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ABSTRACT: In recent years, imprint lithography has emerged as a promising
patterning technique capable of high-speed and volume production. In this work, we
report highly reproducible one-step printing of metal nanocubes. A dried Im of
monocrystalline silver cubes serves as the resist, and a soft polydimethylsiloxane
stamp directly imprints the nal pattern. The use of atomically smooth and sharp
faceted nanocubes facilitates the printing of high-resolution and well-de ned

patterns with face-to-face alignment between adjacent cubes. It also permits digital EEeg

control over the line width of patterns such as straight lines, curves, and complex

Nanocubes

junctions over an area of several square millimeters. Single-particle lattices as well as

three-dimensional nanopatterns are also demonstrated with an aspect ratio up to 5 in the vertical direction. The high- delity
nanocube patterning combined with the previously demonstrated epitaxial overgrowth can enable curved (single) crystals
from solution at room temperature or highly e cient transparent conductors.

KEYWORDS: colloidal ink, nanocubes, assembly, large-scale printing, patterning, PDMS

IVI icro- and nanolithography have been employed for
decades to realize patterned electronic and photonic
devices.®  Electron beam lithography (EBL)
provides excellent delity and precise positioning on the
substrate; however, it is expensive, with multiple steps, and
scalability is a major deterring factor. Successive etching steps
used for pattern transfer can also roughen the surface and
degrade the material quality by introducing defects. Other
patterning techniques have been developed to avoid the
etching step including microcontact printing,” © dip-pen
lithography,” inkjet printing,® scanning probe lithography,®*°
and template-directed assembly,** *3 but these all su er from
problems with either resolution or scalability. Imprint
lithography has the potential to simultaneously deliver surface
patterning with sub 10 nm feature size while delivering high-
throughput over large areas.* 2% Additionally, it is relatively
cheap, material-e cient, and free of vacuum-based high-end
equipment and holds the promise of bringing patterned 3D
nanoarchitectures to life.”* 2°

Soft imprint lithography utilizes an elastomeric stamp having
trenches or ridges in the desired dimensions and shape for
pattern transfer to the underlying Im.?**" 2 This simple yet
powerful embossing concept has enabled e cient plasmonic
back-re ector solar cells** periodic arrays as antire ection
coating,®* template-con ned growth of crystals**** surface-
enhanced Raman spectroscopy substrates®* transparent
conductors,®*® ** nanobatteries,”® and other nanoelectronic
devices such as organic eld-e ect transistors.®® Polycrystalline
spherical nanoparticles of Ag, Au, TiO,, and indium tin oxide
(ITO) have been used as the ink for patterning and are
subsequently sintered at high temperatures to form a crystal.*®
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The thermal fusing step combined with the gaps inherent in
close-packed spheres can lead to porosity, shrinkage, and even
cracking. The sintering temperatures are also often high (450
°C),260494L which is still an impeding factor for true
integration of imprint lithography of nanoparticle-based
devices on heat-sensitive exible polymeric substrates essential
for high-throughput roll-to-roll processing.

In this article, we report the printing of complex nano-
patterns using monocrystalline Ag nanocubes capped with
polyvinylpyrrolidone (PVP) directly as an imprint resist. The
use of atomically smooth and single-crystalline nanocubes as
ink facilitates alignment between adjacent particles and enables
high-precision patterns with a smooth surface as well as sharp,
well-de ned edges and essentially no void space. Polydime-
thylsiloxane (PDMS) is used as the stamp to pattern and print
the cubes over an area of up to a few mm?2 which is only
limited by the setup used. The technique proposed is highly
reproducible and enables directed assembly of colloidal
particles in pro les such as curves and lines on rigid as well
as exible substrates. We show that it is possible to control the
line width of patterns with digital accuracy (1, 2, 3, .., n
particles wide) and print patterns with an aspect ratio up to 5
in the vertical direction. The patterning is largely independent
of the material properties of the nanocubes and thus broadly

Received: June 8, 2020
Accepted:  August 3, 2020
Published: August 3, 2020

https://dx.doi.org/10.1021/acsnano.0c04793
ACS Nano XXXX, XXX, XXX XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Harshal+Agrawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+C.+Garnett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c04793&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=tgr1&ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c04793?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html

