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LITHOGRAPHIC SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.S. Provisional Application No. 62/266,829, filed

December 14, 2015, which is hereby incorporated herein by reference in its entirety.

BACKGROUND

Lithography and chemical synthesis are two strategies for nanofabrication.
Photolithography has remained the standard in the semiconductor industry, but its resolution can
be limited. Electron beam (E-beam) lithography and ion-beam lithography feature high
resolution and arbitrary patterning, however, they are limited by high cost and low throughput.
Chemical synthesis has advantages in both low cost and precise control of compositions, sizes
and shapes of nanomaterials. With their precisely tailorable properties down to the atomic level,
colloidal micro-/nano-particles are promising as building blocks for functional devices.
However, the device applications often require the patterning of particles on solid-state
substrates. For this purpose, a wide range of techniques have been developed, including self-
assembly, Langmuir-Blodgett (LB) method, dip-pen nanolithography, polymer pen lithography
and contact-printing. Optical tweezers have been proved effective in manipulating the colloidal
micro-/nano-particles in solutions (Grier DG. Nature 2003, 424, 810-816; Pauzauskie PJ et al.
Nat. Mater. 2006, 5, 97-101; Selhuber-Unkel C et al. Nano Lett. 2008, 8, 2998-3003). Despite its
capability of offering remote, real-time and versatile manipulations of colloidal particles,
conventional optical tweezers require high laser power (100 mW/um?) that can damage the
colloidal particles and immobilizing the particles onto the substrates has remained challenging.
There remains a need for new light-based techniques that can create the arbitrary patterns of
colloidal particles immobilized on the substrates. The systems and methods discussed herein

address these and other needs.

SUMMARY
Disclosed herein are methods comprising illuminating a first location of a plasmonic
substrate with electromagnetic radiation, wherein the electromagnetic radiation comprises a
wavelength that overlaps with at least a portion of the plasmon resonance energy of the
plasmonic substrate. In some examples, the power density of the electromagnetic radiation can

be 10 mW/um? or less (e.g., 5 mW/um? or less, 1.5 mW/pum? or less).
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The electromagnetic radiation can, for example, be provided by a light source. In some
examples, the light source is an artificial light source. In some examples, the light source is a
laser.

The plasmonic substrate can, in some examples, comprise a plurality of plasmonic
particles. In some examples, the plurality of plasmonic particles can comprise a plurality of
metal particles. The plurality of metal particles can, for example, comprise a metal selected from
the group consisting of Au, Ag, Pt, Pd, Cu, Al, and combinations thereof. In some examples, the
plurality of plasmonic particles can comprise a plurality of gold particles. The plurality of
plasmonic particles can have an average particle size of from 10 nm to 300 nm. In some
examples, the plurality of plasmonic particles have an average particle size of from 20 nm to 40
nm. [n some examples, the plurality of plasmonic particles are substantially spherical.

In some examples, each plasmonic particle within the plurality of plasmonic particles on
the substrate is separated from its neighboring plasmonic particles by an average distance of
from 5 nm to 100 nm. In some examples, each plasmonic within the plurality of plasmonic
particles on the substrate is separated from its neighboring plasmonic particles by an average
distance of from 5 nm to 10 nm. The density of the plurality of plasmonic particles on the
plasmonic substrate can, for example, be 10!! particles/cm? or less.

The methods can further comprise, for example, making the plasmonic substrate by
depositing the plurality of plasmonic particles on a substrate. Depositing the plurality of
plasmonic particles can comprise, for example, printing, lithographic deposition, electron beam
deposition, thermal deposition, spin coating, drop-casting, zone casting, dip coating, blade
coating, spraying, vacuum filtration, or combinations thereof.

The methods can further comprise, for example, making the plasmonic substrate by
thermally annealing a film of a plasmonic metal deposited on a substrate, thereby forming the
plurality of plasmonic particles on the substrate. In some examples, the methods can further
comprise depositing the film of the plasmonic metal on the substrate. In some examples, the film
of the plasmonic metal has a thickness of from 2 nm to 15 nm. In some examples, the films of
the plasmonic metal has a thickness of from 4 nm to 10 nm. Thermally annealing the film can,
for example, comprise heating the film at a temperature of from 400°C to 600°C (e.g., 550°C).
In some examples, the film can be thermally annealed for from 1 to 12 hours (e.g., 2 hours).

The plasmonic substrate can be, for example, in thermal contact with a liquid sample
comprising a plurality of particles. The liquid sample can further comprise, for example, an

aqueous solvent. The concentration of the plurality of particles in the liquid sample can, for
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example, be from 103 particles/mm? to 10! particles/mm?. The plurality of particles in the liquid
sample can have, for example, an average particle size of from 4 nm to 20 pm.

In some examples, the plurality of particles in the liquid sample can comprise a plurality
of thermoresponsive particles. Examples of thermoresponsive particles include, for example,
polymer particles (e.g., polystyrene particles), polymer capped metal particles, or combinations
thereof. In some examples, the plurality of particles in the liquid sample can comprise a plurality
of polymer capped metal particles, such as a plurality of plasmonic particles, a plurality of
quantum dots (e.g., comprising CdSe, ZnS, or combinations thereof), or combinations thereof. In
some examples, the plurality of particles in the liquid sample can comprise a plurality of
polystyrene particles having an average particle size of from 60 nm to 10 um. In some examples,
the plurality of particles can comprise, a plurality of polystyrene spheres, a plurality of silica
spheres, a plurality of quantum dots, a plurality of semiconductor nanowires, a plurality of
biological cells (e.g., E. coli, yeast), or a combination thereof.

The methods can further comprise, for example, generating a bubble at a location in the
liquid sample proximate to the first location of the plasmonic substrate, the bubble having a gas-
liquid interface with the liquid sample. In some examples, the bubble is generated by plasmon-
enhanced photothermal effects. The bubble can have a diameter of from 100 nm to 50 pm (e.g.,
from 500 nm to 50 um, from 100 nm to 25 pm, from 100 nm to 10 pm, from 100 nm to 5 pm, or
from 100 nm to 1 pm).

The methods can further comprise, for example, trapping at least a portion of the
plurality of particles at the gas-liquid interface of the bubble and the liquid sample. The portion
of the plurality of particles at the gas-liquid interface, for example, by convection, surface
tension, gas pressure, substrate adhesion, or combinations thereof. In some examples, convection
can comprise natural convection, Maragoni convection, or combinations thereof. The portion of
the plurality of particles can be trapped, for example, at a trapping speed of from 10 pm/s to
1000 pm/s. In some examples, the portion of the plurality of particles are trapped at a trapping
speed of from 15 pm/s to 35 pm/s.

The methods can further comprise, for example, depositing at least a portion of the
plurality of particles on the plasmonic substrate at the first location. In some examples, the
portion of the plurality of particles are not damaged during the deposition. In some examples, the
portion of the plurality of particles deposited is one particle. In other words, also disclosed herein

are methods for single-particle patterning.
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In some examples, the portion of the plurality of particles is deposited in an amount of
time from 1 milliseconds (ms) to 5 seconds (s). For example, the portion of the plurality of
particles can be deposited in 2 seconds or less.

In some examples, the portion of the plurality of particles deposited on the substrate are
immobilized on the plasmonic substrate by surface adhesion. In some examples, the plasmonic
substrate can further comprise a ligand and the portion of the plurality of particles deposited on
the substrate are immobilized on the plasmonic substrate by electrostatic attraction and/or
chemical recognition with the ligand (e.g., surface functionalization of the plasmonic substrate
for particle immobilization).

In some examples, an additional layer is present between the plasmonic substrate and the
liquid sample, the additional layer being in thermal contact with the plasmonic substrate and the
liquid sample, such that the plurality of particles are deposited on the additional layer. The
additional layer can, for example, comprise a two-dimensional atomic layer material, such as
MoS:, WSe», MoTes, WS», hexagonal BN, graphene, or combinations thereof.

The methods can further comprise, for example, illuminating a second location of the
plasmonic substrate to deposit another portion of the plurality of particles at the second location.
In some examples, the plasmonic substrate and/or the light source can be translocated to
illuminate the second location.

Also disclosed herein are patterned substrate made using the methods described herein.
Also disclosed herein are methods of use of patterned substrates made using the methods
described herein, for example using the patterned substrates for single-particle sensing, single-
cell analysis, tissue engineering, functional optical devices, or combinations thereof.

Also disclosed herein are systems for performing the methods described herein. The
systems 100 can comprise a plasmonic substrate 102 in thermal contact with a liquid sample 104
comprising a plurality of particles 106; and a light source 108 configured to illuminate the
plasmonic substrate at a first location 110. In some examples, the system 100 can include a
single light source 108. In other examples, more than one light source 108 can be included in the
system 100. In some examples, the systems can further comprise a means for translocating the
plasmonic substrate and/or the light source. The systems 110 can, in some examples, further
comprise an instrument 112 configured to capture an electromagnetic signal from the plasmonic
substrate 102. In some examples, the system 110 can further comprise a first lens 114. In some
examples, the system 110 can further comprise a second lens 116. In some examples, the system

110 can be configured such that the light source 108 is below the first lens 114 and the
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plasmonic substrate 102 is above the first lens 114. In some examples, the system 110 is aligned
such that the light source 108 is below the first lens 114, the plasmonic substrate 102 is above
the first lens 114, the second lens 116 is above the plasmonic substrate 102, and the instrument
112 is above the second lens 116.

In some example, the systems 110 can further comprise a computing device 118
configured to receive and process electromagnetic signals from the instrument 112. In certain
examples, system memory 122 comprises computer-executable instructions stored thereon that,
when executed by the processor 120, cause the processor 120 to receive an electromagnetic
signal from the instrument 112, process the electromagnetic signal to obtain a characteristic of
the plasmonic substrate 102; and output the characteristic of the plasmonic substrate 102.

The instrument can comprise, for example, a camera, an optical microscope, an electron
microscope, a spectrometer, or combinations thereof. Examples of spectrometers include, but are
not limited to, Raman spectrometers, UV-vis absorption spectrometers, IR absorption
spectrometers, fluorescence spectrometers, and combinations thereof.

Additional advantages of the invention will be set forth in part in the description which
follows, and in part will be obvious from the description, or may be learned by practice of the
invention. The advantages of the invention will be realized and attained by means of the
elements and combinations particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and the following detailed description are

exemplary and explanatory only and are not restrictive of the invention, as claimed.

BRIEF DESCRIPTION OF THE FIGURES

The accompanying figures, which are incorporated in and constitute a part of this
specification, illustrate several aspects of the disclosure, and together with the description, serve
to explain the principles of the disclosure.

Figure 1 is a schematic of an exemplary system as disclosed herein for lithography.

Figure 2 is a schematic of an exemplary system as disclosed herein for lithography.

Figure 3 is a schematic of an exemplary system as disclosed herein for lithography.

Figure 4 is a schematic of an exemplary system as disclosed herein for lithography.

Figure 5 is a schematic of an exemplary system as disclosed herein for lithography.

Figure 6 is a schematic of an exemplary computing device.

Figure 7 is a schematic illustration of the bubble-pen lithography method.

Figure 8 is a schematic illustration of the experimental setup for bubble-pen lithography.
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Figure 9 is a schematic illustration of the pattern-writing process using an optically
controlled microbubble on a plasmonic substrate. The small blue spheres are colloidal particles.

Figure 10 is a scanning electron micrograph (SEM) (FEI Quanta 650 ESEM) of the
plasmonic substrate comprising Au nanoislands formed by thermal annealing (550°C, 2 hours)
of a gold film with an initial thickness of 4 nm. The inset shows an optical image of the sample.

Figure 11 is a scanning electron micrograph (SEM) (FEI Quanta 650 ESEM) of the
plasmonic substrate comprising Au nanoislands formed by thermal annealing (550°C, 2 hours)
of a gold film with an initial thickness of 6.5 nm. The inset shows an optical image of the
sample.

Figure 12 is a scanning electron micrograph (SEM) (FEI Quanta 650 ESEM) of the
plasmonic substrate comprising Au nanoislands formed by thermal annealing (550°C, 2 hours)
of a gold film with an initial thickness of 10 nm. The inset shows an optical image of the sample.

Figure 13 shows the absorption spectra of the plasmonic substrates comprising Au
nanoislands formed by thermal annealing (550°C, 2 hours) of a gold films with varying initial
thickness (thickness indicated in legend).

Figure 14 shows an overlay of scanning electron microscopy (SEM) image (Hitachi
S5500 SEM/STEM system) and simulated electric field distributions of quasi-continuous Au
nanoislands (AuNIs).

Figure 15 shows the simulated and experimental absorption spectra of the gold
nanoisland substrate.

Figure 16 is a schematic illustration (in a cross-sectional view) of the particle-trapping
mechanism by a single microbubble generated through the plasmon-enhanced photothermal
effects. The blue spheres indicate the suspended particles in the DI water. The particles follow
the convective flow due to the frictional force. The inset shows the force distributions when a
particle is trapped by the microbubble (indicated as the red dash line). Pg and P, indicate the
pressure in the bubble and liquid, respectively, which introduce a net force of Fp pushing the
particle outwards. The surface tension Fs introduce a drag force Fp.

Figure 17 shows the simulated temperature distributions around a 1 pm bubble in a cross-
sectional view.

Figure 18 is an optical image of a laser beam used for the generation of a microbubble.

The size of the laser beam is 2 pm. The scale baris 5 um.
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Figure 19 shows the simulated flow velocity distributions around a 1 pm bubble with
logarithmic scale in a cross-sectional view. The black lines indicate streamlines of the
convective flow.

Figure 20 shows the simulated temperature distributions around a 3 pm bubble generated
using a laser power intensity of 0.97 mW/um?2. The maximum temperature is at the center of the
bubble/substrate interface and is 220°C. The minimum temperature around the bubble is ~20°C

Figure 21 shows the simulated flow velocity distributions around a 3 um bubble with
logarithmic scale in a cross-sectional view. The laser power intensity is 0.97 mW/um?. The black
lines indicate streamlines of the convective flow. A maximum flow velocity of ~ 0.5 m/s is
generated around the bubble.

Figure 22 shows the time-resolved trapping process of a single 540 nm polystyrene bead
by a 1 pm bubble. The diameter and power density of the laser beam are 2 um and 0.56
mW/um?. The average trapping speed is estimated to be 31.1 pum/s. Scale bar: 5 pm.

Figure 23 shows the time-resolved trapping process of a single 0.96 pm polystyrene bead
by a 1 pm bubble. The diameter and power density of the laser beam are 2 um and 0.56
mW/um?. The average trapping speed is estimated to be 27.5 um/s. Scale bar: 5 pm.

Figure 24 shows the time-resolved trapping process of a single 5.31 pm polystyrene bead
by a 1 pm bubble. Scale bar: 5 pm.

Figure 25 shows the optical micrographs of a series of microbubbles generated with
different laser power densities: 0.56, 0.64, 0.68, 0.77, 0.83, 0.91, 0.97, 1.04, and 1.12 mW/um?
(from small to large bubbles). It should be noted that the bubble pattern was generated in series
by translating the sample stage and recorded in sequence. Scale bar is 5 pm.

Figure 26 shows the dark-field optical micrographs of the series of patterned 540 nm
polystyrene beads generated with corresponding power densities in Figure 25. (d) High-
magnification image of the 3D hollow structure formed at a laser power density of 0.97
mW/um?. The flow velocity distributions (logarithmic scale) around a 3 pm microbubble in a
cross-sectional view when (e) single layer (f) three layers and (g) five layers of 540 nm
polystyrene beads are trapped at the gas/liquid interface. Scale bar is 5 um.

Figure 27 is a scanning electron micrograph (SEM) (FEI Quanta 650 ESEM) of the series
of patterned 540 nm polystyrene beads generated with corresponding power densities in Figure

19. Scale bar is 5 um.
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Figure 28 is a high-magnification scanning electron micrograph (SEM) (FEI Quanta 650
ESEM) of the 3D hollow structure formed at a laser power density of 0.97 mW/um?2. Scale bar is
1 um.

Figure 29 shows the flow velocity distributions (logarithmic scale) around a 3 pm
microbubble in a cross-sectional view when a single layer of 540 nm polystyrene beads is
trapped at the gas/liquid interface.

Figure 30 shows the flow velocity distributions (logarithmic scale) around a 3 pm
microbubble in a cross-sectional view when three layers of 540 nm polystyrene beads are
trapped at the gas/liquid interface.

Figure 31 shows the flow velocity distributions (logarithmic scale) around a 3 pm
microbubble in a cross-sectional view when five layers of 540 nm polystyrene beads are trapped
at the gas/liquid interface.

Figure 32 shows the time-resolved process for continuous writing of a straight-line
pattern of 540 nm polystyrene beads on the gold nanoislands substrate. Scale bar is 50 pm.

Figure 33 shows the scanning electron micrograph (FEI Quanta 650 ESEM) of the 540
nm polystyrene beads in the “SP” pattern. Scale bar is 5 pm.

Figure 34 shows the dark-field optical image of the “SP” patterns of 540 nm polystyrene
beads. Scale bar is 10 um.

Figure 35 shows the flow velocity distributions (logarithmic scale) around a 1 pm
microbubble in a cross-sectional view when 540 nm polystyrene beads are trapped at the
gas/liquid interface. The trapping of the first layer of polystyrene beads modifies the flow
velocity distributions. The beads can subsequently be trapped either around or on top of the first
layer. The 3D hollow structure cannot be formed due to the limited bubble surface area.

Figure 36 shows the dark-field optical image of the 4x4 arrays of 3D hollow structures of
60 nm polystyrene beads. Scale bar is 10 pm.

Figure 37 shows the scanning electron micrograph (FEI Quanta 650 ESEM) of the 3D
hollow structure of 60 nm polystyrene beads. Scale bar is 1 pm.

Figure 38 shows the flow velocity distributions (logarithmic scale) around a 1 pm
microbubble in a cross-sectional view when zero layers of 60 nm polystyrene beads are trapped
at the gas/liquid interface.

