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Abstract

Application of nanocomposites in MEMS, flexible electronics, and biomedical devices is likely to
demonstrate new performance standards and resolve a number of difficult technical problems
enabled by the unique combinations of electrical, optical, and mechanical properties. This study
explores the possibility of making microscale nanocomposite patterns using the fusion of two
highly versatile techniques: direct-write maskless UV patterning and layer-by-layer assembly
(LBL). Together they can be applied to production of a wide variety of nanostructured coatings
with complex patterns. Single-walled carbon nanotube (SWNT) and gold nanoparticle LBL
nanocomposites assembled with chitosan (CH) were made into prototypical patterns such as
concentric helices and bus-line-and-stimulation pads (BLASP) used in flexible antennas and
neuroprosthetic devices. The spatial resolution of the technique was established with the standard
line grids to be at least 1um. Gold nanoparticle films revealed better accuracy and higher
resolution in direct-write patterning than SWNT composites possibly due to the granular rather
than fibrous nature of the composites. The conductivity of the patterned composites was
6.45x107° Q-m and 3.80x1076 Q-m at 20°C for nanotube and nanoparticle composites,
respectively; in both cases it exceeds electrical parameters of similar composites. Fundamental and
technological prospects of nanocomposite MEMS devices in different areas including implantable
biomedical, sensing, and optical devices are discussed.
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INTRODUCTION

Lithography is used in many areas of modern science and technology, including the
production of integrated circuits, microelectromechanical systems (MEMS), flexible
displays, information storage devices, printed transistor circuits, miniaturized chemical
sensors, microfluidic devices, biochips, photonic bandgap structures, and diffractive optical
elements.2-8 With a few exceptions, %10 lithographic patterns are made from traditional
materials: metals, plastics,and semiconductors. While integration of nanoscale materials,
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such as carbon nanotubes, graphene, and others!! with lithographic patterning has been
successful, 1213 the same cannot be stated for nanocomposites. Despite unique performance
characteristics the classical methods of nanocomposite synthesis are not easily integrated in
the established lithographic processes. At the same time, their ability to combine different
and often difficult or impossible to achieve in using in traditional materials can resolve a
number of problems of MEMS and other microscale devices. For instance, for
microelectronic devices the usefulness of combining exceptional mechanical and electrical
properties becomes obvious when considering stretchable and flexible electronics.1415
MEMS applications will benefit from substantial expansion of palette of magnetic, optical
properties, with mechanical toughness necessary for microactuators.16:17 Biomedical
implants also provide an excellent example of the need to combine all the mentioned
functional properties with biocompatibility.18

These problems represent one of the most fundamental challenges in materials science, and
finding new materials with hard-to-combine properties for micropatterns is expected to have
significant implications from both fundamental and practical perspectives. Layer-by-layer
assembly (LBL) is one of the most suitable techniques to impart different properties to thin
films and membranes.120 Many different optical, electrical, magnetic, and biological
nanoscale components can be incorporated into the LBL multilayers.21-23 This technique
demonstrated the possibility to produce coatings and free-standing films on two-dimensional
(2D) and three-dimensional (3D) surfaces and topologies at nano-, micro, meso-, and
macroscale. The LBL composites have also shown unusually high loadings of SWNTSs or
metal nanoparticles, enable engineering of polymer-based interface,2* and excellent
homogeneity of the resulting material.2>26

