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ABSTRACT Nanoparticle polymer composites containing metal, semiconductor, magnetic, and optically active nanoparticles were
deposited onto multiple substrates from a heatable atomic force microscope tip. The nanoparticle nanostructures were functional as
deposited or could be etched with an oxygen plasma, revealing single nanoparticle lithographic resolution. Many types of nanoparticles
can be patterned with the same technique, without the need to tailor the substrate chemistry and without solution processing.
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any creative approaches have been developed to
fabricate nanostructures from nanoparticles' = or
nanoparticle composites,® but there are also many
common limitations. In particular, most nanolithographies
are developed for a particular material and require signifi-
cant development for each new material or component. The
required work for each new material significantly hinders
fabricating devices that require multiple materials. A second
hindrance is that many approaches for nanoparticle na-
nomanufacturing require prior deposition of a template or
that the material first be deposited and then selectively
removed.”~? With polymers, these multiple processing steps
or sequential depositions can generate cross-contamination
or degrade previously deposited structures. This paper
reports additive maskless deposition of a wide range of
nanoparticle types on multiple substrates with no solution
processing and no sources of cross-contamination. This
robust technique enables direct access to the exceptional
properties of nanocomposites that promise significant ad-
vances in nanoelectronics,'® data storage,' ' biosensors,'*'?
mechanics,'* and optical imaging applications."”
Thermally controlled deposition from a heated tip, known
as thermal dip-pen nanolithography (tDPN),'® can deposit
nanoscale quantities of materials that are otherwise difficult
to deposit directly such as metals'” and polymers.'®'? In
tDPN a heated atomic force microscope (AFM) probe tip*°
melts a solid ink and then directs the ink flow onto a surface.
Adjusting tip temperature or speed allows deposition to be
switched on or off and can precisely control feature dimen-
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sions. In the present paper, we show that the tDPN technique
can be extended to nanocomposites with lithographic fea-
tures having sub-100-nm width (Figure 1). Critically, to
demonstrate the flexibility of the technique, we deposit with
nanoscale precision a wide range of polymers that contain
organometallic molecules or metallic, semiconducting, or
magnetic nanoparticles (Figure 2 and Table 1) on several
common AFM substrates—gold, mica, and silicon oxide (see
Supporting Information). For all polymer—nanoparticle com-
binations, the ink was prepared and loaded onto the tip using
the same dip-coating method described with the only vari-
able being the cosolvent.

Thermally controlled deposition is ideal for depositing
polymer nanocomposites since polymer melt processing
provides more uniform and dense films®' and more stable
dispersion of the nanoparticles (nPs) in the polymer than
those processed by solvents.®* Moreover, our nanolithogra-
phy approach is additive, is maskless, can deposit multiple
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FIGURE 1. A polymer—nanoparticle composite is deposited from a
heated cantilever tip. The deposited composite may be used as is
or the polymer removed with an oxygen plasma. The nanoparticles
can be either focused into a row or dispersed depending on the size
and chemical treatment of the nanoparticles.
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FIGURE 2. The deposited polymer/nanoparticle or small molecule
via tDPN and its own properties. (a) The topography of two lines of
PMMA only one of which contains iron oxide nanoparticles. (b)
Magnetic Force Microscope image of the same showing that only
the structure that contains the iron oxide particles is magnetically
active. (c—e) AFM of a polyethylene/QD composite showing
the fluorescence of the deposited structure. (f, g) Deposition of the
otherwise difficult to deposit Alqs using a p(VDE-TrFE) carrier. The
Algs retains its ability to fluoresce after deposition. (h) SEM of
the conductive polymer poly(3-dodecylthiophene) (PDDT) with 5.0 %
by volume Au nPs deposited across Au electrodes. (i) I—V plot from
a two-probe measurement of the PDDT—Au composite. Together,
these show that tDPN is a robust method for depositing many
different polymer composites.

v © XXXX American Chemical Society

nanocomposites, and is not substrate specific. The deposi-
tion process may be illustrated using the polymer poly-
(methyl methacrylate) (PMMA). PMMA is an excellent nano-
composite matrix since it flows well and since it mixes well
with many inorganic nPs due to the adhesion of its side
chains to the hydroxyl groups of metal oxide nPs.**> PMMA
is also ideal when acting merely as a carrier since it is readily
etched using wet or dry techniques (parts a and b of Figure
3) or by thermal decomposition.?>”*> To make the ink,
magnetic Fe;O4 nanoparticles (nucleus diameter 6.5 £ 3.0
nm) were codissolved with PMMA (MW = 50 kg/mol) in
chloroform at 0.1 % by volume and then ultrasonicated for
30 min to ensure uniform dispersion. A small metal loop
would then hold a droplet of the ink solution while the
cantilever is dipped into it. The coated probe tip could then
directly deposit the nanocomposite onto different substrates
(see Figure S1 in Supporting Information). By variation of
the temperature and speed of the probe, the width of the
deposited ink could be adjusted from 78 to 400 nm with
comparable heights (see Figures S2e and S3 in Supporting
Information).