Figure 39 shows the flow velocity distributions (logarithmic scale) around a 1 pm
microbubble in a cross-sectional view when one layer of 60 nm polystyrene beads are trapped at

the gas/liquid interface.
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Figure 40 shows the flow velocity distributions (logarithmic scale) around a 1 pm
microbubble in a cross-sectional view when seven layers of 60 nm polystyrene beads are trapped
at the gas/liquid interface.

Figure 41 shows the flow velocity distributions (logarithmic scale) around a 1 pm
microbubble in a cross-sectional view when thirteen layers of 60 nm polystyrene beads are
trapped at the gas/liquid interface.

Figure 42 shows the dark-field optical image of “UT AUSTIN” pattern formed with
continuous writing of 60 nm polystyrene beads. Scale bar is 25 pm.

Figure 43 shows the scanning electron micrograph (FEI Quanta 650 ESEM) of “UT
AUSTIN” pattern formed with continuous writing of 60 nm polystyrene beads. Scale bar is 25
pm.

Figure 44 shows the high-magnification scanning electron micrograph (FEI Quanta 650
ESEM) of the small segment of the “UT AUSTIN” pattern indicated in Figure 43 formed with
continuous writing of 60 nm polystyrene beads, which shows the detailed hollow structure. Scale
bar is 500 nm.

Figure 45 shows the scanning electron micrograph (FEI Quanta 650 ESEM) of patterning
of single polystyrene beads with different sizes: 540 nm, 0.96 pm, 5.31 pm, and 9.51 pm,
respectively (from left to right). Scale bar is 10 pm. Scale bar in inset of is 500 nm.

Figure 46 shows the scanning electron micrograph (FEI Quanta 650 ESEM) of the
“BPL” patterns of 0.96 um polystyrene beads. Scale bar is 10 pm.

Figure 47 shows the scanning electron micrograph (FEI Quanta 650 ESEM) of the “UT”
patterns of 5.31 pm polystyrene beads. Scale bar is 10 um.

Figure 48 shows the optical micrograph of the 2D MoS> monolayers on the gold
nanoislands substrate. Scale bar: 50 pm.

Figure 49 shows the optical micrograph of the “MoS->” patterns of individual 0.96 um PS
beads written on the 2D MoS» monolayer. Scale bar: 50 pm.

Figure 50 shows the photoluminescence spectrum of the MoS» recorded from the regime
with a single polystyrene bead, as indicated by the red circle in Figure 49.

Figure 51 shows a fluorescence image of the “NANO” patterns of 6 nm CdSe/ZnS
quantum dots on the gold nanoislands. Scale bar: 50 um.

Figure 52 shows the fluorescence lifetime image of the patterned CdSe/ZnS quantum

dots as shown in Figure 51.
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Figure 53 shows the lifetime measurements for CdSe/ZnS quantum dots on the glass
substrate. Fitting was performed with the least squares method using a model of a single
exponential decay convolved with a Gaussian impulse function. Fitting residuals are shown in
the right panel, indicating a good match between the model and the experimental data. The
measured lifetime is 8.1 ns.

Figure 54 shows the photoluminescence spectra of the quantum dots patterned on the
plasmonic substrate and of the quantum dots on glass substrate.

Figure 55 shows a comparison of patterning metrics (Resolution, throughput, and post-
processing time) of various printing techniques currently being explored. Bubble printing (BP),
with a high throughput and resolution outweighs other technologies.

Figure 56 is a scanning electron microscope (SEM) image of the gold nanoisland (AulNI)
film used as a substrate for bubble printing (left panel). Spots of 940 nm were randomly chosen
on the image, and the %area coverage of the nanoparticle were calculated as shown in the table
(right panel). All spots show near-uniform Au nanoparticle coverage, with a standard deviation
of 0.54%.

Figure 57 is a SEM image of the gold nanoisland film being used as a substrate in bubble
printing.

Figure 58 is a schematic illustration of the optical setup for bubble printing.

Figure 59 is a schematic illustration showing the quantum dots being trapped towards the
bubble generated on the gold nanoisland substrate, and the eventual immobilization of quantum
dots on the substrate.

Figure 60 is a schematic illustration of the quantum dots immobilized along the path
traversed by the laser to create patterns of quantum dots on the substrate.

Figure 61 is a schematic illustration showing the different parameters which affect the
outward heat flux from the bubble: T, temperature; k, thermal conductivity, R, radius of the
bubble; AT, temperature difference across bubble surface.

Figure 62 shows the bubble dissolution process was analyzed by taking the video frames.
The time taken for a bubble to dissolve completely was ~250 ms, which is obtained by
subtracting the time stamps of the two frames. The video was taken at a frame rate of 50
frames/sec.

Figure 63 is a plot of the linewidth vs incident laser intensity. The linear fit shows the

capability to tune the patterning dimensions on demand.
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Figure 64 is the merged fluorescence image of the plot in Figure 63 demonstrating the
linewidth variation in response of changing incident laser power (top panel). The SEM
demonstrating the patterned quantum dots (QDs) with a linewidth of 680 nm (bottom panel). The
gold nanoisland substrate is visible underneath the quantum dots (bottom panel).

Figure 65 shows the large area patterning of quantum dots: 200 x 20 pm rectangles
created using bubble printing (BP) with various line spacing. The line spacing is 1 pm, 1.5 pm,
and 2 pm (bottom to top). The increase in line spacing results in a decrease in density of
quantum dots, which manifests as a reduction in the fluorescence counts.

Figure 66 is the high-resolution two-photon fluorescence image which resemble
individual pixels. The dimension of each spot was calculated from the image, along both the x-
axis and y-axis. The width of each pixel is obtained by calculation of the full width-half max
(FWHM) of the spots, and plotting the histogram. The mean of the distribution is obtained via
Gaussian fit is 450 nm. The pixelated image is observed due to the crowding of quantum dots at
edge of the bubble.

Figure 67 is an image of bubble printing along a contour via translation of the stage along
the pattern of a butterfly. The linewidth is 1 pm. The scale bar is 25 pm.

Figure 68 is a bright field image of a pattern of quantum dots patterned via raster
scanning using a stencil resembling Charlie Chaplin. The overall size is 120 pm x 90 pm with 1
um line-space. The scale bar is 25 um.

Figure 69 is a bright field image of Mona Lisa stencil printed with red quantum dots
using a raster scanning approach. The size of the complete image is 150 pum x 90 pm. The scale
bar is 25 pm.

Figure 70 is a fluorescence image of Mona Lisa stencil printed with red quantum dots
using a raster scanning approach. The size of the complete image is 150 pum x 90 pm. The scale
bar is 25 pm.

Figure 71 is a magnified fluorescence image of the area indicated in Figure 70 depicting
the high-resolution patterning capability of bubble printing. The scale bar is 10 um.

Figure 72 is the fluorescence lifetime imaging of the quantum dots in Figure 71 showing
high density uniform patterning capability.

Figure 73 shows the fabrication of a micro QR code with blue emission printed via raster

scanning and a size of 80 pm x 80 um. The scale bar is 25 pm.
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Figure 74 is an image of bubbles generated in QD621 and QD530 taken using the CCD.
The bubble generation is a consequence of the photothermal heating of the gold nanoisland
substrate.

Figure 75 is a bright field image of the green quantum dots patterned as Mona Lisa with
1 um line spacing at a high stage speed of 102 m/s. The patterning results in near-uniform
deposition over large area, although concentration of quantum dots occur at the edges where the
stage resides longer due to the constraints of the shutter.

Figure 76 is a bright field image of the large area patterning of Charlie Chaplin was
achieved with a dimension of 100 x 150 pm.

Figure 77 is a bright field image of the contour of longhorn with an overall area of 60 x
60 pm?.

Figure 78 shows quantum dots with emission in red, yellow and blue patterned using
bubble printing. The corresponding CIE 1931 coordinates based on the emission peaks of 621
nm, 591 nm, and 480 nm are shown.

Figure 79 shows the integration of multiple quantum dots on a single substrate using
multi step bubble printing shown via printing of a map of the United States of America map with
the states of Texas, California, and Pennsylvania printed with varied emission. The size of the
image is 120 pm X 200 pm, and each state is fabricated via raster scanning with 1 pm line-space.

Figure 80 is a fluorescence image of bubble printed pattern of alphabets which was
drawn on a smart phone. The inset is the screenshot of the smartphone with the written symbols.

Figure 81 is a screenshot from the smartphone application depicting hand written
alphabets.

Figure 82 is an optical profilometer image (Wyco 9100) of the polyethylene terephthalate
(PET) film showing an rms roughness of 35 nm.

Figure 83 is a fluorescence image of the longhorn pattern printed with red quantum dots
over a PET film.

Figure 84 is a bright field image of the printed quantum dots with the PET film in the
bent state. The high adhesion of quantum dots to the substrate ensures integrity of the pattern is
maintained post bending.

Figure 85 is an image of the Au coated PET film in the relaxed state.

Figure 86 is an image of the Au coated PET film under bent state.

Figure 87 shows the fabrication of squares with emission modification of yellow QDs

dependent on the printing parameters. The printing parameters within the merged fluorescence
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image are (i) Square 1: 0.52 mW/um?, stage speed 1000 pm/s, wait time 500 ms, line-spacing 1
um (i) Square 2: 0.54 mW/um?, stage speed 500 um/s, wait time 600 ms, line-spacing 1 pm (iii)
Square 3: 0.56 mW/um?, stage speed 100 um/s, wait time 800 ms, and line-space 1 um (iv)
Square 4: 0.58 mW/um?, stage speed 100 pm/s, wait time 1 s, and line space 0.5 um. Scale bar:
10 pm.

Figure 88 shows the fluorescence spectrum corresponding to the squares in Figure 87
demonstrating gradual blue-shift.

Figure 89 shows the time correlated fluorescence of red quantum dots over (i) pure glass,
(ii) drop casted over gold nanoisland film, and (iii) printed via bubble printing. The lifetime
decreases from 7.46 ns under control condition to 2.69 ns when printed using bubble printing

Figure 90 is a schematic illustration of the optical setup used for fluorescence lifetime
imaging (FLIM). The various abbreviations include: PBS: Polarizing beam splitier, BD): Beam
dump, SM: Scanning mirrors, DM: Dichroic mirror, PMT: Photomultiplier tube, TCPSC: Time
correlated single photon counting

Figure 91 is a fluorescence lifetime imaging (FLIM) image of the patterned quantum dots
with increasing power. The morphology changes with increase in the patterning parameters, with
the height increasing from 80 nm to 440 nm. This alters the coupling intensity between the
quantum dots and underlying plasmonic substrate.

Figure 92 shows the lifetime modification dependent on the intensity of the laser used for
bubble printing. The histogram is obtained from the pixels within the FLIM image and a
Gaussian fit performed at each power. The mean lifetime increases from 2.256 ns to 2.286 ns.

Figure 93 shows the histogram and Gaussian fits of the lifetime of quantum dots
patterned at various powers. Each histogram is obtained from isolating the lifetimes of each line
patterned in Figure 91, and plotting the separately. For instance, the first histogram is obtained
from all the lifetime of all the pixels comprising the bottom most line in Figure 91. A gradual

increase in the FWHM is observed as power increases.

DETAILED DESCRIPTION
The systems and methods described herein may be understood more readily by reference
to the following detailed description of specific aspects of the disclosed subject matter and the
Examples included therein.
Before the present systems and methods are disclosed and described, it is to be
understood that the aspects described below are not limited to specific synthetic methods or

specific reagents, as such may, of course, vary. Itis also to be understood that the terminology
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used herein is for the purpose of describing particular aspects only and is not intended to be
limiting.

Also, throughout this specification, various publications are referenced. The disclosures
of these publications in their entireties are hereby incorporated by reference into this application
in order to more fully describe the state of the art to which the disclosed matter pertains. The
references disclosed are also individually and specifically incorporated by reference herein for
the material contained in them that is discussed in the sentence in which the reference is relied
upon.

In this specification and in the claims that follow, reference will be made to a number of
terms, which shall be defined to have the following meanings.

Throughout the description and claims of this specification the word “comprise” and
other forms of the word, such as “comprising” and “comprises,” means including but not limited
to, and is not intended to exclude, for example, other additives, components, integers, or steps.

As used in the description and the appended claims, the singular forms “a,” “an,” and
“the” include plural referents unless the context clearly dictates otherwise. Thus, for example,
reference to “a composition” includes mixtures of two or more such compositions, reference to
“an agent” includes mixtures of two or more such agents, reference to “the component” includes
mixtures of two or more such components, and the like.

“Optional” or “optionally” means that the subsequently described event or circumstance
can or cannot occur, and that the description includes instances where the event or circumstance
occurs and instances where it does not.

Ranges can be expressed herein as from “about” one particular value, and/or to “about”
another particular value. By “about” is meant within 5% of the value, e.g., within 4, 3, 2, or 1%
of the value. When such a range is expressed, another aspect includes from the one particular
value and/or to the other particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be understood that the particular value
forms another aspect. It will be further understood that the endpoints of each of the ranges are
significant both in relation to the other endpoint, and independently of the other endpoint.

It is understood that throughout this specification the identifiers “first” and “second” are
used solely to aid in distinguishing the various components and steps of the disclosed subject
matter. The identifiers “first” and “second” are not intended to imply any particular order,

amount, preference, or importance to the components or steps modified by these terms.
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Disclosed herein are lithographic systems and methods, for example for patterning
colloidal particles on substrates using optically controlled bubbles. In some examples, the
methods and systems can comprise locally exposing the substrate to an optical signal according
to a desired pattern to thereby pattern the substrate.

Disclosed herein are methods comprising illuminating a first location of a plasmonic
substrate with electromagnetic radiation, wherein the electromagnetic radiation comprises a
wavelength that overlaps with at least a portion of the plasmon resonance energy of the
plasmonic substrate. As used herein, “a first location™ and “the first location™ are meant to
include any number of locations in any arrangement on the plasmonic substrate. Thus, for
example “a first location” includes one or more first locations. In some embodiments, the first
location can comprise a plurality of locations. In some embodiments, the first locations can
comprise a plurality of locations arranged in an ordered array.

In some examples, the power density of the electromagnetic radiation can be 10 mW/um?
or less (e.g., 9 mW/um? or less, 8 mW/um? or less, 7 mW/um? or less, 6 mW/um? or less, 5
mW/um? or less, 4.5 mW/um? or less, 4 mW/um? or less, 3.5 mW/um? or less, 3 mW/um? or
less, 2.5 mW/um? or less, 2 mW/um? or less, 1.5 mW/um? or less, 1 mW/um? or less, or 0.5
mW/um? or less). In some examples, the power density of the electromagnetic radiation can be
0.1 mW/um? or more (e.g., 0.5 mW/um? or more, 1 mW/um? or more, 1.5 mW/um? or more, 2
mW/um? or more, 2.5 mW/um? or more, 3 mW/um? or more, 3.5 mW/um? or more, 4 mW/um?
or more, 4.5 mW/um? or more, 5 mW/um? or more, 5.5 mW/um? or more, 6 mW/um? or more,
6.5 mW/um? or more, 7 mW/um? or more, 8 mW/um? or more, or 9 mW/um? or more). The
power density of the electromagnetic radiation can range from any of the minimum values
described above to any of the maximum values described above. For example, the power density
of the electromagnetic radiation can range from 0.1 mW/um? to 10 mW/um? (e.g., from 0.1
mW/um? to 5 mW/um?, from 5 mW/um? to 10 mW/um?, from 0.1 mW/um? to 2 mW/um?, from
2 mW/um? to 4 mW/um?, from 4 mW/um? to 6 mW/um?, from 6 mW/um? to 8 mW/um?, form 8
mW/um? to 10 mW/um?, or from 0.5 mW/um? to 5 mW/um?).

The electromagnetic radiation can, for example, be provided by a light source. The light
source can be any type of light source. Examples of suitable light sources include natural light
sources (e.g., sunlight) and artificial light sources (e.g., incandescent light bulbs, light emitting
diodes, gas discharge lamps, arc lamps, lasers etc.). In some examples, the light source is a laser.

The plasmonic substrate can, in some examples, comprise a plurality of plasmonic

particles. In some examples, the plurality of plasmonic particles can comprise a plurality of

15



10

15

20

25

30

WO 2017/106145 PCT/US2016/066291

metal particles. The plurality of metal particles can, for example, comprise a metal selected from
the group consisting of Au, Ag, Pd, Cu, Cr, Al, and combinations thereof. In some examples, the
plurality of plasmonic particles can comprise a plurality of gold particles.

The plurality of plasmonic particles can have an average particle size. “Average particle

e

size,” “mean particle size,” and “median particle size” are used interchangeably herein, and
generally refer to the statistical mean particle size of the particles in a population of particles.
For example, the average particle size for a plurality of particles with a substantially spherical
shape can comprise the average diameter of the plurality of particles. For a particle with a
substantially spherical shape, the diameter of a particle can refer, for example, to the
hydrodynamic diameter. As used herein, the hydrodynamic diameter of a particle can refer to
the largest linear distance between two points on the surface of the particle. Mean particle size
can be measured using methods known in the art, such as evaluation by scanning electron
microscopy, transmission electron microscopy, and/or dynamic light scattering.

The plurality of plasmonic particles have, for example, an average particle size of 10 nm
or more (e.g., 15 nm or more, 20 nm or more, 25 nm or more, 30 nm or more, 35 nm or more, 40
nm or more, 45 nm or more, 50 nm or more, 55 nm or more, 60 nm or more, 65 nm or more, 70
nm or more, 75 nm or more, 80 nm or more, 85 nm or more, 90 nm or more, 95 nm or more, 100
nm or more, 110 nm or more, 120 nm or more, 130 nm or more, 140 nm or more, 150 nm or
more, 160 nm or more, 170 nm or more, 180 nm or more, 190 nm or more, 200 nm or more, 210
nm or more, 220 nm or more, 230 nm or more, 240 nm or more, 250 nm or more, 260 nm or
more, 270 nm or more, 280 nm or more, or 290 nm or more).