The current methods of fabrication of different patterns from LBL films include
microcontact printing, photoreactive multilayers, selective deposition, and microfluidics.
Sukhishvili and Granick,2” Bruening and co-workers,28 Rubner and co-workers2®
demonstrated patterning of multilayers utilizing UV and thermal cross-linking technologies.
Hammond and Gleason3%:31 developed a multilayer transfer printing pattern fabricated
method, surface patterning with click-chemistry and bioactive functions. Lvov and co-
workers32:33 realized 2D patterning of self-assembled multilayers by silicon-based
lithography and generated patterns composed of two types of nanoparticles (NPs). A direct
patterning approach using photoinduced reactions on the surface of NPs to produce
multicolor patterns from NP films with luminescent but not the topographical features was
also demonstrate by Liz-Marzan and Kotov.34 Hammond and co-workers presented
multilayers LBL/virus assemblies pattern on surfaces using a solvent-assisted capillary
molding process.3® Andres and Kotov also showed the possibility of direct LBL patterning
with additive topographical features and nanoscale resolution in direction orthogonal to the
substrate taking advantage of simple ink-jet printer.36

Despite the variety of the patterning methods, the challenges with their universality, ability
to create complex geometries (bridges, helices, channels...), and practicality of such patterns
in demanding real-life conditions still remain.3” As such, none of the described methods
demonstrated patterning of composite materials with high performance mechanical materials
combined with equally unique electrical properties. As we pointed out above, such materials
are of primary interests for MEMS, sensor, actuators, and microfluidics devices. Herein, a
versatile lithographic process applicable to high-performance flexible LBL composite films
from single-walled carbon nanotubes or gold nanoparticles (AuNPs) is demonstrated. Well-
defined high-resolution microscale patterns were fabricated through state-of-the-art direct-
write lithography. Besides other advantages, this type of lithography is one of the simplest
methods to make complex microscale patterns, which was successfully realized for the LBL
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films. These patterns can be used for flexible transistors, sensing elements, integrated
circuits, antennas, biomedical implants, and other devices.

EXPERIMENTAL

Materials and Reagents

Sodium dodecyl sulfate (SDS, 99+%), gold (1) chloride (99.9%), sodium citrate (99.0%),
chitosan (CH), hydrogen peroxide, and concentrated sulfuric acid were purchased from
Sigma-Aldrich and used without further purification. Single-walled carbon nanotubes
(SWNTs) were purchased from Carbon Solutions Inc. 25 mm x 75 mm microscope glass
slides used for the polymer-based composites preparation was obtained from Fisher
Scientific.

A solution of CH (Sigma Aldrich) with typical molecular mass: of 1.5x10° g-mol~1
(deacetylated, ~85 %) in 2 % (v/v) acetic acid in E-pure water (18.2 MQ-cm) was made with
a concentration of 0.5%. This solution displayed pH of 3.6.

Preparation of single-walled carbon nanotubes (SWNTs) dispersion—Sodium
dodecyl sulfate (SDS)-coated SWNTSs were prepared by mixing 0.2 wt% aqueous solution of
SDS and an appropriate amount of SWNTSs in deionized water to obtain 0.5 mg/ml
dispersion. The mixture was then sonicated for ~24 hours. The dispersion was left standing
overnight and then decanted to remove all precipitates, which were discarded. The
supernatant was used for all experiments.

Preparation of Au nanoparticles dispersions—Sodium citrate-stabilized Au
nanoparticles (AuNPs) were prepared according to the previous report.>® In brief, 20 mL of
aqueous solution containing 1wt% HAuUCI, were put into 450 mL deionized water and
heated. Then, 30 mL of 38.8 mmol sodium citrate solution was quickly injected into the
boiling HAUCI, solution under vigorous stirring. The mixture was kept boiling until the
color turned from transparent to pink. After cooling the reaction mixture to room
temperature the citrate-stabilized Au NPs had an average diameter of 22 nm.

(CH/ISWNT/), and (CH/AuUNP), LBL assembly—Glass slides and silicon wafers used
as substrates were cleaned by immersion into “piranha” solution, 3:1 H,SO4:H,0,
(Potentially explosive when in contact with organic matter!) for one hour, followed by
thorough rinsing with DI water. The deposition of (CH/SWNTS),, where nis the number of
LBL deposition cycles, was carried out by dipping the glass slides alternately into the CH
solution and SWNT dispersion for five minutes using a robotic dipper Strato Sequence 1V
from Nanostrata Inc. Each adsorption step was separated from the next one by a two minute
rinse with E-pure water. The films were blown dry with an air flow after every LBL
deposition cycle, /.e. after adsorption of one CH and one SWNT layer (Figure 1). The
preparation of (CH/AuUNP), films followed an identical protocol with AuNPs dispersions.
The thickness the deposited composite film was characterized by Base 160 spectroscopic
ellipsometer from J.A. Woollam Co, Inc.