ACS Nano

Www.acsnano.org

Imprinting,
Solvent evaporation

2. g
Beognoc®

gy

Z !
s e T S S

T £ e

|

TR

Figure 2. A variety of printed patterns of Ag nanocubes demonstrating the potential of nanocube imprint lithography. (a and b) Circles of 1
and 2 m radii of curvature, respectively. (¢ f) Arcs of 2 m radius of curvature with a line width of 1, 2, 3, and 4 cubes, respectively. (g)
Cubes printed in a grid pattern with a pitch of 5 m. (h) Gratings of cubes with a pitch of 1.4 m. (i) An acute angle turn. (j) A four-way
junction. (k) A three-way junction. (I) Sharp 90° turn (corner). (m) Cubic and (n) hexagonal superlattices of Ag cubes. All scale bars are 1

m in length.

applicable to a variety of materials. Finally, the crystallographic
alignment inherent to nanocube assembly combined with the
patterning demonstrated here is promising for printing strain-
and dislocation-free single crystals with arbitrary nanopatterns
at room temperature.*>**

RESULTS AND DISCUSSION

The process ow of hanocube imprint lithography is illustrated
in Figure 1. The process requires three key components. First
is the substrate on which the pattern needs to be printed. It can

be any rigid material such as silicon (Si), glass, quartz, or any
exible material such as cellulose acetate (projector trans-
parency), polyimide Im (Kapton tape), or a polyethylene
terephthalate (PET) foil. Second is the nanocube ink of the
desired material dispersed in a solvent. Colloidal nanocube
synthesis has been reported in the literature for a variety of
materials, for example, in the class of metals Ag, Au, Cu, Ni,
Pd, Pt, and Rh;** “® semiconductors PbS, Cu,O, FeS,, Fe,Os,
CsPbBr;, CsPbls, and CsPCly:*? >* and dielectrics BiFeOj,
SITiOs, and CeO,.>* °’ We have used Ag nanocubes with an
edge length of 75 nm and dispersed in ethanol as the colloidal

https://dx.doi.org/10.1021/acsnano.0c04793
ACS Nano XXXX, XXX, XXX XXX


https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c04793?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c04793?ref=pdf

ACS Nano

Www.acsnano.org

Figure 3. Potential for large-scale imprinting. (a) Optical micrograph of arrays of circles of Ag cubes. (b) Optical micrograph of gratings of
commercially available 50 nm silica spheres. (¢) Optical image of the printed grid of Ag nanocubes. The inset depicts the Si substrate from
which the optical image was taken, and the center of the substrate is re ecting the bright colors because of the di raction of light due to the

printed grid.

ink, as shown in Figure S1. The third component is an
elastomeric stamp (also called a template) that has the desired
patterns in the form of nanotrenches. These trenches are made
by casting the polymer on the Si master (Figures S2 and S3)
that has the inverse pattern made by EBL and plasma etching
(refer to Supporting Information for the fabrication details of
the master and the stamp). The PDMS stamps (Figure S4)
have trenches forming di erent patterns: circles with various
radii of curvature, gratings, and grids, all with various line
width, pitch, and depth (see Table S1 for all parameters).

In a typical imprinting process, the surface of the substrate
(Si, Figure S5) is rst activated with UV-ozone treatment to
ensure even wetting over the entire substrate surface. Then the
nanocube ink (Ag nanocubes dispersed in ethanol) is
dispensed onto the substrate at room temperature. The
solvent is allowed to dry completely, leaving a Im of
nanocubes, which is referred to as a nanocube resist (Figure
S6). Subsequently, pure solvent (ethanol) is dispensed onto
the same spot over the dried Im of cubes, and before the
solvent evaporates, the elastomeric stamp is pressed onto the
substrate. The temperature of the substrate is raised to 40 °C
and held there for 20 min to ensure complete solvent
evaporation. Lastly, the stamp is withdrawn with a motorized
control (200 m/min). This leaves behind nanocube patterns
on the substrate. The setup used for the nanocube imprint
lithography is shown in Figure S7, and a video of the process is
available in the Supporting Information.