In some examples, the plurality of plasmonic particles can have an average particle size
of 300 nm or less (e.g., 290 nm or less, 280 nm or less, 270 nm or less, 260 nm or less, 250 nm
or less, 240 nm or less, 230 nm or less, 220 nm or less, 210 nm or less, 200 nm or less, 190 nm
or less, 180 nm or less, 170 nm or less, 160 nm or less, 150 nm or less, 140 nm or less, 130 nm
or less, 120 nm or less, 110 nm or less, 100 nm or less, 95 nm or less, 90 nm or less, 85 nm or
less, 80 nm or less, 75 nm or less, 70 nm or less, 65 nm or less, 60 nm or less, 55 nm or less, 50
nm or less, 45 nm or less, 40 nm or less, 35 nm or less, 30 nm or less, 25 nm or less, 20 nm or
less, or 15 nm or less).

The average particle size of the plurality of plasmonic particles can range from any of the
minimum values described above to any of the maximum values described above. For example,
the plurality of plasmonic particles can have an average particle size of from 10 nm to 300 nm

(e.g., from 10 nm to 150 nm, from 150 nm to 300 nm, from 10 nm to 100 nm, from 100 nm to

16



10

15

20

25

30

WO 2017/106145 PCT/US2016/066291

200 nm, from 200 nm to 300 nm, or from 10 nm to 200 nm). In some examples, the plurality of
plasmonic particles have an average particle size of from 20 nm to 40 nm.

In some examples, the plurality of plasmonic particles can be substantially monodisperse.
“Monodisperse” and “homogeneous size distribution,” as used herein, and generally describe a
population of particles where all of the particles are the same or nearly the same size. As used
herein, a monodisperse distribution refers to particle distributions in which 80% of the
distribution (e.g., 85% of the distribution, 90% of the distribution, or 95% of the distribution)
lies within 25% of the median particle size (e.g., within 20% of the median particle size, within
15% of the median particle size, within 10% of the median particle size, or within 5% of the
median particle size).

The plurality of plasmonic particles can comprise particles of any shape (e.g., a sphere, a
rod, a quadrilateral, an ellipse, a triangle, a polygon, etc.). In some examples, the plurality of
plasmonic particles can have an isotropic shape. In some examples, the plurality of plasmonic
particles can have an anisotropic shape. In some examples, the plurality of plasmonic particles
are substantially spherical.

In some examples, each plasmonic particle within the plurality of plasmonic particles on
the substrate is separated from its neighboring plasmonic particles by an average distance of 5
nm or more (e.g., 6 nm or more, 7 nm or more, 8 nm or more, 9 nm or more, 10 nm or more, 11
nm or more, 12 nm or more, 13 nm or more, 14 nm or more, 15 nm or more, 16 nm or more, 17
nm or more, 18 nm or more, 19 nm or more, 20 nm or more, 25 nm or more, 30 nm or more, 35
nm or more, 40 nm or more, 45 nm or more, 50 nm or more, 55 nm or more, 60 nm or more, 65
nm or more, 70 nm or more, 75 nm or more, 80 nm or more, 85 nm or more, 90 nm or more, or
95 nm or more).

In some examples, each plasmonic particle within the plurality of plasmonic particles on
the substrate is separated from its neighboring plasmonic particles by an average distance of 100
nm or less (e.g., 95 nm or less, 90 nm or less, 85 nm or less, 80 nm or less, 75 nm or less, 70 nm
or less, 65 nm or less, 60 nm or less, 55 nm or less, 50 nm or less, 45 nm or less, 40 nm or less,
35 nm or less, 30 nm or less, 25 nm or less, 20 nm or less, 19 nm or less, 18 nm or less, 17 nm or
less, 16 nm or less, 15 nm or less, 14 nm or less, 13 nm or less, 12 nm or less, 11 nm or less, 10
nm or less, 9 nm or less, 8 nm or less, 7 nm or less, or 6 nm or less).

The average distance that each plasmonic particle within the plurality of plasmonic
particles on the substrate is separated from its neighboring plasmonic particles can range from

any of the minimum values described above to any of the maximum values described above. For
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example, each plasmonic particle within the plurality of plasmonic particles on the substrate is
separated from its neighboring plasmonic particles by an average distance of from 5 nm to 100
nm (e.g., from 5 nm to 50 nm, from 50 nm to 100 nm, from 5 nm to 20 nm, from 20 nm to 40
nm, from 40 nm to 60 nm, from 60 nm to 80 nm, from 80 nm to 100 nm, from 5 nm to 40 nm,
from 5 nm to 30 nm, from 5 nm to 15 nm, or from 5 nm to 10 nm).

The density of the plurality of plasmonic particles on the plasmonic substrate can, for
example, be 10! particles/cm? or more (e.g., 1.25 x 10! particles/cm? or more, 1.5 x 10'°
particles/cm? or more, 1.75 x 10'° particles/cm? or more, 2 x 10'° particles/cm? or more, 2.25 X
1019 particles/cm? or more, 2.5 x 10'° particles/cm? or more, 2.75 x 1019 particles/cm? or more, 3
x 100 particles/cm? or more, 3.25 x 10'° particles/cm? or more, 3.5 x 10'° particles/cm? or more,
3.75 x 100 particles/cm? or more, 4 x 10'° particles/cm? or more, 4.25 x 10'° particles/cm? or
more, 4.5 x 109 particles/cm? or more, 4.75 x 100 particles/cm? or more, 5 x 1019 particles/cm?
or more, 5.25 x 10 particles/cm? or more, 5.5 x 10'° particles/cm? or more, 5.75 x 101°
particles/cm? or more, 6 x 10'° particles/cm? or more, 6.25 x 10'° particles/cm? or more, 6.5 X
10'° particles/cm? or more, 6.75 x 10'° particles/cm? or more, 7 x 10'? particles/cm? or more,
7.25 x 10'° particles/cm? or more, 7.5 x 10'° particles/cm? or more, 7.75 x 10'° particles/cm? or
more, 8 x 10'° particles/cm? or more, 8.25 x 10'? particles/cm? or more, 8.5 x 10'? particles/cm?
or more, 8.75 x 10'° particles/cm? or more, 9 x 10'? particles/cm? or more, 9.25 x 10'°
particles/cm? or more, 9.5 x 10'° particles/cm? or more, or 9.75 x 10'° particles/cm? or more).

In some examples, the density of the plurality of plasmonic particles on the plasmonic
substrate can be 10'! particles/cm? or less (e.g., 9.75 x 10! particles/cm? or less, 9.5 x 10'°
particles/cm? or less, 9.25 x 10'° particles/cm? or less, 9 x 10'° particles/cm? or less, 8.75 x 10'°
particles/cm? or less, 8.5 x 101 particles/cm? or less, 8.25 x 10 particles/cm? or less, 8 x 1010
particles/cm? or less, 7.75 x 1010 particles/cm? or less, 7.5 x 10'° particles/cm? or less, 7.25 x
1019 particles/cm? or less, 7 x 10'° particles/cm? or less, 6.75 x 10'° particles/cm? or less, 6.5 x
1019 particles/cm? or less, 6.25 x 10'° particles/cm? or less, 6 x 10'° particles/cm? or less, 5.75 x
1019 particles/cm? or less, 5.5 x 10'° particles/cm? or less, 5.25 x 10'° particles/cm? or less, 5 x
1019 particles/cm? or less, 4.75 x 1010 particles/cm? or less, 4.5 x 100 particles/cm? or less, 4.25
x 10! particles/cm? or less, 4 x 10'° particles/cm? or less, 3.75 x 10'° particles/cm? or less, 3.5 x
1019 particles/cm? or less, 3.25 x 10! particles/cm? or less, 3 x 10'° particles/cm? or less, 2.75 x
10' particles/cm? or less, 2.5 x 109 particles/cm? or less, 2.25 x 10'° particles/cm? or less, 2 X
10'° particles/cm? or less, 1.75 x 109 particles/cm? or less, 1.5 x 10'° particles/cm? or less, or

1.25 x 10! particles/cm? or less).
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The density of the plurality of plasmonic particles on the plasmonic substrate can range
from any of the minimum values described above to any of the maximum values described
above. For example, the density of the plurality of plasmonic particles on the plasmonic
substrate can be from 100 particles/cm? to 10! particles/cm? (e.g., from 1 x 101° particles/cm? to
5 x 1019 particles/cm?, from 5 x 10'° particles/cm? to 1 x 10*! particles/cm?, from 1 x 10°
particles/cm? to 2.5 x 10'0 particles/cm?, from 2.5 x 10'° particles/cm? to 5 x 10'° particles/cm?,
from 5 x 100 particles/cm? to 7.5 x 10'° particles/cm?, from 7.5 x 10! particles/cm? to 1 x 10!
particles/cm?, or from 2 x 10'° particles/cm? to 9 x 10'° particles/cm?).

The size, shape, and/or composition of the plurality of plasmonic particles; the separation
between each particle within the plurality of plasmonic particles; the density of the plasmonic
particles on the substrate; or combinations thereof can be selected in view of a variety of factors.
In some examples, the size, shape, and/or composition of the plurality of plasmonic particles can
be selected to maximize the electromagnetic field enhancement. For example, the size, shape,
and/or composition of the plurality of plasmonic particles; the separation between each particle
within the plurality of plasmonic particles; the density of the plasmonic particles on the
substrate; or combinations thereof can be selected such that the intensity of an incident
electromagnetic field is enhanced by a factor of 5 or more by the plurality of plasmonic particles
(e.g., 10 or more, 20 or more, 30 or more, 40 or more, 50 or more, 60 or more 70 or more, 80 or
more, 90 or more, or 100 or more). In some examples, the size, shape, and/or composition of the
plurality of plasmonic particles; the separation between each particle within the plurality of
plasmonic particles; the density of the plasmonic particles on the substrate; or combinations
thereof can be selected such that the plasmon resonance energy of the plasmonic substrate
overlaps with at least a portion of the electromagnetic radiation used to illuminate the plasmonic
substrate.

The methods can further comprise, for example, making the plasmonic substrate by
depositing the plurality of plasmonic particles on a substrate. Depositing the plurality of
plasmonic particles can comprise, for example, printing, lithographic deposition, electron beam
deposition, thermal deposition, spin coating, drop-casting, zone casting, dip coating, blade
coating, spraying, vacuum filtration, or combinations thereof.

The methods can further comprise, for example, making the plasmonic substrate by
thermally annealing a film of a plasmonic metal deposited on a substrate, thereby forming the
plurality of plasmonic particles on the substrate. In some examples, the methods can further

comprise depositing the film of the plasmonic metal on the substrate. The film of plasmonic
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metal can be deposited on the substrate, for example, by thin film processing techniques, such as
sputtering, pulsed layer deposition, molecular beam epitaxy, evaporation, atomic layer
deposition, or combinations thereof. In some examples, the film of the plasmonic metal can have
a thickness of 2 nm or more (e.g., 2.5 nm or more, 3 nm or more, 3.5 nm or more, 4 nm or more,
4.5 nm or more, 5 nm or more, 5.5 nm or more, 6 nm or more, 6.5 nm or more, 7 nm or more,
7.5 nm or more, 8 nm or more, 8.5 nm or more, 9 nm or more, 9.5 nm or more, 10 nm or more,
10.5 nm or more, 11 nm or more, 11.5 nm or more, 12 nm or more, 12.5 nm or more, 13 nm or
more, 13.5 nm or more, 14 nm or more, or 14.5 nm or more). In some examples, the film of the
plasmonic metal can have a thickness of 15 nm or less (e.g., 14.5 nm or less, 14 nm or less, 13.5
nm or less, 13 nm or less, 12.5 nm or less, 12 nm or less, 11.5 nm or less, 11 nm or less, 10.5 nm
or less, 10 nm or less, 9.5 nm or less, 9 nm or less, 8.5 nm or less, 8 nm or less, 7.5 nm or less, 7
nm or less, 6.5 nm or less, 6 nm or less, 5.5 nm or less, 5 nm or less, 4.5 nm or less, 4 nm or less,
3.5 nm or less, 3 nm or less, or 2.5 nm or less). The thickness of the film of the plasmonic metal
can range from any of the minimum values described above to any of the maximum values
described above. For example, the film of the plasmonic metal can have a thickness of from 2
nm to 15 nm (e.g., from 2 nm to 8 nm, from 8 nm to 15 nm, from 2 nm to 5 nm, from 5 nm to 10
nm, from 10 nm to 15 nm, or from 4 nm to 10 nm).

Thermally annealing the film can, for example, comprise heating the film at a
temperature of 400°C or more (e.g., 410°C or more, 420°C or more, 430°C or more, 440°C or
more, 450 °C or more, 460 °C or more, 470 °C or more, 480 °C or more, 490 °C or more, 500°C
or more, 510°C or more, 520 °C or more, 530 °C or more, 540 °C or more, 550 °C or more,
560°C or more, 570°C or more, 580°C or more, or 590 °C or more). In some examples,
thermally annealing the film can comprise heating the film at a temperature of 600 °C or less
(e.g., 590°C or less, 580°C or less, 570°C or less, 560°C or less, 550°C or less, 540°C or less,
530°C or less, 520°C or less, 510°C or less, 500°C or less, 490°C or less, 480°C or less,
470°C or less, 460°C or less, 450°C or less, 440°C or less, 430°C or less, 420°C or less, or
410°C or less). The temperature at which the film is heated during thermal annealing can range
from any of the minimum values described above to any of the maximum values described
above. For example, thermally annealing the film can comprise heating the film at a temperature
of from 400°C to 600°C (e.g., from 400 °C to 500°C, from 500°C to 600°C, from 400°C to
450°C, from 450°C to 500°C, from 500 °C to 550°C, from 550°C to 600°C, from 450°C to
550°C, or from 520° C to 580°C). In some examples, thermally annealing the film can comprise

heating the film at a temperature of 550°C.
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In some examples, the film can be thermally annealed for 1 hour or more (e.g., 1.5 hours
or more, 2 hours or more, 2.5 hours or more, 3 hours or more, 3.5 hours or more, 4 hours or
more, 4.5 hours or more, 5 hours or more, 5.5 hours or more, 6 hours or more, 6.5 hours or more,
7 hours or more, 7.5 hours or more, 8 hours or more, 8.5 hours or more, 9 hours or more, 9.5
hours or more, 10 hours or more, 10.5 hours or more, 11 hours or more, or 11.5 hours or more).
In some examples, the film can be thermally annealed for 12 hours or less (e.g., 11.5 hours or
less, 11 hours or less, 10.5 hours or less, 10 hours or less, 9.5 hours or less, 9 hours or less, 8.5
hours or less, 8 hours or less, 7.5 hours or less, 7 hours or less, 6.5 hours or less, 6 hours or less,
5.5 hours or less, 5 hours or less, 4.5 hours or less, 4 hours or less, 3.5 hours or less, 3 hours or
less, 2.5 hours or less, 2 hours or less, or 1.5 hours or less). The time for which the film can be
thermally annealed can range from any of the minimum values described above to any of the
maximum values described above. For example, the film can be thermally annealed for from 1
hour to 12 hours (e.g., from 1 hour to 6 hours, from 6 hours to 12 hours, from 1 hour to 4 hours,
from 4 hours to 8 hours, from &8 hours to 12 hours, from 1 hour to 10 hours, or from 1 hour to 3
hours). In some examples, the film can be thermally annealed for 2 hours.

The plasmonic substrate can be, for example, in thermal contact with a liquid sample
comprising a plurality of particles. The liquid sample can further comprise, for example, an
aqueous solvent.

The concentration of the plurality of particles in the liquid sample can be, for example,
10 particles/mm? or more (e.g., 2.5 x 10? particles/mm? or more, 5 x 10? particles/mm? or more,
7.5 x 103 particles/mm? or more, 1 x 10* particles/mm? or more, 2.5 x 10* particles/mm? or
more, 5 x 10* particles/mm? or more, 7.5 x 10* particles/mm? or more, 1 x 10° particles/mm? or
more, 2.5 x 103 particles/mm? or more, 5 x 10° particles/mm? or more, 7.5 x 10° particles/mm?>
or more, 1 x 10 particles/mm? or more, 2.5 x 10° particles/mm? or more, 5 x 10° particles/mm?
or more, 7.5 x 10° particles/mm? or more, 1 x 107 particles/mm? or more, 2.5 x 107
particles/mm? or more, 5 x 107 particles/mm? or more, 7.5 x 107 particles/mm? or more, 1 x 10%
particles/mm? or more, 2.5 x 10% particles/mm? or more, 5 x 108 particles/mm? or more, 7.5 X
103 particles/mm? or more, 1 x 10° particles/mm? or more, 2.5 x 10? particles/mm? or more, 5 x
10° particles/mm? or more, or 7.5 x 10° particles/mm? or more).

In some examples, the concentration of the plurality of particles can be 10'°
particles/mm? or less (e.g., 7.5 x 107 particles/mm? or less, 5 x 10° particles/mm? or less, 2.5 x
10° particles/mm? or less, 1 x 10° particles/mm? or less, 7.5 x 10® particles/mm? or less, 5 x 103

particles/mm? or less, 2.5 x 108 particles/mm? or less, 1 x 10® particles/mm? or less, 7.5 x 107
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particles/mm? or less, 5 x 107 particles/mm? or less, 2.5 x 107 particles/mm? or less, 1 x 10’
particles/mm? or less, 7.5 x 10° particles/mm? or less, 5 x 10° particles/mm? or less, 2.5 x 10°
particles/mm? or less, 1 x 10° particles/mm? or less, 7.5 x 10° particles/mm? or less, 5 x 10
particles/mm? or less, 2.5 x 103 particles/mm? or less, 1 x 10° particles/mm? or less, 7.5 x 10*
particles/mm? or less, 5 x 10* particles/mm? or less, 2.5 x 10* particles/mm? or less, 1 x 10*
particles/mm? or less, 7.5 x 10° particles/mm? or less, 5 x 10? particles/mm? or less, or 2.5 x 103
particles/mm? or less).