Patterning of (CH/SWNT),, and (CH/AUNPS), films—LBL films on glass slides were
dried at 110 °C for 10 minutes on a hot plate. Next, each slide was coated with a ~12 um
layer of AZ 9260 using a spin coater. Each slide was subjected to soft bake on a hot plate at
110 °C for three minutes. After that, the photoresist was allowed to rehydrate at room
conditions for a minimum of 35 minutes. Light exposure was performed on an HTG manual
aligner with an exposure time of 16 seconds. Prior to LBL sequence, an exposure series was
performed on an AZ 9260 sample of the same thickness to determine optimal exposure time.
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After a post-exposure delay of five minutes, each sample was developed ina 1:4 AZ
400K:H,0 solution for three minutes. Samples were rinsed with DI water and dried with air
blow. Before etching, the film thickness was measured using a stylus profiler which was
used to confirm the lithography results and to provide a baseline for tracking removal of the
resist mask during etching. The films were etched with oxygen plasma in a reactive ion
etcher under a chamber pressure of ~ 30 mTorr and a forward power of 100 Watts.

RESULTS AND DISCISSION

LBL assembly is one of the most effective routes for the fabrication of ultrathin
nanocomposites that (a) are difficult to make by most other methods of nanocomposite
synthesis; (b) suit remarkably well for the microtechnologies; and (c) can be made from a
wide variety of nanoscale dispersions. Two types of nanomaterials would probably be most
fundamental for electronic devices, and therefore, for patterned LBL composites: carbon
nanotubes and semiconductor/metal nanoparticles (NPs). Taking, for instance carbon
nanotubes,*3 a wide variety of applications including high-strength structural composites,38
nanoelectronics,3® and various types of sensors*0:41 are likely benefit from their outstanding
electrical and mechanical properties.#2 Metal and semiconductor (NPs) have attracted a
great deal of attention owing to their strong dependence of optical and electronic properties
on particle size.** Gold is particularly useful in bioscience because its chemical allow for
various types of custom functionalization,*® display interesting electronic effects, and have
high inherent biocompatibility.46

Chitosan (CH) was selected here to make nanocomposites in this work for its mechanical
properties that can complement those of nanotubes and enhance those of nanoparticles. This
polymer is also biocompatible, which expands the scope of potential applications even
further. CH is positively charged and can be easily deposited on the negatively charged glass
slides by dipping. Successive positive/negative dipping cycles alternating CH and SDS-
stabilized CNTSs or citrate-stabilized AuNPs yield gradually high quality LBL films
following a typical linear growth model (see Supplementary information). Spectroscopic
ellipsometery and scanning electron microscope (SEM) images revealed that each
deposition cycle (bilayer) adds about 2 to 3 nm. The resulting film exhibits excellent
homogeneity and phase integration. The representation of internal structures of LBL films
can be assessed from AFM images in Figure 2 (also see Figure S2 and Figure S4 in Sl).
AuNPs are homogeneously distributed on the CH surface with high density. SWNT fibers
display predominantly planar orientation and interconnectivity.