To show that the nanoparticles remained functional after
deposition, we deposited a line of pure PMMA next to a line
of PMMA containing magnetic Fe;O, nanoparticles. The
magnetic response of Fe;O4 loaded polymer is clearly visible
while, as expected, there is no magnetic response from the
FesOy-free material (Figure 2b). Note that these figures also
demonstrate the ease with which a new structure may be
placed next to an existing one without degrading the prior’s
performance. We observed full functionality in all inks
tested. Polyethylene with CdSe/ZnS quantum dots fluoresced
due to the quantum dots as did the metallorganic tris(8-
hydroxyquinolinato)aluminum mixed with the piezoelectric
polymer P(VDF-TrFE) (Figure 2c—g). Finally, a two-probe
conductivity measurement showed that the inclusion of Au
nanoparticles reduced the resistivity of the otherwise un-
doped conductive polymer PDDT to <7.56 + 0.07 Q-m, a
significant reduction from the intrinsic value®® of 500 kQ - m.
The successful deposition of organometallic, oxide, semi-
conducting, and metallic nanoparticles demonstrates the
flexibility of the technique.

The functional nanocomposite lines may be left as-
deposited or the polymer matrix may be removed with an
oxygen plasma leaving just the nanoparticles. While analyz-
ing the residual Fe;O4, nPs deposited with PMMA, it was
found that the nPs had formed rows significantly narrower
than the overall deposit. Parts a—c of Figure 3 show the
dramatic reduction in line width when a PMMA/Fe;0,
composite was plasma etched to remove the PMMA thereby
revealing a row of nanoparticles 10 nm wide. The plasma
processing reduced the deposit cross sectional area by a
factor of 993 which, when compared to the 0.1 % particle
loading, indicates that essentially all the nanoparticles are
driven to the center line. From a nanolithography stand-
point, the more critical aspect is that the line width shrinks

DOI: 10.1021/n19030456 | Nano Lett. XXXX, xxx, 000-000



TABLE 1. Example Nanoparticle Inks Deposited from a Heated Tip

particle/metallorganic nP diameter (nm) polymer Wiotall Whp
aluminum tris(8-hydroxyquinoline) (Alqgs) ~0.9 P(VDF-TrFE) 1
zinc diethyldithiocarbamate ~1.2 P(VDF-TrFE) 1
CdSe-ZnS core—shell 2—4 PE 1
dodecanethiol functionalized silver 2—4 PMMA n/m
dodecanethiol functionalized gold 2—4 PMMA 1.9
PDDT 1.5
HMDS-functionalized Fe;O, 6 PMMA 2.3
Fe;04 6.5+3.0 PMMA 36

a factor of 36 from 360 to 10 nm (Figure 3c). We refer to
this enhancement of the nanoparticle concentration at the
center of the deposit as “focusing”. Table 1 shows several
material systems that we have patterned and includes the
ratio of nP row width, wyp, to nanocomposite widths, Wil
The results reveal two trends in focusing. The first trend is
that the nPs coated with a layer that interacts strongly with
the polymer are more focused. This is seen most clearly
when the highly focusing FesO4 nanoparticles were func-
tionalized with hexamethyldisilazane (HMDS) to leave an
alkyl termination that interacts poorly with the polymer.
These treated nanoparticles are focused from an initial
nanocomposite line width of 439 nm to a postplasma etch
width of 187 nm, which is only a factor of 2.3x and
significantly less than the prior 36 x. The second trend is that
larger particles tend to be more readily focused. For instance
the Au nPs with a diameter of 2—4 nm are focused from a
width of 470 nm to a width of 250 nm, or a factor of 1.9, a
small decrease from the HMDS functionalized FesO4 nPs.
Since the particles are focused before etching (Figure 4d),
focusing must occur during deposition. The most probable
alignment mechanism is the shearing of the polymer matrix
during deposition. Nanoparticle alignment due to matrix
shearing has been previously observed at the macroscale®” >’
with comparable shear rates of 10—100 s™. In those works
it was shown that alignment depended on the balance
between diffusion which dispersed the nanoparticles and
advection in the shear flow which aligned the nPs. The
relative dominance of one of these two effects is conveyed
by the Péclet number Pe = yneri/ksT, where 7 is the shear
rate, 77¢ is the shear viscosity at experimental conditions, and
ris the nP radius, with lower (<1) Péclet numbers indicating
the dominance of diffusion. Thus, for the 1 nm metallor-
ganics, Pe ~ 0.01 indicating the predominance of diffusion
and therefore even dispersion. For the 6.5 nm diameter
FesO4 nPs Pe ~ 2 indicated that shear alignment of the nPs
is predominant (see Supporting Information). Alignment will
also depend on the local viscosity 7 which depends strongly
on the nP’s surface functionalization. Poorly interacting nPs
have less viscous interlayers that allow the polymer chains
to slip around instead of orient the nPs and so are less
efficiently aligned by the polymer. This will be reflected in a
lower viscosity which in turn will lower Pe. Finally, shear-
induced alignment is consistent with the clustering of the
nanoparticles when the tip does not move (Figure 4a—c).
Experiments were limited in part by the commercial avail-
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ability of the nPs of defined diameter and functionality. Of
particular interest will be testing the strong cubic depen-
dency of Pe on the nP radius. Future examination of sets of
homologous nPs of controlled diameter will further test the
proposed alignment mechanism and potentially provide a
pathway to focusing even smaller nanoparticles.