The concentration of the plurality of particles in the liquid sample can range from any of
the minimum values described above to any of the maximum values described above. For
example, the concentration of the plurality of particles in the liquid sample can be from 10°
particles/mm? to 1010 particles/mm? (e.g., from 103 particles/mm? to 10° particles/mm?, from 10°
particles/mm? to 1010 particles/mm?, from 10? particles/mm? to 10° particles/mm?, from 10°
particles/mm? to 107 particles/mm?, from 107 particles/mm? to 10'° particles/mm?, or from 10*
particles/mm? to 10° particles/mm?).

The plurality of particles in the liquid sample can have, for example, an average particle
size of 4 nm or more (e.g., 5 nm or more, 10 nm or more, 15 nm or more, 20 nm or more, 25 nm
or more, 30 nm or more, 35 nm or more, 40 nm or more, 45 nm or more, 50 nm or more, 75 nm
or more, 100 nm or more, 125 nm or more, 150 nm or more, 175 nm or more, 200 nm or more,
225 nm or more, 250 nm or more, 275 nm or more, 300 nm or more, 325 nm or more, 350 nm or
more, 375 nm or more, 400 nm or more, 425 nm or more, 450 nm or more, 475 nm or more, 500
nm or more, 550 nm or more, 600 nm or more, 650 nm or more, 700 nm or more, 750 nm or
more, 800 nm or more, 850 nm or more, 900 nm or more, 950 nm or more, 1 um or more, 2 um
or more, 3 um or more, 4 um or more, S wm or more, 6 m or more, 7 pwm or more, 8 [m or
more, 9 um or more, 10 um or more, 11 wm or more, 12 um or more, 13 um or more, 14 um or
more, 15 um or more, 16 um or more, 17 um or more, 18 um or more, or 19 um or more).

In some examples, the plurality of particles in the liquid sample can have an average
particle diameter of 20 um or less (e.g., 19 um or less, 18 pm or less, 17 um or less, 16 pm or
less, 15 um or less, 14 um or less, 13 um or less, 12 um or less, 11 wm or less, 10 um or less, 9
pm or less, 8 um or less, 7 pm or less, 6 um or less, 5 um or less, 4 um or less, 3 um or less, 2
um or less, 1 um or less, 950 nm or less, 900 nm or less, 850 nm or less, 800 nm or less, 750 nm
or less, 700 nm or less, 650 nm or less, 600 nm or less, 550 nm or less, 500 nm or less, 475 nm
or less, 450 nm or less, 425 nm or less, 400 nm or less, 375 nm or less, 350 nm or less, 325 nm

or less, 300 nm or less, 275 nm or less, 250 nm or less, 225 nm or less, 200 nm or less, 175 nm
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or less, 150 nm or less, 125 nm or less, 100 nm or less, 75 nm or less, 50 nm or less, 45 nm or
less, 40 nm or less, 35 nm or less, 30 nm or less, 25 nm or less, 20 nm or less, 15 nm or less, 10
nm or less, or 5 nm or less).

The average particle size of the plurality of particles in the liquid sample can range from
any of the minimum values described above to any of the maximum values described above. For
example the plurality of particles in the liquid sample can have an average particle size of from 4
nm to 20 pm (e.g., from 4 nm to 10 um, from 10 pm to 20 pm, from 4 nm to 1 pum, from 1 pm to
10 pm, from 10 pm to 20 um, or from 50 nm to 15 pm).

In some examples, the plurality of particles in the liquid sample can comprise a plurality
of thermoresponsive particles. Examples of thermoresponsive particles include, for example,
polymer particles (e.g., polystyrene particles), polymer capped metal particles, or combinations
thereof. In some examples, the plurality of particles in the liquid sample can comprise a plurality
of polymer capped metal particles, such as a plurality of plasmonic particles, a plurality of
quantum dots (e.g., comprising Cd Se, ZnS, or combinations thereof), or combinations thereof.
In some examples, the plurality of particles in the liquid sample can comprise a plurality of
polystyrene particles having an average particle size of from 60 nm to 10 pum. In some examples,
the plurality of particles can comprise, a plurality of polystyrene spheres, a plurality of silica
spheres, a plurality of quantum dots, a plurality of semiconductor nanowires, a plurality of
biological cells (e.g., E. coli, yeast), or a combination thereof.

The methods can further comprise, for example, generating a bubble at a location in the
liquid sample proximate to the first location of the plasmonic substrate, the bubble having a gas-
liquid interface with the liquid sample. In some examples, the bubble is generated by plasmon-
enhanced photothermal effects. The bubble can have a diameter of 100 nm or more (e.g., 150 nm
or more, 200 nm or more, 250 nm or more, 300 nm or more, 350 nm or more, 400 nm or more,
450 nm or more, 500 nm or more, 650 nm or more, 700 nm or more, 750 nm or more, 800 nm or
more, 850 nm or more, 900 nm or more, 950 nm or more, 1 um or more, 2 um or more, 3 um or
more, 4 um or more, 5 um or more, 6 wm or more, 7 wm or more, 8 um or more, 9 um or more,
10 pm or more, 20 um or more, 30 um or more, 40 um or more, 50 um or more, 60 pm or more,
70 pm or more, 80 um or more, or 90 um or more). In some examples, the bubble can have a
diameter of 100 pm or less (e.g., 90 um or less, 80 pm or less, 70 pm or less, 60 um or less, 50
um or less, 40 pm or less, 30 um or less, 20 um or less, 10 um or less, 9 um or less, 8 pm or less,
7 pm or less, 6 um or less, 5 pm or less, 4 pum or less, 3 um or less, 2 pm or less, 1 um or less,

950 nm or less, 900 nm or less, 850 nm or less, 800 nm or less, 750 nm or less, 700 nm or less,
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650 nm or less, 600 nm or less, 550 nm or less, 500 nm or less, 450 nm or less, 400 nm or less,
350 nm or less, 300 nm or less, 250 nm or less, 200 nm or less, or 150 nm or less).

The diameter of the bubble can range from any of the minimum values described above
to any of the maximum values described above. For example, the bubble can have a diameter of
100 nm or more (e.g., 150 nm or more, 200 nm or more, 250 nm or more, 300 nm or more, 350
nm or more, 400 nm or more, 450 nm or more, 500 nm or more, 550 nm or more, 600 nm or
more, 650 nm or more, 700 nm or more, 750 nm or more, 800 nm or more, 850 nm or more, 900
nm or more, 950 nm or more, 1 pm or more, 2 pm or more, 3 um or more, 4 um or more, 5 um
or more, 6 um or more, 7 um or more, 8 wm or more, 9 um or more, 10 um or more, 15 um or
more, 20 pm or more, 25 um or more, 30 pm or more, 35 um or more, 40 pm or more, or 45 pm
or more). In some examples, the bubble can have a diameter of 50 um or less (e.g., 45 pm or
less, 40 pm or less, 35 um or less, 30 pum or less, 25 pm or less, 20 pm or less, 15 um or less, 10
um or less, 9 um or less, 8 pm or less, 7 um or less, 6 um or less, 5 um or less, 4 pm or less, 3
um or less, 2 um or less, 1 um or less, 950 nm or less, 900 nm or less, 850 nm or less, 800 nm or
less, 750 nm or less, 700 nm or less, 650 nm or less, 600 nm or less, 550 nm or less, 500 nm or
less, 450 nm or less, 400 nm or less, 350 nm or less, 300 nm or less, 250 nm or less, 200 nm or
less, or 150 nm or less). The diameter of the bubble can range from any of the minimum values
described above to any of the maximum values described above. For example, the bubble can
have a diameter of from 100 nm to 50 pm (e.g., from 500 nm to 50 pum, from 100 nm to 25 um,
from 100 nm to 10 pm, from 100 nm to 5 pm, or from 100 nm to 1 um). The diameter of the
bubble can, for example, be controlled by the power density of the electromagnetic radiation
used to illuminate the plasmonic substrate. The diameter of the bubble can be selected in view of
a number of factors. In some examples, the diameter of the bubble can be selected relative to the
average particle size of the plurality of particles in the liquid sample.

The methods can further comprise, for example, trapping at least a portion of the
plurality of particles at the gas-liquid interface of the bubble and the liquid sample. The portion
of the plurality of particles at the gas-liquid interface, for example, by convection, surface
tension, gas pressure, substrate adhesion, or combinations thereof. In some examples, convection
can comprise natural convection, Maragoni convection, or combinations thereof.

The portion of the plurality of particles can be trapped, for example, at a trapping speed
of 10 pm/s or more (e.g., 15 pm/s or more, 20 pm/s or more, 25 um/s or more, 30 um/s or more,
35 um/s or more, 40 um/s or more, 45 pm/s or more, 50 pm/s or more, 55 um/s or more, 60 um/s
or more, 65 um/s or more, 70 um/s or more, 75 um/s or more, 80 um/s or more, 85 um/s or
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more, 90 um/s or more, 95 um/s or more, 100 um/s or more, 125 um/s or more, 150 um/s or
more, 175 um/s or more, 200 um/s or more, 225 um/s or more, 250 um/s or more, 275 um/s or
more, 300 um/s or more, 325 um/s or more, 350 um/s or more, 375 um/s or more, 400 um/s or
more, 425 um/s or more, 450 um/s or more, 475 um/s or more, 500 um/s or more, 525 yum/s or
more, 550 um/s or more, 575 um/s or more, 600 um/s or more, 625 um/s or more, 650 um/s or
more, 675 um/s or more, 700 um/s or more, 725 um/s or more, 750 um/s or more, 775 yum/s or
more, 800 um/s or more, 825 um/s or more, 850 um/s or more, 875 um/s or more, 900 um/s or
more, 925 um/s or more, 950 um/s or more, or 975 um/s or more).

In some examples, the portion of the plurality of particles can be trapped at a trapping
speed of 1000 pum/s or less (e.g., 975 um/s or less, 950 um/s or less, 925 um/s or less, 900 um/s
or less, 875 um/s or less, 850 um/s or less, 825 um/s or less, 800 um/s or less, 775 um/s or less,
750 pum/s or less, 725 pm/s or less, 700 pm/s or less, 675 pm/s or less, 650 pm/s or less, 625
um/s or less, 600 um/s or less, 575 pm/s or less, 550 pm/s or less, 525 pm/s or less, 500 um/s or
less, 475 um/s or less, 450 um/s or less, 425 um/s or less, 400 pm/s or less, 375 pum/s or less, 350
um/s or less, 325 pm/s or less, 300 pm/s or less, 275 pum/s or less, 250 um/s or less, 225 um/s or
less, 200 um/s or less, 175 pm/s or less, 150 pm/s or less, 125 pm/s or less, 100 pm/s or less, 95
pum/s or less, 90 um/s or less, 85 pm/s or less, 80 um/s or less, 75 um/s or less, 70 um/s or less,
65 pm/s or less, 60 um/s or less, 55 pm/s or less, 50 pm/s or less, 45 um/s or less, 40 pm/s or
less, 35 um/s or less, 30 um/s or less, 25 um/s or less, 20 um/s or less, or 15 um/s or less).

The speed at which portion of the plurality of particles are trapped can range from any of
the minimum values described above to any of the maximum values described above. For
example, the portion of the plurality of particles can be trapped at a trapping speed of from 10
um/s to 1000 um/s (e.g., from 5 um/s to 500 um/s, from 500 um/s to 1000 pum/s, from 10 pm/s to
250 um/s, from 250 pm/s to 500 pum/s, from 500 um/s to 750 um/s, from 750 um/s to 1000 um/s,
from 10 pm/s to 100 um/s, or from 15 pm/s to 35 pm/s).

The methods can further comprise, for example, depositing at least a portion of the
plurality of particles on the plasmonic substrate at the first location. In some examples, the
portion of the plurality of particles are not damaged during the deposition. In some examples, the
portion of the plurality of particles deposited is one particle. In other words, also disclosed herein
are methods for single-particle patterning.

In some examples, the portion of the plurality of particles can be deposited in an amount
of time of 1 milliseconds (ms) or more (e.g., 5 ms or more, 10 ms or more, 20 ms or more, 30 ms

or more, 40 ms or more, 50 ms or more, 60 ms or more, 70 ms or more, 80 ms or more, 90 ms or
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more, 100 ms or more, 125 ms or more, 150 ms or more, 175 ms or more, 200 ms or more, 225
ms or more, 250 ms or more, 275 ms or more, 300 ms or more, 325 ms or more, 350 ms or more,
375 ms or more, 400 ms or more, 425 ms or more, 450 ms or more, 475 ms or more, 500 ms or
more, 550 ms or more, 600 ms or more, 650 ms or more, 700 ms or more, 750 ms or more, 800
ms or more, 850 ms or more, 900 ms or more, 950 ms or more, 1 s or more, 1.5 s or more, 2 s or
more, 2.5 s or more, 3 s or more, 3.5 s or more, 4 s or more, or 4.5 s or more).

In some examples, the portion of the plurality of particles can be deposited in an amount
of time of 5 seconds (s) or less (e.g., 4.5 s or less, 4 s or less, 3.5 s or less, 3 s or less, 2.5 s or
less, 2 s or less, 1.5 s or less, 1 s or less, 950 ms or less, 900 ms or less, 850 ms or less, 800 ms or
less, 750 ms or less, 700 ms or less, 650 ms or less, 600 ms or less, 550 ms or less, 500 ms or
less, 475 ms or less, 450 ms or less, 425 ms or less, 400 ms or less, 375 ms or less, 350 ms or
less, 325 ms or less, 300 ms or less, 275 ms or less, 250 ms or less, 225 ms or less, 200 ms or
less, 175 ms or less, 150 ms or less, 125 ms or less, 100 ms or less, 90 ms or less, 80 ms or less,
70 ms or less, 60 ms or less, 50 ms or less, 40 ms or less, 30 ms or less, 20 ms or less, 10 ms or
less, 5 ms or less).

The time in which the portion of the plurality of particles is deposited can range from any
of the minimum values described above to any of the maximum values described above. For
example, the portion of the plurality of particles can be deposited in an amount of time from 1
msto 5s(e.g., from 1 mstols, from1stoSs, from 1 msto 500 ms, from 500 ms to 1 s, from 1
s to 2.5 s, from 2.5 s to 5s, or from 1 ms to 2 s). For example, the portion of the plurality of
particles can be deposited in 2 seconds or less. The time in which the portion of the plurality of
particles can, for example, depend on the average particle size of the plurality of particles in the
liquid sample, the concentration of the plurality of particles in the liquid sample, or combinations
thereof.

In some examples, the portion of the plurality of particles deposited on the substrate are
immobilized on the plasmonic substrate by surface adhesion. In some examples, the plasmonic
substrate can further comprise a ligand and the portion of the plurality of particles deposited on
the substrate are immobilized on the plasmonic substrate by electrostatic attraction and/or
chemical recognition with the ligand (e.g., surface functionalization of the plasmonic substrate
for particle immobilization).

In some examples, an additional layer is present between the plasmonic substrate and the
liquid sample, the additional layer being in thermal contact with the plasmonic substrate and the

liquid sample, such that the plurality of particles are deposited on the additional layer. The
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additional layer can, for example, comprise a two-dimensional atomic layer material, such as
MoS:2, WSe», MoTes, WS», hexagonal BN, graphene, or combinations thereof.

The methods can further comprise, for example, illuminating a second location of the
plasmonic substrate to deposit another portion of the plurality of particles at the second location.
As used herein, “a second location” and “the second location™ are meant to include any number
of locations in any arrangement on the plasmonic substrate. Thus, for example “a second
location” includes one or more second locations. In some embodiments, the second location can
comprise a plurality of locations. In some embodiments, the second location can comprise a
plurality of locations arranged in an ordered array. In some examples, the plasmonic substrate
and/or the light source can be translocated to illuminate the second location.

Also disclosed herein are patterned substrate made using the methods described herein.
Also disclosed herein are methods of use of patterned substrates made using the methods
described herein, for example using the patterned substrates for single-particle sensing, single-
cell analysis, tissue engineering, functional optical devices, or combinations thereof.

Also disclosed herein are systems for performing the methods described herein.
Referring now to Figure 1, the systems 100 can comprise a plasmonic substrate 102 in thermal
contact with a liquid sample 104 comprising a plurality of particles 106; and a light source 108
configured to illuminate the plasmonic substrate at a first location 110. In some examples, the
system 100 can include a single light source 108. In other examples, more than one light source
108 can be included in the system 100.

In some examples, the systems can further comprise a means for translocating the
plasmonic substrate and/or the light source.

Referring now to Figure 2, the system 110 can, in some examples, further comprise an
instrument 112 configured to capture an electromagnetic signal from the plasmonic substrate
102.

In some examples, the system 110 can further comprise a first lens 114. In some
examples, the system 110 can further comprise a second lens 116. The lenses may independently
be any type of lens, such as a simple lens, a compound lens, a spherical lens, a toric lens, a
biconvex lens, a plano-convex lens, a plano-concave lens, a negative meniscus lens, a positive
meniscus lens, a biconcave lens, a converging lens, a diverging lens, a cylindrical lens, a Fresnel

lens, a lenticular lens, or a gradient index lens.
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Referring now to Figure 3, in some examples, the system 110 can be configured such that
the light source 108 is below the first lens 114 and the plasmonic substrate 102 is above the first
lens 114.

Referring now to Figure 4, in some examples, the system 110 is aligned such that the
light source 108 is below the first lens 114, the plasmonic substrate 102 is above the first lens
114, the second lens 116 is above the plasmonic substrate 102, and the instrument 112 is above
the second lens 116.

In some example, the systems 110 can further comprise a computing device 118
configured to receive and process electromagnetic signals from the instrument 112, for example
as shown in Figure 5.