The complete drying to form a nanocube resist layer
followed by rewetting with pure solvent was found to be
essential for reproducible, high- delity patterning. Direct
printing of the colloidal solution before drying led to highly
nonuniform patterns, with many trenches missing particles
even when very high colloidal concentrations were used
(Figure S8). On the other hand, imprinting on the dry
nanocube resist (without rewetting) led to many particles
remaining on the substrate in areas outside the targeted pattern
(Figure S9). It therefore appears that the drying step binds the
particles to the substrate in order to drastically increase the
e ective concentration, while the addition of solvent afterward
allows for lateral mobility on the substrate surface without
complete redispersion. PDMS is known to be permeable to a
variety of solvents including ethanol, and hence the solvent can
evaporate through PDMS during the heating step.>® Excess
cubes stuck to the surface of the stamp after printing can be
easily removed by a piece of o ce tape. Alternatively, the
cubes can also be retrieved and reused by ultrasonicating the
stamp for 5 min in the very same solvent in which the cubes
were dispersed. After these steps, the stamp is very clean and

can be reused. It is critical to make highly uniform stamps in
terms of thickness. Uniform thickness ensures even distribu-
tion of pressure on the entire area and in turn high quality of
the printed patterns.

Figure 2 shows a variety of nanopatterns formed using the
imprinting process with a Ag nanocube resist. We can direct
the cubes from the disordered state in the resist (Figure S6) to
assembled curved pro les with nearly full circles and almost
perfect face-to-face stacking along the circumference, as shown
in Figure 2a,b. It is also possible to print curves with di erent
radii of curvature ( ). We were able to print curves with =4

m, all the way down to 300 nm, as shown in Figure 2a,b and
Figures S10 14. Additionally, it is possible to control the line
width of the printed patterns with digital accuracy, for example,
from 1 to 4 cubes as shown in Figure 2c,d,e,f. The number of
cubes forming the width of the patterns can be simply
controlled by tuning the trench width in the PDMS stamp. We
also observed that even for the same trench width di erent
printed line widths could be obtained by adjusting the applied
pressure, although this was not explored systematically. Apart
from curved pro les, it is also possible to print straight lines
with this technique, for example, grids and gratings as shown in
Figure 2g,h and Figures S15 and S16. In order to print
assemblies of arbitrary 2D patterns, along with curves and
lines, it is equally important to be able to print complex nodes
and junctions. For demonstration, we have printed two-way,
four-way, and three-way junctions as well as a sharp 90° turn,
as shown in Figure 2ijk,, respectively (more examples in
Figure S17). Finally, arrays of isolated nanocubes were printed
with good orientational alignment (Figure 2m,n), which can be
interesting for applications using surface lattice resonances.**®°

The residual number of cubes in and around the desired
patterns shown in Figure 2 and the corresponding supporting

gures is really low. This is a signi cant result given that we
have a few hundred million cubes (2.1 x 10 cubes/mL for Ag
nanocubes) to begin with at the resist stage before patterning.
Such clean printing (98.7% of nanocubes in the desired
pattern) is possible because of two main reasons: First, a thin
layer of solvent is present during printing, which provides
su cient in-plane motion for the cubes. Second, the exible
nature of the PDMS permits conformal and complete at
contact with the underlying substrate, pushing the excess cubes
into the trenches.?

Nanocube imprint lithography can be easily implemented on
a large scale. We have successfully printed patterns such as
arrays of circles, gratings, and grids in areas on the order of
mm? on a Si substrate, as shown in Figure 3 and Figure S18.
The printing area in this work is limited to mm? only because
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of the Si master that was used to make the PDMS template. In
principle, the process should be able to yield patterns at the
wafer scale or beyond in a single print. The inset of Figure 3¢
shows the Si substrate from which the optical image was
acquired. The uniform bright colors arising from di raction
over the 2 mm? square con rms the presence of the printed
grid over the entire printed area.

