After deposition of the molecule
onto the surface, the inorganic backbone of Pd—S acts
as a stabilizing influence and effectively cross-links the
layer through Pd—Pd interactions.?” Subsequent layers
can be easily deposited on this relatively rigid layer.

A series of Pd octylthiolate dots were patterned on a
Si substrate in order to systematically investigate the
effect of dwell time on feature diameter and height
(Figure 2). Interestingly, the variation in feature size
showed two regimes. In the initial tip—substrate con-
tact period (regime |, from dwell time = 0.01 to 0.05 s),
the diameter of the patterned dot gradually increased
while the height remained constant. In regime Il (dwell
time >0.05 s), both the diameter and height of the
patterned dots increased linearly with the square root
of time, indicating that the ink diffuses in the same
manner as “traditional” molecular inks for DPN, such as
mercaptohexadecanoic acid (MHA) and octadeca-
nethiol (ODT).3%37 Unlike the covalent bond formation
that occurs with a Au substrate in the case of MHA or
ODT, here the ink transport mechanism is substrate-
independent as there is no bonding between the Pd
octylthiolate and the substrate. Indeed, patterning was
feasible on a variety of substrates such as Si, Si/SiO,,
hexamethyldisilazane-coated hydrophobic Si, and poly-
imide (data not shown). These results demonstrate that,
despite differing transport mechanisms between Pd
octylthiolate and MHA, dwell time can be used to control
the diameter and height of the patterned features.
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Figure 3. Versatile patterning of Pd octylthiolate by DPN. (a) Dark-field optical micrograph of an array of Pd octylthiolate dots
over a large area. (b) AFM topography image and line profile of an array of patterned Pd thiolate dots. SEM image of a dot is
shown in the inset. (c) SEM image of a series of lines with an increasing writing speed. AFM topography image and z-profile of
the lines are shown below. The writing speed of the lines (ranging from 0.1 to 2 um-s ") is indicated correspondingly. (d) SEM
image of patterned planetary gear set. (e) Magnified view of the dotted box region in (d).

Apart from dwell time, the number of Pd octylthio-
late layers can also be controlled by the molecular ink
concentration. With an ink concentration of 10 mM,
only monolayers of Pd octylthiolate were obtained,
even with dwell times of 1 s (Figure S5). As previously
noted, at an ink concentration of 50 mM, monolayer or
multilayer structures can be formed, depending upon
dwell time. At a concentration of 100 mM or higher, the
height of the patterned features is not always an
integer multiplied by the thickness of a lamellar mono-
layer, which indicates that such structures are an ill-
defined mound of adsorbate. Remarkably, even the
features formed at the highest ink concentration show
a high degree of homogeneity as evident in the dark-
field optical micrographs (Figure 3a). The height and
diameter of such features, as determined by AFM and
SEM measurements, are 18.6 & 0.5 nm (Figure 3b) and
100 nm (Figure 3b inset), respectively. Since Pd oc-
tylthiolate is a low molecular weight ink, continuous
lines (Figure S6) can be made without considerable
viscous drag by appropriately selecting the writing
speed and the ink concentration (Figure 3c). At an
ink concentration of 100 mM and writing speeds high-
er than 1 um-s™’, the lines became discontinuous
(Figure 3c). In the case of lines, multilayer structures
were observed at 100 mM concentration, with little
control over the number of layers (Figure S7). However,
if the ink concentration is lower (50 mM), line features
with tight control over the number of layers can be
made (Figure S8). With respect to lines, two layers of
molecules can be deposited reproducibly, but three
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(or more) layers of molecules show a mound of multi-
layers along the length of the line (Figure S7). Thus,
with higher ink concentrations and higher writing
speeds, the Pd octylthiolate molecules are not able to
assemble into well-defined lamellae.

To evaluate the versatility of the Pd octylthiolate
patterning technique, we explored the types of struc-
tures that could be made. In addition to dots and lines,
any structure that can be digitally imported can be
generated. As a proof-of-concept, patterns in the
form of planetary gears were made on a Si substrate
(Figure 3d,e). In addition, the technique works for
related but higher throughput scanning probe methods
such as polymer-pen lithography (PPL) (Figure $8).383°
Unlike DPN, the force exerted on the PPL tip array
(~15000 polydimethylsiloxane tips with 80 um
separation) can also be used to control the patterned
feature size (Figure S9).

Importantly, the Pd octylthiolate features can be
rapidly transformed into metallic Pd by annealing at
250 °C in air (Figure 4a).*° Since the number of layers in
these structures was small (typically 10—12 nm thick,
which equates to 5—6 molecular layers), the number
of Pd atoms (expected Pd content is 41 wt %)*' is
insufficient to produce contiguous Pd structures. AFM
profile analysis after annealing shows that the average
height of the Pd features is 2—4 nm, which is consistent
with the loss of the organic material in the precursor
structures (Figure $10). Pd nanoparticles are well-known
catalysts for the electroless deposition of various metals
such as Cu, Au, Ag, and Pd*>** and conducting polymers
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Figure 4. Thermolysis to Pd catalyst patterns for subsequent electroless deposition. SEM images of (a) as-thermolyzed Pd

dots and (b) after electroless deposition of Cu on Pd dots. AF

M topographic line scan profiles are shown below, respectively.