Mask-less lithography employed here utilizes tightly focused and collimated UV-laser beam
to directly “write” the pattern into the photoresist. This technique is remarkable in its
versatility and speed especially for the preparation of any free-hand patterns. It also has
relatively high throughput and best-in-class accuracy with standard photoresists.#” It
eliminates long turnaround time required for manufacturing and alignment of a mask.
Additional advantage is the contact-free exposure and the possibility of a size reduction.
Direct-write lithography is typically used for microoptics and microfluidics,*8 and here we
extend it for the preparation of composite patterns for potential utility in flexible electronics
and biomedical implants. The principle difference needs to be noted between the direct
patterning techniques when the materials is directly deposited/removed>® or
photomodified3*8 and the methods associated with direct-write lithography. The latter term
is commonly reserved for maskless methods involving photoresists and is the technique used
here. Both of them have substantial advantages and (potential) areas of use. One of the most
attractive points of maskless direct-write lithography is its universality which matches well
with the universality of LBL assembly.
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Using direct-write maskless lithography (Experimental and Supplementary Information, SI)
we fabricated a prototypical concentric spiral pattern from (CH/SWNT)3q0 composite
typically found, for instance, in RFID antennas (Figure 4A). Similar patterns could also be
used in negative refractive index optics.? The width of the line was 1 um, while the
thickness of the composite films was ca. 520 nm. Removal of the photoresists by etching
does not disturb the pattern (Figure 4B). The surface of the (CH/SWNT),, film is very
uniform in macroscale which is attributed to the nano- and microscopically homogeneous
distribution of the SWNTSs on the CH surface seen in Figure 2 and Figure S2. The resistivity
of the (CH/SWNT)3qo film was 6.45x10~> Q-m, which is approaching to the resistivity of
graphite (1.3x107° Q-m) indicating efficient charge transfer in the material and high
interconnectivity of the nanotubes. This value of resistivity of pristine non-doped (CH/
SWNT)3qq films is more than two orders of magnitude lower than that of the polyaniline/
SWNT composites with resistivity of 5*1073 Q-m%0 or all-nanotube LBL thin films with a
resistivity of 1*1073 Q-m.5! Charge transport in SWNT films can also be improved further
by a variety of approaches including recently developed doping with via conjugation with rc-
bonds of aromatic polymers.57

In order to accommodate the requirement of more complex devices, it is also useful to test
the reasonable limits of this patterning method for nanocomposites with sequentially smaller
features. (CH/SWNT)500 composite films was patterned with orthogonal arrays of lines
(Figure 5A) and bus-line-and-stimulation-pads (BLASP) patterns (Figure 5B) typical for
implantable neurostimulation devices.>2-5% The widths of lines in the graded linear arrays
were 100 pm, 90 pum, 80 pm, 70 pm, ..., 10 wm, 9 um, 8 um, 7 um, -+, 1 wm. In Figure
5(A), one could see the lines clearly with a width of about 6 wm. Microphotography shows
that the smallest line width in the graded arrays and the smallest size of squares in the
BLASP patterns were obtained to be 1 um and 2.5 wm, respectively (Figure 5A, B). This is
probably not yet the absolute limit of resolution for the material. There are no “meniscus
corners” in the crossing parts; this fact indicates that the (CH/SWNT),, films exhibit
excellent mechanical adhesion to the substrate. On the other hand, the round corners of the
square contact pads in BLASP patterns indicate that we are approaching the limit the for
direct-write patterning method. Although the BLASP pattern in Figure 5B appears to be
clearly defined we need to point out the remnants of the SWNT composite in the etched
areas. This observation indicates the need to further optimize the etching step for (CH/
SWNT)sqq films. Its strong adhesion to the substrate necessitates probably more energetic
and/or longer treatment with oxygen plasma, which can certainly be accomplished.

Let us look now at the patterns made for (CH/AUNP),, composite films. They also revealed
equally high or even better quality patterns (Figure 6) as those made by direct-write
lithography from (CH/SWNT),, composites. The surface of the (CH/AuNP), film is highly
reflective which was attributed to the homogeneously distributed Au NPs (Figures 2, S4, S5)
and high mobility of electrons. Indeed, the resistivity of the (CH/AUNP)sq film was
3.80x107% Q:m at 20 °C. This is more than one order of magnitude lower than resistivity
obtained for SWNT films and two orders of magnitude higher than the resistivity of bulk
gold, /.e. 2.05x1078 Q-m. Resistivity of (CH/AuNP)sq film composite is comparable to that
of resistive alloys, such as nichrome, 1.10x107% Q-m. In respect to potential applications
such electrical properties combined with mechanical properties of composites and low
temperature processing compatible with many plastics could be exceptionally promising for
flexible MEMS and actuators.