The Ag nanocube ink contains excess PVP to preserve the
colloidal stability of the particles. During the drying step, as the
solvent evaporates, this excess PVP concentrates and packs
around the cubes. After drying, it is retained on the substrate
along with the cubes, forming a fairly even Im (resist) owing
to surface activation of the substrate. The Ag nanocube resist is
essentially a composite of Ag cubes embedded in the matrix of
PVP. The PVP cushion prevents the irreversible binding of the
cubes to the substrate irrespective of the high surface energy of
the substrate. This is the key to nanocube imprint lithography.
The thin layer of solvent (ethanol) available due to rewetting
can partially redisperse the PVP to allow for enhanced surface
mobility. For rewetting, it is critical to choose a solvent that is
good for PVP. For example, we rewetted the resist layer with
dimethylformamide (DMF), which is another excellent solvent
for PVP, and it also led to good patterning results (Figure
S19a,b). In contrast, rewetting with a bad solvent for PVP such
as toluene or hexane did not lead to any patterning (Figure
S19c,d and ef, respectively). Thus, during stamping, the
viscous drag provided by the PVP/good solvent duo can move
the cubes over substantial distances. Our results suggest that
the Ag cubes can travel at least 10 m (see diagonally located
circles of Figure S18d,e) and even up to 25 m (Figure S17¢)
in some cases.

Fundamentally, the patterning and packing are both
governed by the con nement that is imposed by the trenches
carved in PDMS. Patterning is the direct result of nanoparticles
being driven to the trenches while pressing the stamp on the
substrate, and the density of particles along with interparticle
attraction determines the packing. The temporary binding and
release of particles from the substrate as well as the
displacement of particles on the substrate is facilitated by the
PVP/ethanol combination (component forming the matrix and
solvent compatible with it). Thus, if the native ink solution
does not contain PVP, patterning can still be achieved by
adsorbing a layer of PVP on the substrate before dispensing the
desired nanoparticle ink. As a result, the process is not
restricted to metallic Ag or cubic shape only. It can also nicely
print other classes of materials as well as nanoparticles with
di erent shapes, sizes, and surface ligand capping and
dispersed in various solvents. For example, the gratings
shown in the optical image of Figure 3b and Figure S20
were printed with commercially available 50 nm silica
nanospheres. The areas outside the lines are exceptionally
clean with no residual particles. The spheres were originally
dispersed in ethanol with silanol as the surface functional
group. Before dropping the ink, the substrate was adsorbed
with 2 L of 1 mM PVP in ethanol and allowed to dry
completely. We also tried 0.5, 1, 2, and 4 L of PVP solution
with constant area of the substrate, and beyond 1 L there was
no perceivable di erence in the printing results. The technique
was also tested with other materials including 100 nm
polystyrene spheres with carboxylate capping, 50 nm Au
nanocubes with citrate capping, and 20 nm Pd nanocubes with
PVP capping. The results are shown in Figure S21, and they
prove that the concept of nanocube imprint lithography can be

translated to colloidal inks with di erent materials, shapes,
sizes, and surface chemistry. Since the technique requires very
little ink (a few L per print), it makes the process e cient and
economical from a technological standpoint, while the broad
applicability is appealing for the eld of nanopatterning.
Another interesting aspect of imprint lithography explored in
this work was the ability to print high aspect ratio shapes. We
were able to print curves and lines of a maximum aspect ratio
of 5 as shown in Figure 4ab and Figure S22. The cubes are

Figure 4. Patterns of (a) a curve and (b) a line with a maximum
aspect ratio of 5 in the z-direction. (c, d) 3D patterns assembled
out of Ag cubes. All scale bars are 1 m in length.

nicely sitting on top of each other and glued together with the
interparticle force of attraction. The at faces of the cubes lend
the desired stability and allow for printing of single-particle-
wide yet 5 cubes tall free-standing walls. Such high aspect
ratios are nearly impossible to attain with spherical or irregular
particles, which is the most common shape found in colloidal
inks. A previous report showed excellent layer-by-layer
assembled 3 particle tall superlattices; however, it was achieved
with top-down lithography on a specially engineered substrate
using nanocrystals and DNA.®* As with the 2D patterns, the
packing among the cubes in 3D is reasonably good, except
where an irregularly shaped particle disturbs the ow.
However, the process appears to be tolerant of particles of
di erent shapes and sizes; for example, a tetrahedron appears
in the second row from the bottom in both the patterns in
Figure 4ab, but the packing as a whole is robust (also see
Figure 2aef). The digital line width control seen with 2D
patterns also can be extended to 3D patterns, as shown in
Figure 4c,d. Finally, the pattern quality can almost certainly be
improved with further optimization of the imprinting press and
process parameters.