Figure 6 illustrates an example computing device 118 upon which examples disclosed
herein may be implemented. The computing device 118 can include a bus or other
communication mechanism for communicating information among various components of the
computing device 118. In its most basic configuration, computing device 118 typically includes
at least one processing unit 120 (a processor) and system memory 122. Depending on the exact
configuration and type of computing device, system memory 122 may be volatile (such as
random access memory (RAM)), non-volatile (such as read-only memory (ROM), flash
memory, etc.), or some combination of the two. This most basic configuration is illustrated in
Figure 6 by a dashed line 124. The processing unit 120 may be a standard programmable
processor that performs arithmetic and logic operations necessary for operation of the computing
device 118.

The computing device 118 can have additional features/functionality. For example,
computing device 118 may include additional storage such as removable storage 126 and non-
removable storage 128 including, but not limited to, magnetic or optical disks or tapes. The
computing device 118 can also contain network connection(s) 134 that allow the device to
communicate with other devices. The computing device 118 can also have input device(s) 132
such as a keyboard, mouse, touch screen, antenna or other systems configured to communicate
with the camera in the system described above, etc. Output device(s) 130 such as a display,
speakers, printer, etc. may also be included. The additional devices can be connected to the bus
in order to facilitate communication of data among the components of the computing device 118.

The processing unit 120 can be configured to execute program code encoded in tangible,
computer-readable media. Computer-readable media refers to any media that is capable of

providing data that causes the computing device 118 (i.e., a machine) to operate in a particular

28



10

15

20

25

30

WO 2017/106145 PCT/US2016/066291

fashion. Various computer-readable media can be utilized to provide instructions to the
processing unit 120 for execution. Common forms of computer-readable media include, for
example, magnetic media, optical media, physical media, memory chips or cartridges, a carrier
wave, or any other medium from which a computer can read. Example computer-readable media
can include, but is not limited to, volatile media, non-volatile media and transmission media.
Volatile and non-volatile media can be implemented in any method or technology for storage of
information such as computer readable instructions, data structures, program modules or other
data and common forms are discussed in detail below. Transmission media can include coaxial
cables, copper wires and/or fiber optic cables, as well as acoustic or light waves, such as those
generated during radio-wave and infra-red data communication. Example tangible, computer-
readable recording media include, but are not limited to, an integrated circuit (e.g., field-
programmable gate array or application-specific IC), a hard disk, an optical disk, a magneto-
optical disk, a floppy disk, a magnetic tape, a holographic storage medium, a solid-state device,
RAM, ROM, electrically erasable program read-only memory (EEPROM), flash memory or
other memory technology, CD-ROM, digital versatile disks (DVD) or other optical storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices.

In an example implementation, the processing unit 120 can execute program code stored
in the system memory 122. For example, the bus can carry data to the system memory 122, from
which the processing unit 120 receives and executes instructions. The data received by the
system memory 122 can optionally be stored on the removable storage 126 or the non-removable
storage 128 before or after execution by the processing unit 120.

The computing device 118 typically includes a variety of computer-readable media.
Computer-readable media can be any available media that can be accessed by device 118 and
includes both volatile and non-volatile media, removable and non-removable media. Computer
storage media include volatile and non-volatile, and removable and non-removable media
implemented in any method or technology for storage of information such as computer readable
instructions, data structures, program modules or other data. System memory 122, removable
storage 126, and non-removable storage 128 are all examples of computer storage media.
Computer storage media include, but are not limited to, RAM, ROM, electrically erasable
program read-only memory (EEPROM), flash memory or other memory technology, CD-ROM,
digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic tape,

magnetic disk storage or other magnetic storage devices, or any other medium which can be used
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to store the desired information and which can be accessed by computing device 118. Any such
computer storage media can be part of computing device 118.

It should be understood that the various techniques described herein can be implemented
in connection with hardware or software or, where appropriate, with a combination thereof.
Thus, the methods, systems, and associated signal processing of the presently disclosed subject
matter, or certain aspects or portions thereof, can take the form of program code (i.e.,
instructions) embodied in tangible media, such as floppy diskettes, CD-ROMs, hard drives, or
any other machine-readable storage medium wherein, when the program code is loaded into and
executed by a machine, such as a computing device, the machine becomes an apparatus for
practicing the presently disclosed subject matter. In the case of program code execution on
programmable computers, the computing device generally includes a processor, a storage
medium readable by the processor (including volatile and non-volatile memory and/or storage
elements), at least one input device, and at least one output device. One or more programs can
implement or utilize the processes described in connection with the presently disclosed subject
matter, e.g., through the use of an application programming interface (API), reusable controls, or
the like. Such programs can be implemented in a high level procedural or object-oriented
programming language to communicate with a computer system. However, the program(s) can
be implemented in assembly or machine language, if desired. In any case, the language can be a
compiled or interpreted language and it may be combined with hardware implementations.

In certain examples, system memory 122 comprises computer-executable instructions
stored thereon that, when executed by the processor 120, cause the processor 120 to receive an
electromagnetic signal from the instrument 112, process the electromagnetic signal to obtain a
characteristic of the plasmonic substrate 102; and output the characteristic of the plasmonic
substrate 102.

The analysis of signals captured by the instrument can be carried out in whole or in part
on one or more computing device. For example, the system may comprise one or more
additional computing device.

The instrument can comprise, for example, a camera, an optical microscope, an electron
microscope, a spectrometer, or combinations thereof. Examples of spectrometers include, but are
not limited to, Raman spectrometers, UV-vis absorption spectrometers, IR absorption
spectrometers, fluorescence spectrometers, and combinations thereof.

In some examples, the electromagnetic signal received by the processor from the

instrument can comprise an image, a spectrum (e.g., Raman, UV-vis, IR, fluorescence), a
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micrograph, or combinations thereof. The characteristic of the plasmonic substrate can
comprise, for example, the presence, location, size, shape, and/or quantity of a portion of the
plurality of particles deposited thereon; the presence, location, composition, size, shape, and/or
quantity of plasmonic particles comprising the plasmonic substrate; or combinations thereof. In
some examples, the characteristic of the plasmonic substrate can be monitored over time, for
example, to identify the effect of depositing the portion of the plurality of particles on the
plasmonic substrate.

A number of embodiments of the invention have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and scope
of the invention. Accordingly, other embodiments are within the scope of the following claims.

The examples below are intended to further illustrate certain aspects of the systems and

methods described herein, and are not intended to limit the scope of the claims.

EXAMPLES

The following examples are set forth below to illustrate the methods and results
according to the disclosed subject matter. These examples are not intended to be inclusive of all
aspects of the subject matter disclosed herein, but rather to illustrate representative methods and
results. These examples are not intended to exclude equivalents and variations of the present
invention which are apparent to one skilled in the art.

Efforts have been made to ensure accuracy with respect to numbers (e.g., amounts,
temperature, etc.) but some errors and deviations should be accounted for. Unless indicated
otherwise, parts are parts by weight, temperature is in °C or is at ambient temperature, and
pressure is at or near atmospheric. There are numerous variations and combinations of
measurement conditions, e.g., component concentrations, temperatures, pressures and other

measurement ranges and conditions that can be used to optimize the described process.

Example 1

Herein, a new method referred to as “bubble-pen lithography” is discussed (shown
schematically in Figure 7). The bubble-pen lithography methods can optically write arbitrary
patterns of colloidal particles on the substrates. In bubble-pen lithography, an optically
controlled microbubble is generated to capture and immobilize colloidal particles on plasmonic
substrates through the coordinated actions of Marangoni convection, surface tension, gas

pressure, and/or substrate adhesion in the substrate-bubble-solution system. The irradiation of a

31



10

15

20

25

30

WO 2017/106145 PCT/US2016/066291

plasmonic substrate with a focused laser beam at the plasmon resonance wavelength generates a
microbubble at the substrate-solution interface. Due to plasmon-enhanced photothermal effects,
bubbles of variable sizes can be generated at reduced power. Bubble-pen lithography can
generate bubbles 1 um or less in diameter, which are much smaller than the microbubbles
(diameter in the range of 50-100 pm) commonly used in microfluidic devices for manipulation
of particles (Hu W et al. Lab Chip 2012, 12, 3821-3826; Hashmi A et al. Lab Chip 2012, 12,
4216-4227; Zhao C et al. Lab Chip 2014, 14, 384-391).

Figure 8 illustrates the experimental setup for bubble-pen lithography. A laser beam is
focused onto the plasmonic substrate by a high-magnification objective from the bottom of the
sample. An optical microscope with a white light source, objectives, and a CCD is integrated
into the system for real-time monitoring of the patterning process. Colloidal particles suspended
in deionized (DI) water were sandwiched between a plasmonic substrate and a cover slip with a
120 pm spacer. As illustrated in Figure 9 (and Figure 7), a microbubble is generated on the
plasmonic substrate upon irradiation with a laser beam 2 micrometer in diameter due to water
vaporization from plasmon-enhanced photothermal effects (Fang Z et al. Nano Lett. 2013, 13,
1736-1742; Neumann O et al. ACS Nano 2013, 7, 42-49). The colloidal particles are dragged
towards the microbubble, trapped on the bubble/water interface and immobilized on the
substrate. Patterns of particles can be created that can be controlled by the formation of bubbles
which in turn can be controlled by the laser beam placement and/or trajectory.

Herein, the plasmonic substrates were comprised of gold nanoislands, which were tuned
so that their plasmon resonance wavelength matched the laser wavelength (532 nm) and so that
the substrates had high nanoparticle density in order to minimize the optical power needed for
bubble generation. To fabricate the gold nanoisland plasmonic substrates, Au films of varying
thickness (e.g., 4 nm, 6.5 nm, 10 nm) were deposited on the glass substrate with thermal
deposition (Denton thermal evaporator) at the base pressure of 9x10°¢ Torr, followed by the
thermal annealing at 550°C for 2 hours. Scanning electron micrographs of the gold nanoisland
plasmonic substrates after annealing are shown in Figure 10, Figure 11, and Figure 12 for gold
nanoisland plasmonic substrates fabricated using Au films with an initial thickness of 4 nm, 6.5
nm, and 10 nm, respectively. It can be seen that as the thickness of the initial film increased, the
density of the nanoislands in the final substrate decreased. The absorption spectra of the gold
nanoislands were taken using the Ocean Optics spectrometer (HR4000CG-UV-NIR), and the

resulting absorption spectra are shown in Figure 13. The plasmonic substrate fabricated using a
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Au film 4 nm thick exhibited the highest nanoisland density and had a plasmon resonance
wavelength that most closely matched the laser wavelength (532 nm).

The typical plasmonic substrate had Au nanoparticles of 20-40 nm in diameter and 5-10
nm in inter-particle distances with the particle density of 1x10!! particles/cm? (Figure 14). 3D
electromagnetic simulations were performed with commercial software (FDTD Solutions,
Lumerical Solutions) to model the electromagnetic properties of the plasmonic substrate. The
geometry of the gold nanoislands was imported from the high-resolution SEM images, which
was defined with a fine mesh size of 1 nm. The optical constants of Au were taken from Johnson
and Christy (Johnson P and Christy R. Phys. Rev. B 1972, 6, 4370-4379), and the refractive
index of the glass substrate is set as 1.52. A broadband plane wave was used to illuminate the
gold nanoislands. Perfectly matched layers were utilized as the boundary conditions for all
directions. The electromagnetic field distributions were recorded at the excitation wavelength of
532 nm, which matches the laser wavelength used in the experiments.

As shown by the simulated electromagnetic field distributions over the SEM image of the
gold nanoislands (Figure 14), the laser irradiation leads to high-density electromagnetic “hot
spots” that arise from the strong near-field coupling between the neighboring Au nanoparticles.
The network of “hot spots™ on the gold nanoislands can allow for spatially continuous generation
of microbubbles for arbitrary patterning. Both simulated and experimental absorption spectra
(Figure 15) reveal that the plasmon resonance peak wavelength of the gold nanoislands matched
the laser wavelength, which can enhance the light absorption and photothermal effects, which
can in turn allow for low-power bubble generation.

In bubble-pen lithography, both natural convection and Marangoni convection can
contribute to the particle trapping at the microbubbles. The former is caused by the temperature
gradient on the plasmonic substrate. The latter is induced by the surface-tension gradient along
the microbubble surface (Figure 16). The convective flow can drag the colloidal particles down
to the plasmonic substrate and the in-plane drag force can drive the particles towards the
microbubble. Trapping can occur when a particle touches the microbubble, as shown in the inset
of Figure 16. The surface tension force F's at the gas/liquid interface leads to an effective drag
force Fp, which attracts the particle towards the microbubble. The pressure inside the
microbubble, which can reach 3.4 bar for the 1 pm bubble (Baffou G et al. J. Phys. Chem. C
2014, 118, 4890-4898), is higher than the pressure in the surrounding water, which can be
treated as atmospheric pressure. Balance is achieved when the ratio between Fp and Fp becomes

1:

33



10

15

20

25

30

WO 2017/106145 PCT/US2016/066291

2@ o
where Rg is the radius of the microbubble, Fp is the force induced by the gas/liquid pressure
difference, R is the radius of the colloidal particles, ¢ is the contact angle between the particle
and the bubble, and f is the half-central angle.

Computational fluid dynamics (CFD) simulations were conducted using a finite-element
solver (COMSOL Multiphysics). For simplicity, a 2D axisymmetric model comprising of glass
substrate, polystyrene beads, stream microbubble, and water was established. The physics
involved included fluid dynamics in laminar flow (water and stream) and conjugate heat transfer
in solids (glass substrate and polystyrene beads) and fluids (water and stream). Three kinds of
couplings were considered in the simulations, including non-isothermal flow multiphysics
coupling, Marangoni effect multiphysics coupling, and gravity, which introduces buoyant force.
The boundary conditions considered for the heat transfer composed a boundary heat source at
the glass/stream bubble interface (to model the laser heating) and room temperature for other
boundaries. For the laminar flow physics, the water/stream bubble interface was set as a slip
interior wall while the other boundaries were set as non-slip walls.

Computational fluid dynamics (CFD) simulations were used to obtain the temperature
distribution around a 1 pm bubble (Figure 17) when the substrate was illuminated by a focused
laser beam with a diameter of 2 pum (Figure 18) and power density of 0.56 mW/um? (measured
at the focus point of the objective). The resultant bottom-to-top temperature difference of ~60°C
can create a surface tension gradient along the bubble surface. The flow velocity distribution
around the 1 pm bubble is displayed in Figure 19, with a maximum flow velocity of ~0.3 m/s at
the gas/liquid interface. The flow velocity decreases when the distance from the microbubble is
increased. It ranges from 1 to 100 um/s at the distances of 15-5 pm. Due to the convective flow,
the particles are dragged towards the microbubble according to Stokes’ law:

F; = 6muRv(R) 2)
where u is the dynamic viscosity of the solution and v(R) is the flow velocity of solvent relative
to the particles, which is also dependent on R. As shown in Figure 19, the mass center of the
larger particles is farther away from the substrate surfaces, causing the larger particles to
experience a different flow velocity than the smaller particles. At a constant mass density, the
acceleration of the particles is estimated according to Equation 3.

a < uR~?v(R) (3

Similarly, Figure 20 and Figure 21 shows the computational fluid dynamics simulations

of the temperature distribution and flow velocity for a 3 um bubble, respectively.
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The particle-trapping speed was measured by recording the time-resolved trapping
processes of single polystyrene beads with diameters of 540 nm, 0.96 pm, and 5.31 pm, with the
time-resolved trapping process shown in Figure 22, Figure 23, and Figure 24 , respectively
(polystyrene beads with sizes of 60 nm (1 wt.%), 540 nm (9.83 wt.%), 0.96 um (10 wt.%), 5.31
pm (9.6 wt.%) and 9.51 pum (10.08 wt.%) were ordered from Bangs Laboratories, Inc.). A
traveling distance of ~20 pm was used to estimate the average trapping speed. The 5.31 pm
polystyrene bead exhibited a speed of 18.1 pm/s. The drag force and trapping speed can depend
on the distance between the particle and the microbubble. There is an increase of the trapping
speed when the particle approaches the microbubble (Figure 24), indicating that the relative
velocity v dominates the trapping process. In addition, the smaller polystyrene beads experience
higher trapping speed (27.5 um/s for the 0.96 um polystyrene and 31.1 pm/s for the 540 nm
polystyrene, respectively).

Plasmon-enhanced photothermal effects were used to immobilize the bubble-trapped
particles on the substrates for particle patterning as the plasmon-enhanced photothermal effects
can improve the adhesion between the polystyrene beads and the substrate,. Figure 25 shows the
optical micrographs of the variable microbubbles generated under illumination with different
power densities. The smallest bubble, with a diameter of 1 um, was generated at a laser power
density of 0.56 mW/um?. An increase in the optical power density enlarged the bubbles, because
an increased amount of water steam was generated and more air molecules diffused into the
bubbles. As shown in Figure 26 and Figure 27, the 540 nm polystyrene beads can be
immobilized on the substrate by the bubbles, leading to the different patterns. At the lowest
optical power density, three polystyrene beads formed a cluster with a two-dimensional (2D)
configuration. When the power density was increased to 0.97 mW/um?, a larger bubble with a
diameter of >3 pum lead to a three-dimensional (3D) hollow structure of the beads on the
substrate (Figure 28), revealing that the trapped polystyrene beads are aligned along the whole
gas/liquid interface. In addition to the bubble size, the patterns of beads can also depend on the
concentration of the beads in the solution and the laser irradiation time.