This nanolithography has both advantages and apparent
limitations. This approach is maskless, patterns additively,
avoids solution processing, and is exceptionally flexible in
the range of materials easily deposited. It is also achieves
line widths for both the nP rows and the nanocomposite
nanostructures that are much narrower than those in previ-
ous reports of directly written structures. For instance,
fabrication of gold nanoparticle patterns by nanoimprint
lithography has been developed; however, the line width
was >130 nm.'?® Conventional DPN has been used to
directly deposit functionalized gold nanoparticles by elec-
trostatic interaction from single nanoparticles to its ag-
gregates, but again line widths generally exceed 100 nm.>"%*
Recently, Wang et al.’* showed that DPN could deposit rows
of Au nPs that were roughly one nP wide (actual widths not
reported); however, deposition was inhomogeneous leading
to start-and-stop deposition. The present technique has
limitations as well. The loading of the nanoparticle into the
polymer should be thermodynamically stable in the polymer
which requires tuning the sizes and chemistries of the
polymer and nanoparticles.** For instance, it is known that
the dispersion of nanoparticles in a polymer matrix is not
thermodynamically stable if the nP’s radius exceeds the
polymer’s radius of gyration (Ry), indeed, a limitation of this
technique is that it could not deposit nanoparticles whose
radii exceeded the Ry (~6 nm)>> of the PMMA. Conse-
quently, deposition of larger nPs would require higher
molecular weight inks or covalent linkage of the nPs to the
polymer. Second, the addition of high concentrations of nPs
increases the ink viscosity and thereby slows deposition.
Whereas tDPN can normally write pure polymers up to
~200 um/s, the writing speed for nanocomposites is some-
what less at <2 um/s, though this remains significantly faster
than conventional DPN of polymers due to the increased
polymer mobility in the melt. Finally, if the goal is complete
dispersion of the nanoparticles in a single pass, then the nP
size and functionality should be adjusted appropriately.

In summary, this paper reports that thermal deposition
is a generic strategy for depositing a wide range of nano-
composites that may be used as is or modified to leave dense
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FIGURE 3. (a) AFM topographs a 400 nm wide (fwhm) PMMA line
via tDPN. (b) The same structure after exposure to 135 W oxygen rf
plasma for 15 min. The average height of the row is 8 nm indicating
single particles. Note that the finite size of the AFM probe increases
the apparent width of the particles. (c) SEM of the plasma cleaned
particles showing the 10 nm wide lines. (d) AFM of a PMMA line
written at 1.0 um/s (left), 1.0 um/s (top), and 0.5 um/s (right). (e)
After plasma etching the Au nanoparticles are revealed showing line
widths of 250 nm. This focusing is less than that for Fe;O; nano-
particles after plasma etching.

rows of nanoparticles. We successfully deposited on many
substrates of interest for optics, electronics, and biology.
Moreover, to the best of our knowledge, we report the
smallest line widths achieved for directly deposited materials
for both nanoparticles rows (10 nm) and nanoparticle—
polymer composites (78 nm). Shear flow induced focusing
should allow resolutions limited mainly by nanoparticle size
and polymer molecular weight.
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FIGURE 4. Schematic diagram of PMMA—Fe;0,4 nanoparticles’ depo-
sition and focusing. (a) Nanoparticles condense onto the tip during
deposition. When the tip is still, nanoparticles will build up while
moving the tip aligns the nanoparticles. (b) Fe;0, nanoparticles
clustered when the tip was held still for 2 s and were aligned into a
row of single nanoparticles when the tip was moved. (c) A top view
of the aligned nanoparticles. (d) Large, HMDS-modified nanoparticles
are partially aligned in PMMA deposited across an electrode (see
Supporting Information).
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