(c) EDS spectrum of thermolyzed Pd dots (black) and the features after Cu electroless deposition on the Pd dots (red). (d) SEM
image of an array of electroless deposited Cu features on thermolyzed Pd dots with various sizes. (e) IV characteristics of Pd

octylthiolate line patterned between electrodes (solid black

line), after thermolysis (dashed black line), and after electroless

Cu deposition (solid blue line). (f) AFM image of PANI deposited on Pd dots. (g) /—V characteristics of a patterned PANI line.

Inset shows the AFM image of the measured PANI line.

such as polyaniline (PANI).** Therefore, these structures
can, in principle, be used as templates to construct
nanocircuitry. To evaluate the potential for doing so,
we explored the electroless deposition of Cu onto
Pd-generated dots and lines (Figure 4b). The electroless
deposition was performed by dipping the patterned
substrate into an alkaline solution of CuSO, complexed
with sodium potassium tartrate for 30 s, followed by the
addition of formaldehyde as a reducing agent.*? After
electroless deposition, energy-dispersive X-ray spectra
(EDS) from the patterned features showed the presence
of both Cuand Pd (Figure 4c and XRD in Figure S11). The
width of the Cu/Pd features did not vary noticeably
(Figure S10), but the height increased to ~65—70 nm,
which is more than a factor of 10 when compared to the
original feature height. During the electroless deposi-
tion, after the first layer of Cu is deposited onto Pd,
further Cu deposition occurs in an autocatalytic fashion.
The electroless deposition is a spontaneous reaction,
and the feature size (height as well as diameter) can
be controlled with deposition time (Figure S12). Uni-
form deposition of Cu was obtained down to ~40 nm
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diameter, which was the smallest patterned dot size of
the Pd catalyst (Figure 4d and Figure S13). To estimate
the correlation between the patterning parameters of
Pd octylthiolate and the obtained Cu features, the
volume of patterned Cu dots was calculated. The vol-
ume was found to increase linearly with square root of
dwell time. Thus, dwell time during the patterning of Pd
octylthiolate can be used to control the diameter as well
as the height of the final Cu features (Figure S14).
Electrical characterization of patterned Pd lines was
performed to determine the utility of Pd octylthiolate
ink for writing conductive conduits. A line of Pd
octylthiolate was written by DPN bridging two Au
electrodes (on Si/SiO, substrate) that were pre-
defined by photolithography (Figure 4e inset). Current—
voltage characteristics of the as-written Pd octylthiolate
line are nonlinear (Figure 4e), which is typical for this
molecule.?’ After thermolysis, there was no detectable
current, which is attributed to the formation of dis-
continuous Pd nanoparticles (vide supra). After electro-
less Cu deposition, the current increased to a few
microamps, indicating that the Cu line was continuous
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(Figure S15). The resistivity of the Cu line was ~20 uQ - cm,
which is 10 times higher than the bulk Cu resistivity
(1.7 uQ-cm). The increased resistivity compared to
that in the bulk could be due to interface scattering
at grain boundaries within the Cu line.*> Nevertheless,
this process provides an easy way of making electrical
contacts to nanomaterials. Alternatively, this method
can be useful for defining gap electrodes (Figure S16).
Importantly, this method surpasses DPN-induced de-
position of nanoparticles for conductive traces*® both
in terms of achievable resolution and uniformity of the
features.

Pd patterns can serve as catalysts for electroless
deposition of both inorganic and organic materials.
As a proof-of-concept, we also performed electroless
deposition of PANI. Autocatalytic polymerization of
aniline initiated by a Pd catalyst surface leads to
electroless deposition of PANI on Pd (Figure 4f) as
confirmed by IR spectroscopy (Figure $17). Current—
voltage responses were measured from the conductive
line trace of PANI (in a similar setup as that of Cu line
described above) and are consistent with the literature

METHODS

Materials. Palladium(ll) acetate (98%), octanethiol, isopropyl
alcohol, and toluene were purchased from Sigma-Aldrich
and used without further purification. Palladium octylthiolate
(Pd(SCgH,7),) was prepared as follows.*' Equimolar Pd(OAc),
and octanethiol were mixed in a stirred solution of toluene.
As the reaction proceeded, a color change from orange-yellow
to deep red was observed. After 15 min of stirring, the Pd
octylthiolate solution was washed with water. After vigorous
shaking, the toluene and water separated into layers, with the
organic layer containing Pd octylthiolate and the aqueous layer
containing acetic acid, the main byproduct. From here, purified
Pd octylthiolate was diluted in toluene to obtain the desired
concentration. Si(100) wafers with native oxide, cleaned by
sequential rinsing with acetone and isopropyl alcohol, were
used for patterning.