We present a facile and reproducible technique that can print
structures with nanoscale spatial resolution over large areas in a
single step using nanocubes directly as an imprint resist. The
technique was successfully applied to colloidally stable Ag
nanocubes to print high-resolution curves, lines, grids, and
complex junctions. We have also demonstrated single-particle
lattices as well as 3D patterning, with tall patterns showing an
aspect ratio up to 5, along with digital control over the line
width. The topographically patterned PDMS stamps can be
reused multiple times, and the elastic nature of the material
facilitates clean printing of the patterns. Imprint lithography is
a physical process, and we have demonstrated that it can be
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applied to a variety of materials and particles of di erent
shapes and sizes, thus broadening the scope of the process.
Additionally, it is inexpensive and fast and has the potential of
on-chip patterning and device fabrication. We believe that at
printing can be easily translated to rolling with engineering
optimizations. This work is a stepping stone for roll-to-roll
integration that could prove very useful for industry and has
ample potential for commercialization.

METHODS

Chemicals. 1H,1H,2H,2H-Per uorooctyltriethoxysilane (98%)
(MW 510.36 g/mol); polyvinylpyrrolidone (average MW 55 000 g/
mol and 29 000 g/mol); silver nitrate (AgNO3;) (MW 169.8 g/mol);
copper chloride (CuCl,) (MW 170.48 g/mol); 1,5-pentanediol (MW
104.15 g/mol); ascorbic acid (AA) (MW 176.12 g/mol); potassium
bromide (KBr) (MW 119 g/mol); sodium tetrachloropalladate
(Na,PdCl,) (MW 294.21 g/mol); Milli-Q water (resistivity 18
M .cm at 25 °C) taken from a commercial puri er from Merck
named Simplicity Water Puri cation System; acetone (ACS reagent,
>99.5% (GC), MW 58.08 g/mol (VWR)); 2-propanol (IPA) (meets
analytical speci cation, >99.5% (GC), MW 60.10 g/mol (VWR));
ethanol (>99.5% Ph. Eur., MW 46.07 g/mol (VWR)); tetramethy-
lammonium hydroxide solution (TMAH) (25 wt % in water, MW
91.15 g/mol); silica nanospheres 50 nm (lot: MKCJ8723); latex
beads polystyrene (lot: MKCJ1534); and gold nanocubes with citrate
capping (50 nm, lot: J6911) from nanopartz.com were used. All
chemicals were purchased from Sigma-Aldrich unless stated otherwise
and used as received without any further processing. Elastosil RT 601
A/B (RTV-2 silicone rubber) PDMS was bought from Wacker
Chemie.

Silicon Substrates. Si substrates of 12 x 12 mm were cut from a
4 in. boron-doped 100 orientation single-crystal wafer purchased
from Siegert Wafer GmbH, Aachen, Germany, and used for Si master
fabrication.

Synthesis of Ag Nanocubes. A 5 mL solution of 0.235 M
AgNO; in pentanediol was mixed with 40 L of 0.043 M CuCl, and
ultrasonicated for about 30 min until the solution turned turbid
yellow-orange. PVP (MW 55000 g/mol) with a concentration of 40
g/L was prepared in pentanediol in a separate vial (ultrasonicated for
fast dissolution). A round-bottom ask was suspended in a silicone oil
bath at 195 °C with 10 mL of pentanediol. After 10 min of preheating,
500 L of a AgNO; and CuCl, precursor mixture was added in one go
immediately followed by 490 L of dropwise injection of PVP. After
30 s of precursor injection, another 490 L of PVP was injected
dropwise in the reaction ask. This marks the end of the rst cycle.
Exactly 60 s after the rst precursor injection begins the second cycle
of injections and 5 complete cycles in total to make very well-de ned
(100) faceted cubes of 75 nm. The reaction mixture goes through a
sequence of color changes, and eventually, it turns creamy light green.
The solution was stirred at 300 rpm, and the ask was open to the
atmosphere for the entire time. Finally, after the fth cycle, it was
quenched in a normal water bath. A series of centrifugations along
with coarse and ne Itration was performed to isolate cubes from the
rest of the byproducts of the synthesis. The Ag cubes were
synthesized by adopting a modi ed procedure reported previ-
0us|y.42'62

A major part of the experiments in this work was done with Ag
cubes bought from nanoComposix, Inc. (nanocomposix.com).