Computational fluid dynamics (CFD) simulations were used to gain insight into the
formation mechanism of the 3D hollow structures of polystyrene beads. As illustrated in Figure
29-Figure 31, the convective flow drags the beads towards the bubble/substrate interface and
generates the 3D hollow structure by “bottom-up” layer-by-layer stacking. Such a stacking
process can be enabled as the initially trapped beads at the bubble surface block the Marangoni

stress and modify the convective flow distributions in a way that the convective flow points
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toward the upper part of the bubble. In addition, the trapped beads reduce the surface tension
gradient and thus the flow velocity along the bubble surface. However, a reverse convective flow
occurs when the bubble traps five layers of beads (Figure 31). The reverse flow pushes the free
beads in suspension away from the trapped ones. The velocity around the microbubble is 4-5
orders of magnitude lower than that before the beads are trapped, indicating that the trapping
process stops once the bubble surface is covered with beads. The 3D hollow structures are
generated when the microbubbles are larger than the beads.

Taking advantage of the quasi-continuous gold nanoislands as the plasmonic substrate,
continuous writing of the patterns of colloidal particles on the substrate was achieved by
scanning the laser beam and/or translating the sample stage. For the continuous patterning, the
540 nm polystyrene solution was diluted with DI water (1:1,000, v/v). Figure 32 illustrates the
writing process for a straight line of 540 nm polystyrene beads at a laser power density of 0.56
mW/um?. At the lower power density (top panel of Figure 32), no microbubble was generated.
Still, the optically generated temperature gradient led to natural convection, moving the
polystyrene beads upward at the illuminated area without trapping and immobilization. When the
laser power density was increased to the “critical value”, a microbubble was generated and the
polystyrene beads were collected and immobilized on the illuminated spot (second panel in
Figure 32). During translation of the sample stage, the original microbubbles disappeared,
leaving behind the immobilized beads, and new ones were generated at the new locations to trap
and immobilize beads, leading to patterns of beads that follow the trail of the bubbles (third and
fourth panels in Figure 32).

As an example, “SP” patterns of 540 nm polystyrene beads were written using a 1 pm
microbubble (SEM, Figure 33; dark-field image, Figure 34). Since the size of the polystyrene
beads and the microbubble were comparable (540 nm vs. 1 um), one-layer or two-layer 2D
aggregates are generated due to the limited surface area of the bubbles (Figure 35). Due to the
high trapping and immobilization efficiencies, the microbubble can allow for rapid scanning of
the laser beam and the high-throughput patterning at a large scale.

In another example, Figure 36 shows the 4x4 arrays of polystyrene beads with a diameter
of 60 nm. Since the beads (60 nm) are much smaller than the microbubble, 3D hollow structures
were obtained (Figure 37). Computational fluid dynamics simulations support the formation of
the 3D hollow structures (Figure 38-Figure 41). Moreover, the 3D hollow structure can be
continuously written on the substrate, leading to hollow-ridge patterns of the beads (Figure 42-

Figure 44) (for the continuous patterning, the 60 nm polystyrene solution was diluted with DI
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water at a ratio of 1:10 v/v). Such 3D hollow structures can find applications in omnidirectional
optical devices, wide-angle-view imaging, and microlenses (Raut HK et al. ACS Nano 2015, 9,
1305-1314; Wu D et al. Adv. Opt. Mater. 2014, 2, 751-758; Serra F et al. Adv. Opt. Mater. 2015,
3, 1287-1292).

The bubble-pen lithography resolution based on the current experimental setup was also
evaluated. As shown in Figure 45, the patterning of single polystyrene beads with sizes ranging
from 540 nm to 9.51 pm was achieved. For single-particle patterning, all the particle solutions
were diluted with DI water (1:10,000, v/v). Individual beads were also patterned into “bubble-
pen lithography” (bead diameter: 0.96 um) and “UT” (bead diameter: 5.31 pm) logos (Figure 46
and Figure 47). With the capability of patterning single beads, bubble-pen lithography can be a
useful in single-particle sensing (Liu N et al. Nat. Mater. 2011, 10, 631-636) and single-cell
analysis (Wood DK et al. Proc. Natl. Acad. Sci. 2010, 107, 10008-10013). The resolution of
bubble-pen lithography can be improved by modifying various components of the experimental
setup, for example better imaging and concentration control for nanoparticles below 100 nm.

Bubble-pen lithography can also be used to pattern particles on other surfaces beyond the
plasmonic substrates. For example, arbitrary patterning of the polystyrene beads on a 2D atomic-
layer material was achieved. For this demonstration, MoS; atomic monolayers were grown using
chemical vapor deposition (CVD) and then transferred onto the gold nanoislands substrate
(Figure 48). Briefly, MoOs (15 mg) and sulfur (1 g) powder were loaded in separate alumina
crucibles and heated independently using a heating tape. At a base pressure of <10 mTorr, the
tube was purged with pure N> gas at 200 sccm for 4 cycles. After that, the tube was filled with
N> to 1 atm pressure at 10 sccm. The furnace was heated to 850°C for the growth of MoS: on
Si0; surfaces with a heating rate of 50°C/min. The growth process lasts for 5 min. To transfer
MoS: from SiO: to the gold nanoislands substrate, PMMA was spin-coated on the top of 2D
monolayers. The SiO> was then etched away with sodium hydroxide solution (NaOH, 2 M,
80°C), and the PMMA-supported MoS: was transferred to the gold nanoislands substrate. The
transferred sample was stored in a desiccator and baked at 180°C for 2 min to improve the
adhesion. After the selective removal of PMMA in acetone, MoS» monolayers remain on the
gold nanoislands substrate.

As illustrated in Figure 49, the “MoS>” patterns of individual polystyrene beads with a
diameter of 0.96 um were created on the MoS> monolayer using bubble-pen lithography. In
Figure 50, a photoluminescence (PL) spectrum taken from the patterned area (recorded with a

Witec micro Raman spectrometer Alpha 300 system using a 532 nm laser as excitation source),
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as indicated by the red circle in Figure 49, revealed that there is no damage to the 2D monolayer
during patterning by bubble-pen lithography. The 2D monolayer has a sub-nanoscale thickness
(6.7 A) and a thermal conductivity of 34.5 W/mK (Yan R et al. ACS Nano 2014, 8, 986-993),
which together make it possible to generate microbubbles on top of the 2D monolayer. In
principle, bubble-pen lithography is applicable to a variety of particles and 2D materials. By
synergizing the properties of OD and 2D systems, heterostructures of micro-/nano-particles and
2D materials can exhibit functions useful for different applications. In addition, the particles can
work as masks for further patterning of 2D monolayer through selective etching or deposition of
new materials.

To further demonstrate the versatility of bubble-pen lithography, it was used for arbitrary
patterning of quantum dots, which are much smaller in size than the polystyrene beads. As an
example, CdSe/ZnS core/shell quantum dots with a diameter of 6 nm were used for bubble-pen
lithography. The CdSe/ZnS quantum dots were purchased from Life Technology Inc. (Qdot®
525 streptavidin conjugate). The 6 nm CdSe/ZnS core/shell quantum dots have polymer coating
and biomolecules on the outer shell, leading to a total size of 15-20 nm. The quantum dots were
diluted using DI water (1:30, v/v) for the patterning process

As shown in Figure 51, the “NANO” patterns of the quantum dots were created on the
gold nanoislands substrate. The fluorescence lifetime of the patterned quantum dots was
measured using a time-correlated single-photon counting technique (Figure 52). The
fluorescence lifetime imaging of the quantum dots was performed with time-correlated single-
photon counting, which includes a femtosecond titanium: sapphire laser tuned to 800 nm (~200
fs) (Mira 900, Coherent), galvo scanning mirrors (6215H, Cambridge Tech.), and a GaAsP
photomultiplier tube (PMT) (H7422PA-40, Hamamatsu) in a non-descanned detection scheme.
The output current of the photomultiplier tube was amplified using a preamplifier (HFAC-26,
Becker and Hickl GmbH) prior to reaching the photon counting board (SPC-150, Becker and
Hickl GmbH). Fluorescence lifetimes were recorded with a 20 ps time resolution and a pixel
integration time of 5 ms using an average laser power of 1 mW. Lifetime fitting was performed
with the least squares method using a model of a single exponential decay convolved with a
Gaussian impulse function. The resultant lifetime image was thresholded based on intensity to
remove the background signals from the gold nanoislands substrate. Data points with fewer than
500 photons were removed from the fitting, and the fittings with a %> value less than 2 were

discarded to ensure a high fitting quality.

38



10

15

20

25

30

WO 2017/106145 PCT/US2016/066291

An average fluorescence lifetime of ~120 ps was observed for the patterned quantum
dots, which is much shorter than the 8.1 ns fluoresce lifetime of the original/unpatterned
quantum dots (Figure 53). The reduced lifetime indicates that there are strong plasmon-exciton
interactions within the coupled system comprising the quantum dots and plasmonic substrate
(Hoang TB et al. Nat. Commun. 2015, 6). The plasmon-exciton coupling is further confirmed by
the photoluminescence spectra of the quantum dots (taken using a Witec micro-Raman
spectrometer Alpha 300 with a 488 nm laser as excitation source), which blueshifted from 2.35
to 2.45 eV upon their patterning on the gold nanoislands (Figure 54). With their well-controlled
and highly tailorable nanostructures, the patterned quantum dots on plasmonic substrates can
serve not only as platforms for the fundamental study of plasmon-exciton coupling, but can also
find applications in nanophotonics and optoelectronics, such as in ultrafast light sources.

Current lithography techniques, which employ photon, electron or ion beams to induce
chemical or physical reactions for micro-/nano-fabrication, have remained challenging in
patterning chemically synthesized colloidal particles, which are emerging as building blocks for
functional devices. Herein, a versatile lithography technique known as bubble-pen lithography
for arbitrary patterning of colloidal particles on the solid-state substrates using optically
controlled microbubbles was discussed. Briefly, a single laser beam generates a microbubble at
the interface of colloidal suspension and a plasmonic substrate via plasmon-enhanced
photothermal effects. Through combining experiments and numerical simulations, the
coordinated actions of Marangoni convection, surface tension, gas pressure, and substrate
adhesion were shown to contribute to the trapping and immobilization of particles in bubble-pen
lithography. With the plasmon-enhanced photothermal effects on the plasmonic substrates,
bubble-pen lithography can operate efficiently in a continuous-scanning mode and at low laser
power. The versatility of bubble-pen lithography is reflected in its capability of writing arbitrary
patterns of single and clusters of particles in 2D or 3D configurations and in its applicability to
various colloidal particles and substrates beyond plasmonic nanostructures. The tunability of
bubble size, substrate temperature and flow convention in bubble-pen lithography can enrich the
configurations of particles in the patterns. With the low-power operation, arbitrary patterning
and applicability to general colloidal particles, bubble-pen lithography will find a wide range of
applications in microelectronics, nanophotonics, and nanomedicine.

The studies discussed herein exploited photothermal effects for the immobilization of
particles on the substrates, which is applicable to thermoresponsive particles like polystyrene

beads and CdSe/ZnS quantum dots with polymer coatings. Surface-functionalization methods
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can be employed to enhance the substrate-particle interactions for the immobilization of a wider
range of particles, including electrostatic attraction and chemical recognition. Besides serving as
a platform for fundamental research on colloidal nanoscience, the patterned particles on gold
nanoislands substrates can be used as-prepared or transferred to different substrates for
functional device applications. For the former, the plasmonic effects can be exploited to enhance
the performance of the particles such as the shortened fluorescence lifetime of quantum dots on
the gold nanoislands substrates. The capability of patterning colloidal particles on 2D materials
opens up new opportunities for new functional hybrid materials and devices that benefit from the

synergistic integration of 0D and 2D materials.

Example 2

Semiconductor nanomaterials exhibit strong quantum confinement effects at sizes below
the Bohr radius; semiconductor materials at these sizes are also known as quantum dots (QDs).
The high crystal quality and precisely controllable size contribute to the tunable absorption and
emission wavelength, narrow emission bandwidth, high quantum efficiency, and stability of
quantum dots. The capability of bulk solution phase synthesis of quantum dots in both aqueous
and non-aqueous solvents further enhances their applicability (Yin YD and Talapin D. Chem Soc
Rev, 2013, 42, 2484-2487; Yu WW and Peng XG. Angew Chem Int Edit, 2002, 41, 2368-2371;
Cassette E et al. Adv Drug Deliver Rev, 2013, 65, 719-731). Typical areas of application of
quantum dots include light-emitting devices, information displays, photovoltaics, biosensing,
nanolasers, and photodetectors. The optical performance of quantum dots can be further
enhanced by placing the quantum dots in a high-quality plasmonic cavity, which can
significantly improve the spontaneous emission rate by the Purcell effect and modify the
emission direction by coupling the emitted photon into the directional scattering light (Gu HW et
al. J Am Chem Soc, 2004, 126, 5664-5665). The plasmon-quantum dots hybrid system can be
used, for example, in full-color displays and nanolasers.

However, the translation of quantum dots into real-life applications mentioned above
relies on the capability to pattern or print quantum dots onto a solid-state substrate with
predetermined locations (Lan HB and Ding YC. Nano Today, 2012, 7, 94-123 Galatsis K et al.
Adv Mater, 2010, 22, 769-778). The realization of applications in photonics and biotechnology
are dependent on structures patterning of quantum dots. To this end, considerable efforts have
been put into investigating various methods of quantum dot printing, with the major approaches

including Langmuir-Blodgett (LB) printing, micro-transfer printing, gravure printing, inkjet
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printing, and electrohydrodynamic jet (E-Jet) printing. The mask-based approaches (Langmuir-
Blodgett and transfer printing) can achieve high-resolution, reaching up to single quantum dot
patterning capability. But, their reliance of mask fabrication and multi-step processing limit their
wide-spread applicability. In contrast, ink/nozzle-based printing techniques (Inkjet and E-Jet) are
direct-writing approaches which circumvent the reliance on a mask, thereby reducing the
overhead cost considerably. Considerable advancements have been made to integrate these
technologies with flexible substrates and achieve roll-to-roll printing (Angmo D et al. Adv
Energy Mater, 2013, 3, 172-175). However, manufacturing complex structures at sub
micrometer resolution has been challenging due to the spreading of the ink upon exposure to the
substrate and post-processing time for the inks to dry. In addition to the technological
capabilities, extension of a technique with haptic integration offers a complete experience with
maximal flexibility. Therefore, developing a broadly applicable high-resolution, precise and
intricate printing technique is needed for the widespread applications of the semiconductor
quantum dots.

Herein, a microbubble is used to capture and print quantum dots in their native
environment, with this method being referred to herein as bubble printing (BP). By generating
and translating opto-thermally generated mesobubbles (bubbles with diameter < 1 pm) on a
plasmonic substrate, the suspended quantum dots can be rapidly delivered towards the air-liquid
interface of the mesobubble by Marangoni convection and the quantum dots can be immobilize
with precise site control. This technique circumvents a major technical challenge regarding the
development of a versatile printing technique with resolution below 1 pm, which is challenging
using traditional printing techniques, with typical metrics remaining above 5 pm (Figure 55)
(Bao B et al. Small, 2015, 11, 1649-1654). In accordance with major patterning techniques,
bubble printing offers versatility of achieving complex morphologies with low material waste,
high throughput (maximum scanning rate of ~10-> m/s), high resolution (~650 nm) and real-time
configurable patterning. To demonstrate the versatility of bubble printing, haptic interfacing was
achieved via a smartphone device, with any arbitrary hand drawn pattern replicated at the
microscale. Further, by controlling the optical power, tunable color emission and fluorescence
lifetime of the printed quantum dots is possible. The bubble printing method also enables the
patterning of quantum dots on flexible substrates. With the high-resolution, high throughput,
real-time reconfigurable operation, and tunability of emission color and fluorescence lifetime,
bubble printing can further exploit the application of semiconductor quantum dots in

nanoelectronics and nanophotonics.
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In general, the water-soluble QDs used here were synthesized applying a previously
reported method (Yu WW et al. J Am Chem Soc. 2007, 129, 2871-2879). Quantum dots (QDs)
with core/shell structures were synthesized based on the literature, but the CdS shell growth
temperature was adjusted to 180°C (CdSe as the core) (Li 1J et al. J Am Chem Soc. 2003, 125,
12567-12575). These core/shell structured quantum dots were then purified and stored in
chloroform. Quantum dot concentrations were determined using the available extinction
coefficients (Yu WW et al. Chem Mater. 2003, 15, 2854-2860; Yu WW et al. Chem Mater 2004,
16, 560).

Poly(maleic anhydride-alt-1-octadecene) (PMAQ, M, = 30000-50000, Aldrich) reacted
with an amino poly(ethylene glycol) methyl ether (mPEG-NH2, MW 6000) in chloroform
overnight (room temperature) to form an amphiphilic polymer (PMAO-PEG) (molar ratio of
PMAO:PEG was 1:10).

The quantum dots and PMAO-PEG were mixed in chloroform and stirred for one hour
(room temperature) (molar ratio of quantum dot:PMAO-PEG was 1:10). After that, water was
added in with the same volume of the chloroform solution; chloroform was gradually removed
by rotary evaporation at room temperature, and resulted in clear and colored solution of water-
soluble quantum dots. An ultracentrifuge (Beckman Coulter Optima L-80XP) was used to
further concentrate and purify (remove excess amphiphilic polymer) the materials (typically at
200,000 ~ 300,000 g for 1 - 2 hours).

A gold nanoisland (AuNI) substrate was fabricated by depositing a 4 nm Au film over a
glass substrate using thermal deposition (Denton Thermal evaporator) using a base pressure of 9
x 1076 torr. The sample was subsequently annealed at 550°C for 2 hours. Scanning electron
microscopy (SEM) images of the gold nanoisland film are shown in Figure 56 and Figure 57,
which were obtained using the FEI Quanta 650 ESEM. For patterning over a flexible substrate,
a polyethylene terephthalate (PET) film was initially attached over a glass slide, and a 4 nm Au
film was deposited using similar parameters as stated above. The substrate was used for bubble
printing directly without the annealing process.