DPN Patterning Process. All DPN patterning was performed
with 1-D type-M tip arrays from Nanolnk in either a DPN5000 or
an NScriptor (both from Nanolnk, Inc.). The tips can be inked by
either dip-coating for 30 s or using type-M inkwells (Nanoink,
Inc.). In general, we noticed that inkwells gave more uniform
loading of ink onto the tips than dip-coating. The patterning
was done in ambient conditions with humidity of 35—50% and
a temperature of 20 °C. Notably, while the humidity varied day-
to-day, it did not significantly affect the patterned feature
size. The 1-D cantilever tip arrays were aligned parallel to the
substrate by optical leveling. The patterns were generated
using InkCAD software (Nanolnk, Inc.), which allows one to
control feature position and tip—substrate contact time.

PPL Patterning Process. Polymer pen tip arrays with 80 um
spacing between tips were prepared as previously reported.3®
Briefly, the pen arrays were made from hard PDMS (h-PDMS),
which was stirred, degassed, and poured on top of the soft pen
array master. Prior to curing, a precleaned glass slide (VWR, Inc.)
was then placed on top of the elastomer array and the whole
assembly was cured at 80 °C overnight. After curing, the
polymer pen array was carefully separated from the pyramid
master by using a razor blade. The ink solution of Pd octylthio-
late (50 mM) was spin-coated onto the PDMS tip arrays (1 mL
ink, 2000 rpm, 1 min). PPL was carried out on an XE-150 AFM
with a customized PPL head (Park Systems), using custom XEP
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values,*” confirming that PANI has been uniformly

deposited on the Pd lines (Figure 4q).

CONCLUSION

This work is interesting for the following reasons:
palladium octylthiolate represents a new liquid ink for
DPN where the number of molecular layers and thick-
ness and volume of a given feature can be precisely
controlled during patterning. With this method, one
can create molecular nanoreactors and guide the
number of metal atoms in the resulting features. There-
fore, these structures can be used for generating
contiguous lines and circuits or, alternatively, novel
catalysts. As such, the present method represents a
parallel, high-throughput, and more controllable alter-
native to e-beam lithography for making metallic
nanostructures.*® Furthermore, this study suggests
that the scope of the inks that can be used for DPN
should be rapidly expanded to molecules which form
lamellar supramolecular architectures and lead to in-
teresting structures of potential importance in cataly-
sis, electronics, and photonics.

software (Park Systems) at a relative humidity of ~80% and
temperature of 25—29 °C. The leveling between the pen arrays
and the sample was adjusted with an XY scanning tilting stage.

Thermolysis. After DPN or PPL, the patterned Pd octylthiolate
samples were thermolyzed on a hot plate set to a temperature
of 250 °C in ambient atmosphere for 1 h.

Electroless Deposition. The copper plating bath used for elec-
troless Cu deposition42 consisted of solution A (1.5 g of CuSO,, 7 g
of sodium potassium tartrate, and 7 g of NaOH in 50 mL of water)
and solution B (37.2 wt % aqueous formaldehyde solution). The
glass substrate patterned with Pd dots was immersed in solution A,
while solution B (10:1 ratio of A/B, v/v) was added directly onto the
patterned face. The stock solution of A gave better results when
used within a week.

For PANI deposition, 5% aniline and 0.6 M H,SO, were
mixed in an equal ratio (v/v), and the patterned substrate or
thin film was dipped inside the solution for ~2 h in air.** An
acidic solution of aniline in sulfuric acid in the presence of
oxygen leads to oxidation, resulting in PANI film deposition
selectively onto Pd dots. The Pd thin film turned green after the
deposition of PANI.

Characterization. XRD on thin films of Pd octylthiolate, Pd, and
Cu/Pd was performed by a Rigaku ATX-G. All grazing incident
small-angle X-ray scattering (GISAXS) experiments were con-
ducted at the Basic Research Sciences Synchrotron Radiation
Center (BESSRC) at the Advanced Photon Source (APS) located
at Argonne National Laboratory. The samples were probed
using 12 keV (1.33 A) X-rays, and scattering was calibrated from
a silver behenate standard. The beam was collimated using two
sets of slits. A pinhole was used to remove parasitic scattering.
The beam width was approximately 200—300 um in diameter.
Fourier transform infrared spectroscopy (FTIR, Thermo Nicolet,
Nexus 870) on PANI was done by scraping a small amount of
the film and pelletizing it with KBr. /—V measurements were
performed under ambient conditions using a Keithley 4200
semiconductor characterization system. The samples were
examined using a Hitachi S-8030 SEM at an acceleration voltage
of 5 kV and a current of 20 uA, with the probe current set
to normal and focus mode set to ultrahigh resolution. Only
the upper second electron detector was used. AFM was
performed using a Bruker Dimension Icon in tapping mode,
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using a PPP-NCH tip (Nanosensors). AFM data analysis was
performed using Nanoscope software.
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