The smallest width of interconnecting lines for patterns on (CH/AuNP),, composites was
again 1 wm and was limited only by the resolution of the direct-write patterning instrument
(see Experimental). Also note that the smallest 2.5 um squares in the BLASP pattern have
nearly ideal shape without any noticeable rounding or “meniscus corners”. High-
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magnification optical micrographs do not show any remnants of the composite film on the
glass substrate (Figure 6C) and therefore, indicative efficient and accurate etching process.

CONCLUSIONS and PERSPECTIVES

(CH/SWNT), and (CH/AUNP),, were successfully patterned using direct-write lithography.
This approach based on the LBL films is applicable to a wide range of functional materials
and their contents in polymer matrix. The integrated nanocomposite+lithography technology
may provide multifunctional molecular assemblies of tailored architectures and material
properties for various devices for which the combination of mechanical and electrical
properties is of particular importance. The universality of the method allowing one to
“construct” a material and the pattern according to the specifications is of importance. The
next steps of the research in this fundamental direction should be integration the following:
(a) demonstration of integrated micromanufactured devices using described composites
utilizing their electrical properties; (b) preparation of the bridge and other basic structures
typical for MEMS devices; (c) realization of multipass lithography and incorporation of
multiple composite materials into a microscale architecture; and (d) utilization of
electrically-driven optical effects in visible (nanoparticles) or infra-red (nanowires and
nanotubes) associated with adsorption, emission, reflection, or scattering of nanocomposites
or their (sub)micron scale elements. In respect to practical side of nanocomposite
+lithography technology, biomedical application and, in particularly, implantable devices,
requiring both tissue compliance and electrical functionalities present strong motivation for
their further development. Neuroprosthetic devices!® need innovations in respect to
materials and manufacturing techniques in (sub)micron scale particularly badly. The direct-
write capabilities of the described lithography and its versatility are likely to be particularly
advantageous for personalization of such devices. Applications in sensing will face strong
competition with already developed micro- and nanoscale technologies involving
nanomaterials. Nanocomposite microscale circuits will have to demonstrate unusual
advantages potentially in the realm of flexible circuits. We also see large potential for the
discovery of novel optical phenomena taking advantage of the electrically responsive energy
states of nanoparticles, nanotube, etc. Variable scattering properties and mechanics of
microscale structures can offer a new toolbox for thin optical devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematics of the LBL composite synthesis from chitosan (CH) and single walled carbon
nanotubes (SWNT). Assembly of gold nanoparticle (AuNP) multilayers followed the same

procedure.
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Figure2.

Photographs of (A) (CH/SWNT)3gg and (B) (CH/AuNP)sq composite film on a glass
substrates. AFM images (C) (CH/SWNT)3 and (D) (CH/AuNP)3 deposited on silicon
wafers.
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Figure 3.
Schematics of direct write (maskless) lithography and patterning scheme used in this study.
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Figure 4.
Photographs of prototypical spiral pattern from (CH/SWNT)3qq films: (A) As-fabricated
pattern before etching. (B) Pattern feature after oxygen plasma etching.
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Figure5.
(A) Photograph of (CH/SWNT)sqq films on a glass substrate patterned with orthogonal

linear array. (B) Microscale photography image of the encircled part (A) with bus-line-and-
stimulation-pads (BLASP) pattern.
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Figure6.

(A, B) Photographs of BLASP patterns with sequentially smaller features made on (CH/
AUNP)gq films at different illumination angles. (C) Microscale photography images of the
circled part in (B)
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