The bubble printing (BP) process was performed by a combination of the stage
translation and shutter activation/deactivation. The printing process is monitored in real-time
through a charge coupled device (CCD), and illuminated with a white-light source from the top.
A prior proscan scientific stage with an x-y resolution of 14 nm was used, along with a
motorized flipper (ThorLabs MFF102) which acted as a shutter. The response time of the flipper

is 500 ms. The stage and shutter are integrated along with the optical path and are synchronously
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controlled with a custom written LabView code. The code also controls the stage speed and wait
times can be controlled. The stage moves along predetermined coordinates along with an on/off
status of the shutter for each (x, y) location. A matlab script is used for obtaining the coordinates
and the shutter status from a stencil of the desired pattern.

Figure 58 shows the schematic of optical setup for bubble printing. The aqueous
quantum dot solution is confined between a plasmonic substrate comprising gold nanoparticles
(AuNP) and a glass coverslip with a 500 um thick spacer. Upon irradiation of a focused
continuous wave (CW) laser beam (532 nm) through a high magnification objective, the gold
nanoparticles excited on resonance reemit the energy via nonradiative Landau damping, which
results in an elevated temperature over the nanoparticle surface (Figure 59) (Neumann O et al.
Acs Nano, 2013, 7, 42-49; Fang ZY et al. Nano Lett, 2013, 13, 1736-1742). This plasmon-
enhanced photothermal heating causes the overheating and evaporation of surrounding water
molecules and leads to the formation of the mesobubble, whose diameter can be controlled from
sub-micron to micron regimes by tuning the optical power of the incident laser (Lin LH et al.
Nano Lett, 2016, 16, 701-708). The temperature gradient along the bubble surface causes the
Marangoni convection and therefore the suction of quantum dots towards the bubble surface by
convective drag force, followed by trapping at the bubble/liquid interface with a force balance of
the gas/liquid pressure difference, the drag force and the surface tension. The quantum dots are
eventually immobilized on the substrate by the Van der Waals interaction between the quantum
dots and the plasmonic substrate and the thermal heating. When the bubble is translated over the
gold nanoisland substrate via deflection (movement of laser) or displacement (stage movement)
techniques, the quantum dots are patterned along the path traversed (Figure 60). Herein,
immobilization is achieved via stage translation as it provides large-area patterning capabilities
in addition to versatile patterning and high bubble stability.

Since the bubble is created based on the plasmon-enhanced optothemal heating of the
plasmonic gold nanoparticles, the uniformity of the gold nanoparticles and their constituent “hot
spots” (Figure 56) ensure the bubble generation at any arbitrary location. It has been shown in
numerous reports that upon focusing a laser in the vicinity of the plasmonic nanoparticles the
temperature can reach up to 100 C (Lin LH et al. Nano Lett, 2016, 16, 701-708; Baffou G et al. J
Phys Chem C, 2014, 118, 4890-4898). Post bubble generation, a constant temperature increase at
each instance is mandated to maintain a consistent size of the bubble generated. In general, the
temperature change can be considered as a combination of increase in temperature of a

nanoparticle (self-contribution due to absorption) and the external contribution from surrounding
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nanoparticles (ATt = ATwp + ATexd). The ratio of self and external components can be estimated
by considering the particle radius (R), inter-particle separation (p), full width-half maximum
(fwhm) of the Gaussian beam (L) as per the following equation (Baffou G et al. Nano, 2013, 7,
6478-6488):

ATy, pz
AT,.. 3LR

For example, a scanning electron microscopy image of the gold nanoisland substrate
shows that the nanoparticles are approximately spherical, and the average nanoparticle radius
and inter-particle distance are 30 nm and 15 nm, respectively. Assuming a conservative value of
500 nm for fwhm, the temperature ratio is found to be 3x107. This implies that the temperature
rise is in the delocalized regime, and is a cumulative effect of particles exposed to the laser. A
random area selection over the gold nanoisland (AuNI) film (Figure 56) establishes the
uniformity of gold nanoparticle distribution in terms of area coverage (¢ = 0.48%). The highly
uniform nanoparticle density along with the delocalized photothermal conversion ensures that a
constant temperature is generated throughout the substrate, thereby ensuring a uniform bubble
size generation capability.

The premise of bubble printing is the translation of the photothermally generated bubble
along pre-set trajectory and the process is governed by the steady state wherein the photothermal
heat on the nanoparticles is counterbalanced by the thermal loss from the bubble to the
surrounding liquid, which is at room temperature. Thermal analysis of plasmonic substrates has
been conducted previously, with results indicated that the thermal energy radially propagates
outwards (Baffou G et al. Acs Nano, 2010, 4, 709-716; Liu XM et al. Sci Rep-Uk, 2015, 5,
18515). Treating the bubble as a sphere, the outward heat flux from the bubble can be estimated

using Fourier’s law:

aq
— = 4mkR?,T

wherein Q is the heat power of the incident laser (J), & is the thermal conductivity of water (Js

'm-'K-1), R is the radius of the bubble, T is the temperature, and 3, T is the temperature gradient

at the edge of the bubble. By assuming 0, T =~ A}TT, where AT is the temperature difference across
the bubble surface (Figure 61), the equation becomes:

99 _ yrkRAT
ar "

With the assumption that temperature difference AT remains the same under similar

illumination conditions, the steady state thermal loss is proportional to R (Lohse D and Zhang
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XH. Rev Mod Phys, 2015, 87, 981-1035). In other words, a smaller bubble can retain the steady
state for a longer period due to lower thermal loss. In addition to the lower heat loss, minimal air
concentration within the bubble aids in maintaining the stability of the mesobubble (bubble
radius < 1 um) as it traverses along the laser path with the shutter open. A highly focused laser
beam and a plasmonic substrate with uniform and high-density gold nanoparticles effectively
reduces the size of the generated bubble for stable bubble printing of quantum dots.

Herein, colloidal CdSe quantum dots encapsulated with an amphiphilic coating and
dispersed in an aqueous medium were used for the bubble printing methods. Various quantum
dots with an emission color in the red, yellow, and green regions were used by adding ~50 pl
droplets of the quantum dots over the gold nanoisland substrate. The mesobubble dissolution
(upon laser closure) time calculation via analysis of the video frames was found to be in the
range of 250-300 ms. Due to the sub-micron bubble size, the concentration of air molecules
within the bubble is limited, and the gas within the bubble is mostly composed of water vapor.
This ensures fast disappearance of the bubble (Figure 62), unlike the situation of air bubbles
which can last from few seconds to hours (Baffou G et al. J Phys Chem C, 2014, 118, 4890-
4898). The quick transition between the on-off state and vice versa of the bubble is necessary for
high-speed patterning.

Precise control over the linewidth of the quantum dot pattern can be an important
parameter for advanced applications. For continuous patterning, the relationship between the
incident laser intensity and the resultant pattern linewidth was examined (Figure 63). With an
increase in the optical power, the resultant bubble size increases owing to a higher amount of
vapor generation. A linear regression line was obtained from the plot of pattern linewidth and the
incident laser power, thus demonstrating the ease of modulating the resultant patterns. The
lowest linewidth of < 700 nm (Figure 64) was observed at an incident power intensity of 0.28
mW/um?, with the upper limit of the linewidth reaching ~3 pm. Further increasing the power
causes the coalescence of adjacent bubbles, thereby creating larger bubbles which have longer
lifetime, and are not suitable for bubble printing. Increasing the power changes the morphology
from scalloped lines to lines with uneven linewidth, eventually leading to individual bubble
geometry. Figure 65 shows a high magnification bright field image of large area rectangles
fabricated via raster scanning and depicts the tunability of the quantum dot pattern density via
varied line spacing (1 pm, 1.5 pm, and 2 pm). Further, by utilizing a step size of 1 pm and wait
time of 500 ms at each step, crowding of the quantum dots at the edge of each bubble can be

achieved. This results in an image resembling individual pixels, with a full width — half max of
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400 nm pixel size as observed under a high-resolution two-photon fluorescence microscope
(Figure 66). A Zeiss LSM 710 microscope with was used for wide-field fluorescence imaging.
Unless mentioned otherwise, the imaging was performed with a 405 nm excitation source and
without any emission filters, with the composite images generated via wavelength dependent
coloring feature within the Zeiss ZEN software.

Following the process parameter optimization, the versatility of bubble printing was
examined. Initially, the quantum dots were patterned along a contour by translation of the stage
post bubble initiation. Figure 67 shows the microscale bubble printing patterning in the shape of
a butterfly using red quantum dots. It is worth noting the head of the butterfly which involves
closely spaced circles ~ 8 um diameter, and is precisely patterned via bubble printing without
any spreading, bubble coalescence or distortions (Figure 67). With rapid dissolution and
generation time of the mesobubble, it is also possible to create complicated and intricate patterns
at high resolution and speed. Figure 68 and Figure 69 show high resolution intricate patterning
of red quantum dots into stencils resembling Charlie Chaplin and Mona Lisa, respectively, with
dimension of 120 pm x 90 pm and 150 um x 90 pm, respectively. The optical activity of the
quantum dots were not significantly affected by the patterning, which is evident from the
fluorescence image in Figure 70 taken under the TRITC channel. A magnified image in Figure
71 demonstrates the defining strength of bubble printing wherein a 1 pm gap between adjacent
structures (eyebrow and eye) can be realized. To alleviate concerns of fluorescence image
saturation, a fluorescence lifetime image (FLIM) of the same region is shown in Figure 72, and it
clearly demonstrates uniform deposition of quantum dots along the pattern.

The fluorescence lifetime imaging of the quantum dots was done via time-correlated
single photon counting (TCSPC), with a femtosecond titanium:sapphire laser tuned to 800 nm
(~200 fs) (Mira 900, Coherent), galvo scanning mirrors (6215H, Cambridge Tech.), and a
GaAsP photomultiplier tube (PMT) (H7422PA-40, Hamamatsu) in nondescanned detection
scheme. The output current of the PMT was amplified using a preamplifier with 2 GHz cutoff
(HFAC- 26, Becker and Hickl GmbH). The amplified pulses from the PMTs were sent to the
TCSPC module (SPC-150, Becker and Hickl GmbH). The objective was a silicone oil
immersion lens with NA of 1.3 (UPLSAPO60X, Olympus). Using an average laser power of 1
mW, fluorescence lifetimes were recorded with a 20 ps time resolution and a pixel integration
time of 5 ms. The lifetime fitting was done with the least-squares method using a model of a
single exponential decay convolved with a Gaussian impulse function. The resultant lifetime

image was threshold-based on intensity to remove the background signals from the gold
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nanoisland substrate. In order to ensure a high fitting quality, data points with less than 500
photons were removed from the fitting, and the fittings with > value less than 2 were discarded.

Further, the capability of bubble printing to fabricate of functional luminescent devices in
the area of anti-counterfeiting technology is demonstrated (Bao B et al. Small, 2015, 11, 1649-
1654). Specifically, the fabrication of a high resolution microscale QR code is desirable for
containing the forging of IC chips (Markman A et al. leee Photonics J, 2014, 6, 6800609). Using
bubble printing, a microscale QR code of 80 um x 80 pm was fabricated with blue emission
(Figure 73). The complicated QR code was achieved by performing a raster scan of the laser in
conjunction with a shutter to determine an on/off state of printing.

Since the patterning process is primarily mediated by Maragoni convection and
subsequent van der Waals interaction, the bubble printing technique can also pattern quantum
dots with different sizes and materials, which is critical for the fabrication of on-chip quantum
dots devices. Specifically, the patterning of quantum dots with varied emission color onto the
plasmonic substrate was demonstrated. The immobilization mechanism remains the same
irrespective of the quantum dots being printed, and utilizes bubbles generated within various
quantum dotes (Figure 74). The image of Mona Lisa with 1 pm line spacing was replicated with
yellow emission and high stage speed (102 m/s), and is shown in Figure 75. Similarly, large area
patterning of Charlie Chaplan and a longhorn are shown in Figure 76 and Figure 77,
respectively. Figure 78 shows the high density bubble printing of quantum dots with emission
ranging from red to blue, revealing the opportunities of full-color display (Kim BH et al. Acs
Nano, 2016, 10, 4920-4925). The right panel in Figure 78 shows the corresponding CIE 1931
coordinates for the patterned quantum dots based on their emission peaks. To verify this concept,
individual red/green/blue quantum dots were regioselectively printed onto a single substrate.
Figure 79 shows the fluorescence image (405 nm excitation) of a map of the United States of
America fabricated along with the states of Texas, California and Pennsylvania printed using
varied emission quantum dots at the micro-scale, with an overall dimension of 120 pm x 200
pum. This is achieved via a multi-step printing process with the desired quantum dot emission
solution present in each step over the plasmonic substrate. The multi-step patterning is aided by
three cross- markers created via bubble printing for alignment, and a rigorous washing step with
isopropyl alcohol and water between each step to remove loosely adsorbed quantum dots on the
substrate. The strong adhesion of the printed quantum dots over the substrates ensures that the

patterned quantum dots are not ejected from the surface. For instance, the quantum dots are not
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transferred even after transfer trials to a very sticky polydimethyl siloxane (PDMS) substrate
(30:1 dilution).

The arbitrary patterning capability of this technique is evidenced by the haptic interfacing
of bubble printing using a smartphone device. A custom built application registers the movement
of a user’s fingers over the screen, and outputs the details for the stage translation and shutter,
which are subsequently imported into the LabView code. The application was built using Java.
The user can draw any arbitrary pattern of choice, with the app registering the coordinates as the
hand traverses along the screen. The data is output as a [n x 3] matrix, with the first two columns
corresponding to the (X, y) coordinates, and the third column provided a 1/0 condition for the
shutter. The last column is decided based on a touch/no-touch event on the app. The output file is
then imported into the LabView code with appropriate scaling factors (~30x) to realize the actual
fabrication. Figure 80 demonstrates haptic interfaced printing of arbitrary hand drawn patterns of
alphabets (with the complete phone screenshot being shown in Figure 81).

In addition to being compatible with rigid substrates, superior printing techniques should
enable fabrication over flexible and bendable plastic films. A thin film of Au (4 nm) was
deposited over a flexible polyethylene terephthalate (PET) film, and utilized directly for bubble
printing. The increase in root mean square (RMS) roughness to 35 nm (Figure 82) is not a major
barrier towards bubble generation, with numerous reports studying bubble generation
considering RMS values above 1 pm as rough surfaces (McHale JP and Garimella SV. Int J
Multiphas Flow, 2010, 36, 249-260). Figure 83 shows the longhorn symbol created via bubble
printing on a PET film using red quantum dots. Further, a magnified bright field image of the
same pattern is shown with the plastic film under bent condition, and it clearly exhibits structural
integrity even in the bent state (Figure 84). Consecutive bend and release steps (20 instances) as
shown in Figure 85 and Figure 86, yielded no significant changes in the structural and emissive
properties. In addition, the printed quantum dots were able to withstand both uniform and non-
uniform bending owing to their high adhesion.

Besides the translation of quantum dots from aqueous solvent onto a solid-state substrate,
surface modification of the patterned quantum dots was achieved simultaneously by controlling
the optical power, which provides rational optimization the of emission properties. By
employing a relatively elevated laser power (above 0.5 mW/um?) and varied stage speed, the
emission of yellow quantum dots were altered to yield blue emission. Figure 87 reveals an
emission blue shift of a square of originally yellow quantum dots (20 x 20 pm?) structures

dependent on the printing parameters. The laser exposure time over quantum dots increases
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along Figure 87, with the blue emission square fabricated at a line spacing of 0.5 pm resulting in
a double exposure due to raster scanning. The continued oxidation also caused the spectrum to
broaden with time (square 4) (Shcherbatyuk GV et al. J App! Phys, 2011, 110, 053518). The
laser exposure time at a given location quadruples from the initial to the final square. The higher
incident laser power in conjunction with longer exposure time results in the photo-induced
oxidation of the patterned quantum dots, which causes a spectral shift to shorter wavelengths
(Kimura J et al. J Phys Chem B, 2004, 108, 13258-13264; Shcherbatyuk GV et al. J Appl Phys,
2011, 110, 053518). The formation of an oxide layer reduces the effective diameter of the
quantum dots, thereby increasing the quantum confinement and, in turn, the bandgap. The
oxidation effect is evident in the spectrum of square 2 wherein a small shoulder starts appearing
at ~525 nm (Figure 88). As shown in Figure 88, the peak wavelength is tuned from 591 nm to
475 nm. The wide range of emission wavelengths obtained via continued oxidation can be
attractive for applications in full-color display and on-chip FRET sensors (Medintz IL et al. Nat
Mater, 2005, 4, 435-446).

In order to investigate the dynamics of the interaction between the quantum dot exciton
and the plasmonic cavity, time-resolved fluorescence measurements were performed to study the
influence on spontaneous emission rate. A femtosecond Ti:Sapphire laser (8§00 nm) was used for
two-photon excitation, of the quantum dots post patterning. The average laser power was 1 mW
corresponding to the relatively low fluence at the focal point of 7 x 10'° w/cm?. Figure 89 shows
the normalized counts from the quantum dot aggregate emission with various patterning
conditions. The shortening of the lifetime upon introduction of quantum dots over gold
nanoislands can be ascribed to the Purcell effect arising from the proximity of quantum dots to
the hot spots in the gold nanoisland film (Hoang TB et al. Nat Commun, 2015, 6, 7788). The
field profile of gold nanoisland film is shown in Figure 57. A three-fold reduction in the average
lifetime to Tap-aun1=2.69 = 0.29 is observed upon bubble printing quantum dots over the gold
nanoislands, which is attributed to a combination of superior adhesion resulting in reduced
quantum dot-gold nanoisland separation, and the mild oxidation phenomenon which can alter the
recombination dynamics (Pietryga JM et al. Chem Rev. 2016, 116(18), 10513-10622). Further,
the influence of the printing conditions over the emission rate of the quantum dot aggregates was
analyzed by performing fluorescence lifetime imaging (FLIM) as per the setup shown in Figure
90. Straight lines of quantum dots were printed with increasing incident laser intensity from 0.29
mW/um? to 0.58 mW/um?2, and the FLIM generated by scanning the laser over the sample area

(Figure 91). Figure 92 shows histogram of the lifetimes obtained from each line fabricated at
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various power intensities along with the Gaussian fit of the lifetime distribution. The lifetime
distribution for each power is statistically significant with ~1000 pixels analyzed for each dataset
(Figure 93). The mean lifetime increases from 2.256 ns at 0.29 mW/um?to 2.836 ns at the
maximum power intensity of 0.58 mW/ um?2. The increase is due to larger separation between
quantum dots and gold nanoislands as power increases, which is evident via the atomic force
microscopy (AFM) and optical profilometry images (Figure 91). The atomic force microscopy
(AFM) images were taken with Park Scientific AFM under the non-contact mode. Further, the
lifetime distribution broadens at higher power owing to higher thickness variations in the
quantum dots printed. The lifetime tunability will find applications as an encoding scheme to
produce distinguishable optical codes and study biological processes.