Synthesis of Pd Nanocubes. The cubes were synthesized
according to a previous report.®> A 105 mg amount of PVP (55k), 60
mg of AA, 600 mg of KBr, and 8 mL of Milli-Q water were taken in a
20 mL vial. A stir bar was also added. The vial was placed in a
preheated oil bath at 80 °C and stirred at 300 rpm. The solution
turned colorless in a few minutes. Meanwhile, 57 mg of Na,PdCl, in 3
mL of Milli-Q water was dissolved in a separate vial, and after 10 min,
this solution was injected in the main reaction vial rapidly. The vial
was capped and also wrapped with Para Im, and the reaction was
allowed to run for 3 h. The solution eventually turned dark brown.
The vial was allowed to cool by air convection, and later the product

was collected by centrifugation. The Pd cubes were nally dispersed
in ethanol for subsequent use.

Si Master Fabrication. Exposure. EBL was used to make
nanopatterns on the Si substrate. The instrument used was an eLINE
from Raith Nanofabrication GmbH installed in an ISO 7 Class 10000
cleanroom at AMOLF. The complete fabrication of the Si master was
carried out in the cleanroom at AMOLF.

A 12 x12 mm Si piece cut from a 3 in. Si single crystal wafer was
cleaned with acetone, IPA, and plasma (O, descum recipe) for 10 s
with 50 W forward power oxygen plasma in a Plasmalab 80+ from
Oxford Instruments and then immediately spin coated (without a
spinning bowl on top) with hydrogen silsesquioxane (HSQ) resist in a
Delta 80 spin coater from Suss MicroTec. The resist was dropped
from a syringe until it completely covered the Si substrate and then
spun at 3200 rpm, with 800 rpm/s acceleration for 45 s, which
resulted in a 110 nm thick HSQ-coated Si substrate. Then it was
baked at 180 °C for 120 s. Subsequently, this substrate was exposed to
an e-beam with a dose of 4000 C/cm? with circles of varying radii
(300 nm, 500 nm, 1 m, 2 m,and 4 m) and widths (100 and 200
nm). The column mode used for exposure was LC_60 m with the
area and curved elements exposure mode and step size of 5 nm along
with beam current of 0.5 nA. A similar procedure was followed to
make the Si master with patterned ridges in the form of grids or
gratings for imprinting.

Development. After exposure, it was developed in TMAH at 50 °C
for 60 s and then rinsed twice thoroughly with water. This step
dissolves all the unexposed resist, leaving behind the nanopatterns of
HSQ in the form of ridges on the Si substrate (Si master) as shown in
Figure S2.

Etching. In order to make deeper trenches in the PDMS, the Si
master was etched to the desired height (Figure S3). The patterned
lines of HSQ are made taller by plasma etching the Si substrate using
the remaining resist in the form of patterns as the mask in COBRA
(Oxford Instruments). The Si substrate is attached to a carrier wafer
(4 in. Si) by Fomblin oil. The oil is used to improve the thermal
conductivity between the interface of the substrate and the wafer. For
etching, a Cl, + HBr/O, recipe is used where the initial 11 s of Cl, is
used to remove the oxide layer on the Si and then the virgin Si is
etched deeper by HBr/O, for another 4 min. The etching is carried
out at 60 °C with a Cl, ow rate of 50 sccm, which yielded ridges of
550 nm in height.

Masters that did not require etching were directly moved to the
silanization step. The etched ones, before silanization, were subjected
to a HF bath (2% concentration) for 15 min to remove the residual
HSQ from the top of the ridges on the Si substrate.

Silanization. After development, if not subjected to etching, the Si
master is baked at 200 °C on a hot plate for 30 min. Following this, it
is again plasma treated for 10 s and placed beside 20 L of
1H,1H,2H,2H-per uorooctyltriethoxysilane in a Te on boat at 50 °C
in a Vacucenter VC20 vacuum oven from Salvis LAB, Switzerland, at
50 mbar for 30 min. This treatment forms a self-assembled monolayer
of uorinated silane chains on the surface of the Si master and renders
it highly hydrophobic. This facilitates peeling o the cured PDMS
from the Si master.