In conclusion, a quantum dot printing technique, termed bubble printing, was developed
and used to fabricate hybrid plasmonic-quantum dot structures. Bubble stability over a large area
is attributed to the delocalized temperature increase over uniform gold nanoparticles on the gold
nanoisland substrate. Further, vapor bubbles exhibiting fast bubble dissolution times enable an
improved throughput. In contrast to previous printing techniques, bubble printing can achieve
high resolution (< 1 um linewidth), high throughput (>10° pm/s) and low material usage
simultaneously (Figure 55). The printing capabilities were demonstrated for multi-color quantum
dots on both rigid and flexible substrates, along with haptic interfacing. The capability of bubble
printing to modify the quantum dot emission via controlled thermal oxidation, along with
increased emission rate enhancement dependent on the nanoparticle-quantum dot separation
distance, was also demonstrated. High resolution bubble printing can be utilized for fabrication

of ultra-high resolution displays and high-density information storage.

Other advantages which are obvious and which are inherent to the invention will be
evident to one skilled in the art. It will be understood that certain features and sub-combinations
are of utility and may be employed without reference to other features and sub-combinations.
This is contemplated by and is within the scope of the claims. Since many possible embodiments
may be made of the invention without departing from the scope thereof, it is to be understood
that all matter herein set forth or shown in the accompanying drawings is to be interpreted as
illustrative and not in a limiting sense.

The methods of the appended claims are not limited in scope by the specific methods
described herein, which are intended as illustrations of a few aspects of the claims and any

methods that are functionally equivalent are intended to fall within the scope of the claims.
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Various modifications of the methods in addition to those shown and described herein are
intended to fall within the scope of the appended claims. Further, while only certain
representative method steps disclosed herein are specifically described, other combinations of
the method steps also are intended to fall within the scope of the appended claims, even if not
specifically recited. Thus, a combination of steps, elements, components, or constituents may be
explicitly mentioned herein or less, however, other combinations of steps, elements,

components, and constituents are included, even though not explicitly stated.
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CLAIMS

What is claimed is:

1. A method comprising:
illuminating a first location of a plasmonic substrate with electromagnetic
radiation at a power density of 10 mW/um? or less;
wherein the electromagnetic radiation comprises a wavelength that
overlaps with at least a portion of the plasmon resonance
energy of the plasmonic substrate; and
wherein the plasmonic substrate is in thermal contact with a liquid
sample comprising a plurality of particles;
thereby:
generating a bubble at a location in the liquid sample proximate to the
first location of the plasmonic substrate, the bubble having a
gas-liquid interface with the liquid sample;
trapping at least a portion of the plurality of particles at the gas-liquid
interface of the bubble and the liquid sample; and
depositing at least a portion of the plurality of particles on the

plasmonic substrate at the first location.

2. The method of claim 1, wherein the power density of the electromagnetic radiation is 5

mW/um? or less.

3. The method of claim 1 or claim 2, wherein the power density of the electromagnetic

radiation is 1.5 mW/um? or less.

4. The method of any one of claims 1-3, wherein the electromagnetic radiation is provided

by a light source and the light source is an artificial light source.
5. The method of claim 4, wherein the artificial light source comprises a laser.

6. The method of any one of claims 1-5, wherein the plasmonic substrate comprises a

plurality of plasmonic particles.

7. The method of claim 6, wherein the plurality of plasmonic particles comprise a plurality

of metal particles.

8. The method of claim 7, wherein the plurality of metal particles comprise a metal selected
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

from the group consisting of Au, Ag, Pd, Cu, Cr, Al, and combinations thereof.

The method of any one of claims 6-8, wherein the plurality of plasmonic particles have

an average particle size of from 10 nm to 300 nm.

The method of any one of claims 6-9, wherein the plurality of plasmonic particles have

an average particle size of from 20 nm to 40 nm.

The method of any one of claims 6-10, wherein the plurality of plasmonic particles are

substantially spherical in shape.

The method of any one of claims 6-11, wherein each plasmonic particle within the
plurality of plasmonic particles on the substrate is separated from its neighboring

plasmonic particles by an average distance of from 5 nm to 100 nm.

The method of any one of claims 6-12, wherein each plasmonic particle within the
plurality of plasmonic particles on the substrate is separated from its neighboring

plasmonic particles by an average distance of from 5 nm to 10 nm.

The method of any one of claims 6-13, wherein the density of the plurality of plasmonic

particles on the plasmonic substrate is 10!! particles/cm? or less.

The method of any one of claims 6-14, further comprising making the plasmonic

substrate by depositing the plurality of plasmonic particles on a substrate.

The method of claim 15, wherein depositing the plurality of plasmonic particles
comprises printing, lithographic deposition, electron beam deposition, thermal
deposition, spin coating, drop-casting, zone casting, dip coating, blade coating, spraying,

vacuum filtration, or combinations thereof.

The method of any one of claims 6-14, further comprising making the plasmonic
substrate by thermally annealing a film of a plasmonic metal deposited on a substrate,

thereby forming the plurality of plasmonic particles on the substrate.

The method of claim 17, further comprising depositing the film of the plasmonic metal

on the substrate.

The method of claim 17 or claim 18, wherein the film of the plasmonic metal has a

thickness of from 2 nm to 15 nm.
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20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

The method of any one of claims 17-19, wherein the film of the plasmonic metal has a

thickness of from 4 nm to 10 nm.

The method of any one of claims 17-20, wherein thermally annealing the film comprises

heating the film at a temperature of from 400°C to 600°C.

The method of any one of claims 17-21, wherein thermally annealing the film comprises

heating the film at a temperature of 550°C.

The method of any one of claims 17-22, wherein the film is thermally annealed for from

1 hour to 12 hours.

The method of any one of claims 17-23, wherein the film is thermally annealed for 2

hours.

The method of any one of claims 1-24, wherein the concentration of the plurality of

particles in the liquid sample is from 103 particles/mm? to 10'° particles/mm?.

The method of any one of claims 1-25, wherein the plurality of particles have an average

particle size of from 4 nm to 20 pm.

The method of any one of claims 1-26, wherein the plurality of particles in the liquid

sample comprise a plurality of thermoresponsive particles.

The method of claim 27, wherein the plurality of thermoresponsive particles comprise a
plurality of polymer particles, a plurality of polymer capped metal particles, or

combinations thereof.

The method of claim 28, wherein the plurality of polymer capped metal particles
comprise a plurality of plasmonic particles, a plurality of quantum dots, or combinations

thereof.

The method of claim 29, wherein the plurality of quantum dots comprise CdSe, ZnS, or

combinations thereof.

The method of claim 28, wherein the plurality of polymer particles comprise a plurality

of polystyrene particles.

The method of claim 31, wherein the plurality of polystyrene particles have an average

particle size of from 60 nm to 10 um.
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33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

The method of any one of claims 1-32, wherein the plurality of particles comprise a
plurality of polystyrene spheres, a plurality of silica spheres, a plurality of quantum dots,
a plurality of semiconductor nanowires, a plurality of biological cells, or a combination

thereof.

The method of any one of claims 1-33, wherein the portion of the plurality of particles

are trapped at a trapping speed of from 10 pm/s to 1000 pm/s.

The method of any one of claims 1-34, wherein the portion of the plurality of particles

are trapped at a trapping speed of from 15 pm/s to 35 pum/s.

The method of any one of claims 1-35, wherein the portion of the plurality of particles

are not damaged during the deposition.

The method of any one of claims 1-36, wherein the liquid sample further comprises an

aqueous solvent.

The method of any one of claims 1-37, wherein the bubble has a diameter of from 100

nm to 50 pum.

The method of any one of claims 1-38, wherein the bubble has a diameter of 500 nm to

50 pm.

The method of any one of claims 1-38, wherein the bubble has a diameter of from 100

nm to 10 pm.

The method of any one of claims 1-40, wherein the portion of the plurality of particles

deposited is one particle.

The method of any one of claims 1-41, wherein the portion of the plurality of particles is

deposited in an amount of time from 1 milliseconds to 5 seconds.

The method of claim 42, wherein the portion of the plurality of particles is deposited in 2

seconds or less.

The method of any one of claims 1-43, wherein the bubble is generated by plasmon-

enhanced photothermal effects.

The method of any one of claims 1-44, wherein the portion of the plurality of particles
are trapped by convection, surface tension, gas pressure, substrate adhesion, or

combinations thereof.
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46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

The method of claim 45, wherein convection comprises natural convection, Maragoni

convection, or combinations thereof

The method of any one of claims 1-46, wherein the portion of the plurality of particles
deposited on the substrate are immobilized on the plasmonic substrate by surface

adhesion.

The method of any one of claims 1-47, wherein the plasmonic substrate further
comprises a ligand and the portion of the plurality of particles deposited on the substrate
are immobilized on the plasmonic substrate by electrostatic attraction and/or chemical

recognition with the ligand.

The method of any one of claims 1-48, wherein an additional layer is present between the
plasmonic substrate and the liquid sample, the additional layer being in thermal contact
with the plasmonic substrate and the liquid sample, such that the plurality of particles are

deposited on the additional layer.

The method of claim 49, wherein the additional layer comprises a two-dimensional

atomic layer material.

The method of claim 49 or claim 50, wherein the additional layer comprises MoS,,

WSez, MoTe», WS, hexagonal BN, graphene, or combinations thereof.

The method of any one of claims 1-51, further comprising illuminating a second location
of the plasmonic substrate to deposit another portion of the plurality of particles at the

second location.

The method of claim 52, wherein the plasmonic substrate is translocated to illuminate the

second location.

The method of claim 52 or claim 53, wherein the electromagnetic radiation is provided

by a light source, and the light source is translocated to illuminate the second location.
A patterned substrate made using the methods of any one of claims 1-54.

A method of use of the patterned substrate of claim 55, wherein the patterned substrate is
used for single-particle sensing, single-cell analysis, tissue engineering, functional optical

devices, or combinations thereof.

56



WO 2017/106145 PCT/US2016/066291

57.

58.

59.

60.

61.

62.

63.

A system comprising:
a plasmonic substrate in thermal contact with a liquid sample comprising a
plurality of particles; and
a light source configured to illuminate the plasmonic substrate at a first location
with electromagnetic radiation at a power density of 10 mW/um? and at a
wavelength that overlaps with at least a portion of the plasmon resonance
energy of the plasmonic substrate;
thereby:
generating a bubble at a location in the liquid sample
proximate to the first location of the plasmonic
substrate, the bubble having a gas-liquid interface with
the liquid sample;
trapping at least a portion of the plurality of particles at the
gas-liquid interface of the bubble and the liquid sample;
and
depositing at least a portion of the plurality of particles on the

plasmonic substrate at the first location.

The system of claim 57, further comprising an instrument configured to capture an

electromagnetic signal from the plasmonic substrate.
The system of claim 58, further comprising a first lens.

The system of claim 59, wherein the system is configured such that the light source is

below the first lens and the plasmonic substrate is above the first lens.
The system of claim 59 or claim 60, further comprising a second lens.

The system of claim 61, wherein the system is aligned such that the light source is below
the first lens, the plasmonic substrate is above the first lens, the second lens is above the

plasmonic substrate, and the instrument is above the second lens.

The system of any one of claims 58-62, further comprising a computing device
comprising a processor and a memory operably coupled to the processor, the memory
having further computer-executable instructions stored thereon that, when executed by
the processor, cause the processor to:

receive an electromagnetic signal from the instrument
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64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

process the electromagnetic signal to obtain a characteristic of the plasmonic
substrate; and

output the characteristic of the plasmonic substrate.

The system of any one of claims 58-63, wherein the instrument comprises a camera, an

optical microscope, an electron microscope, a spectrometer, or combinations thereof.

The system of claim 64, wherein the spectrometer comprises a Raman spectrometer, a
UV-vis absorption spectrometer, an IR absorption spectrometer, a fluorescence

spectrometer, or combinations thereof.

The system of any one of claims 57-65, wherein the light source comprises an artificial

light source.
The system of claim 66, wherein the artificial light source comprises a laser.

The system of any one of claims 57-67, further comprising a means for translocating the

plasmonic substrate and/or the light source.

The system of any one of claims 57-68, wherein the power density of the electromagnetic

radiation is 5 mW/um? or less.

The system of any one of claims 57-69, wherein the power density of the electromagnetic

radiation is 1.5 mW/um? or less.

The system of any one of claims 57-70, wherein the plasmonic substrate comprises a

plurality of plasmonic particles.

The system of claim 71, wherein the plurality of plasmonic particles comprise a plurality

of metal particles.

The system of claim 72, wherein the plurality of metal particles comprise a metal

selected from the group consisting of Au, Ag, Pd, Cu, Cr, Al, and combinations thereof.

The system of any one of claims 71-73, wherein the plurality of plasmonic particles have

an average particle size of from 10 nm to 300 nm.

The system of any one of claims 71-74, wherein the plurality of plasmonic particles have

an average particle size of from 20 nm to 40 nm.
The system of any one of claims 71-75, wherein the plurality of plasmonic particles are
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7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

substantially spherical in shape.

The system of any one of claims 71-76, wherein each plasmonic particle within the
plurality of plasmonic particles on the substrate is separated from its neighboring

plasmonic particles by an average distance of from 5 nm to 100 nm.

The system of any one of claims 71-77, wherein each plasmonic particle within the
plurality of plasmonic particles on the substrate is separated from its neighboring

plasmonic particles by an average distance of from 5 nm to 10 nm.

The system of any one of claims 71-78, wherein the density of the plurality of plasmonic

particles on the plasmonic substrate is 10'! particles/cm? or less.

The system of any one of claims 57-79, wherein the concentration of the plurality of

particles in the liquid sample is from 10? particles/mm? to 10! particles/mm?>.

The system of any one of claims 57-80, wherein the plurality of particles have an average

particle size of from 4 nm to 20 pm.

The system of any one of claims 57-81, wherein the plurality of particles in the liquid

sample comprise a plurality of thermoresponsive particles.

The system of claim 82, wherein the plurality of thermoresponsive particles comprise a
plurality of polymer particles, a plurality of polymer capped metal particles, or

combinations thereof.

The system of claim 83, wherein the plurality of polymer capped metal particles
comprise a plurality of plasmonic particles, a plurality of quantum dots, or combinations

thereof.

The system of claim 84, wherein the plurality of quantum dots comprise CdSe, ZnS, or

combinations thereof.

The system of claim 83, wherein the plurality of polymer particles comprise a plurality of

polystyrene particles.

The system of claim 86, wherein the plurality of polystyrene particles have an average

particle size of from 60 nm to 10 um.

The system of any one of claims 57-87, wherein the plurality of particles comprise a

plurality of polystyrene spheres, a plurality of silica spheres, a plurality of quantum dots,
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89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

a plurality of semiconductor nanowires, a plurality of biological cells, or a combination

thereof.

The system of any one of claims 57-88, wherein the portion of the plurality of particles

are trapped at a trapping speed of from 10 pm/s to 1000 pm/s.

The system of any one of claims 57-89, wherein the portion of the plurality of particles

are trapped at a trapping speed of from 15 pm/s to 35 pum/s.

The system of any one of claims 57-90, wherein the portion of the plurality of particles

are not damaged during the deposition.

The system of any one of claims 57-91, wherein the liquid sample further comprises an

aqueous solvent.

The system of any one of claims 57-92, wherein the bubble has a diameter of from 100

nm to 50 pum.

The system of any one of claims 57-93, wherein the bubble has a diameter of 500 nm to

50 pm.

The system of any one of claims 57-93, wherein the bubble has a diameter of from 100

nm to 10 pum.

The system of any one of claims 57-95, wherein the portion of the plurality of particles

deposited is one particle.

The system of any one of claims 57-96, wherein the portion of the plurality of particles is

deposited in an amount of time from 1 milliseconds to 5 seconds.

The system of claim 97, wherein the portion of the plurality of particles is deposited in 2

seconds or less.

The system of any one of claims 57-98, wherein the bubble is generated by plasmon-

enhanced photothermal effects.

The system of any one of claims 57-99, wherein the portion of the plurality of particles
are trapped by convection, surface tension, gas pressure, substrate adhesion, or

combinations thereof.
The system of claim 100, wherein convection comprises natural convection, Maragoni
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102.

103.

104.

105.

106.

convection, or combinations thereof

The system of any one of claims 57-101, wherein the portion of the plurality of particles
deposited on the substrate are immobilized on the plasmonic substrate by surface

adhesion.

The system of any one of claims 57-102, wherein the plasmonic substrate further
comprises a ligand and the portion of the plurality of particles deposited on the substrate
are immobilized on the plasmonic substrate by electrostatic attraction and/or chemical

recognition with the ligand.

The system of any one of claims 57-103, wherein an additional layer is present between
the plasmonic substrate and the liquid sample, the additional layer being in thermal
contact with the plasmonic substrate and the liquid sample, such that the plurality of

particles are deposited on the additional layer.

The system of claim 104, wherein the additional layer comprises a two-dimensional

atomic layer material.

The system of claim 104 or claim 105, wherein the additional layer comprises MoSz,

WSez, MoTe», WS, hexagonal BN, graphene, or combinations thereof.
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