PDMS Stamp Preparation. The PDMS stamp is prepared by
mixing monomer and polymerizing agent in a ratio of 9:1. After
thorough mixing and degassing (to eliminate air bubbles), the liquid
mixture is poured onto a patterned F-silanized Si master. It is backed
by a UV-ozone-activated (45 min in a UV ozone ProCleaner from
BioForce Nanosciences) glass slide and then cured in an oven at 80
°C for 24 h. A Viton gasket made by a laser cutter (Speedy 400 from
Trotec Laser B.V.) was used as the spacer layer to de ne the
dimensions of the PDMS. This exercise results in a PDMS stamp as
shown in Figure S4. The PDMS slab is 4 x 4 x 1 mm in dimensions
and has nanotrenches on one side and bonded covalently to the glass
slide on the other side.

Printing Experiments. Preparation of the Si Substrate for
Imprint Lithography. A Si wafer was spin coated with Microposit
S1813 positive resist at 4000 rpm at the rate of 1000 rpm/s
acceleration for 45 s. This resulted in a 1.3 m thick resist layer that
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was baked at 115 °C for 60 s. This wafer was then exposed to a dose
of 140 mJ/cm? (25 ml/cm? for 5.6 s) in the hard contact mode in an
MABAG6 mask aligner from SUSS MicroTec SE (Germany) using the
foil mask shown in Figure S5a. The mask was printed with a laser
printer on a transparency and then manually overwritten with a
permanent marker on the printed 5 mm spots. Then the transparency
was stuck to a quartz plate with sticky tape and used as is for exposure.
After exposure, the wafer was developed in Microposit MF-319 for 60
s and then rinsed with water. This results in a wafer as shown in
Figure S5bh.

This Si wafer was further silanized and made hydrophobic as
aforementioned in the Si Master Fabrication section . This made the
Si surface hydrophobic everywhere except the center 5 mm dot
covered with resist. Subsequently, the wafer was diced along the
straight lines to make 10 x 10 mm Si substrates used for imprinting.

Imprinting. The printing experiments were carried out with the
help of a Universal Testing System model 5965 with 50 kN force
capacity from Instron, MA, USA. A custom holder was made to
mount the PDMS stamp and the Si substrate with the clamps of the
machine, as shown in Figure S7ab. The holder was also equipped
with a Peltier element to heat or cool the sample stage as required.
The stamp and the Si substrate were held in place on the respective
holders via vacuum.

The 10 x 10 mm Si substrate was ultrasonicated in acetone and
IPA for 60 s each to clean the resist. Subsequently, it was activated by
UV-ozone treatment for 30 min and then mounted on the holder. A 1

L amount of the colloidal Ag cubes (or the desired ink) dispersed in
ethanol was dispensed on the activated substrate and allowed to dry
to form a Im of cubes on the substrate. After complete drying, 3 L
of pure ethanol was added to the same spot as the cubes (rewetting on
the PDMS stamp instead of the sample works equally well), and the
stamp was pressed on the substrate at the rate of 1 mm/min until a
force of 10 30 N. The solvent was allowed to dry (either overnight or
by heating the substrate to 40 °C) before the stamp was retracted at
the rate of 10 m/min to 1 mm/min.

Excess cubes stuck to the surface of the stamp or in the trenches
after printing can be easily removed (or retrieved) by ultrasonicating
the stamp for 5 min in the same solvent in which the cubes were
dispersed. After this step, the stamp is practically very clean and can
be reused again and again by applying the same cleaning protocol.
The concentration of the inks was adjusted to 1 mg/mL.

Characterization. Light Optical Microscopy. Optical images
were taken with an Axio Imager.A2m (Carl Zeiss B.V., Netherlands)
and Eclipse LV100 ND (Nikon Instruments, Netherlands).

Scanning Electron Microscopy (SEM). High-resolution SEM
images were acquired using an FEI Verios 460 with an acceleration
voltage and current of 5 kV and 100 pA, respectively.
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