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ABSTRACT: We demonstrate an opto-thermomechanical
(OTM) nanoprinting method that allows us not only to additively
print nanostructures with sub-100 nm accuracy but also to correct
printing errors for nanorepairing under ambient conditions.
Different from other existing nanoprinting methods, this method
works when a nanoparticle on the surface of a soft substrate is
illuminated by a continuous-wave (cw) laser beam in a gaseous
environment. The laser heats the nanoparticle and induces a rapid
thermal expansion of the soft substrate. This thermal expansion can
either release a nanoparticle from the soft surface for nanorepairing
or transfer it additively to another surface in the presence of optical
forces for nanoprinting with sub-100 nm accuracy. Details of the
printing mechanism and parameters that affect the printing
accuracy are investigated. This additive OTM nanoprinting

Opto-Thermomechanical Nanoprinting

-150 -100 -50 0

50 100 150
v v (nm

Printing Accuracy

technique paves the way for rapid and affordable additive manufacturing or 3D printing at the nanoscale under ambient conditions.

KEYWORDS: additive manufacturing, nanoprinting, nanorepairing, laser printing, optothermal expansion, optical force

hree-dimensional printing or additive manufacturing,"”
which forms structures by adding materials layer upon
layer, has attracted increasing attention due to its wide range of
applications in various fields such as energy,” batteries,”
structural electronics,™® optoelectronics,7’8 metamaterial,”
robotics,"’ microfluidics,"" healthcare,'” and drug delivery."
Lasers have been widely used in 3D printing for rapid
prototyping at the macro- and microscales due to their
excellent directivity for efficient energy delivery to the targeted
materials. For example, microsized metallic particles can be
selectively melted or sintered by a high-power laser beam to
form complex 3D metal parts.'*~'® However, it is challenging
to directly downsize the existing macro- and microscale 3D
printing techniques for nanoscale printing or nanoprinting.2
Nanoparticles are ideal for serving as the raw materials for
nanoprinting either in a liquid or a gaseous environment' '’
due to their custom-designed large-volume and low-cost
production with unique physical and chemical properties.””*'
Nanoparticles can be attached to each other through
electrostatic or van der Waals forces once they are in contact
with each other. Therefore, 3D nanoprinting at the nanoscales
can be realized by precisely manipulating and assembling
individual nanoparticles to form the final structures.
Template-assisted methods, such as selective surface
patterning”” and capillary assembly,”* have been used for 2D
patterning of nanoparticles but requires multiple steps. Optical
printing based on optical forces has been able to immobilize
individual colloidal nanoparticles onto a substrate, but with
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printing accuracy fundamentally limited by the Brownian
motion of nanoparticles in a liquid environment and also
limited to 2D manufacturing due to thermophoretic force.”* >’
Laser-induced forward/backward transfer (LIFT/LIBT) tech-
niques can be used to print 2D and 3D structures in a gaseous
environment, but pulsed lasers have to be used.’*™*’ The
electrohydrodynamic printing technique has the ability to print
3D nanostructures using nanoparticle solution as ink but lacks
the capability of individual nanoparticle control and requires a
conductive surface to work with.**

Here, we demonstrate an additive opto-thermomechanical
nanoprinting (OTM-NP) technique that has the potential to
overcome the aforementioned limitations for 3D printing on a
nanoscale. The working mechanism and the parameters that
affect the printing accuracy are discussed in detail. The OTM-
NP has the following unique features: (1) both dielectric and
metallic nanoparticles can be printed onto any type of
substrate; (2) printing errors can be corrected; (3) cw laser
is used instead of a pulsed laser; and (4) both nanoprinting
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Figure 1. Mechanism of opto-thermomechanical nanoprinting (OTM-NP) and demonstration of additive nanoprinting. (a) Schematic of OTM-
NP. The inset scale bar represents 150 nm. (b) Three 100 nm AuNPs on a PDMS donor substrate. The AuNP in the red circle will be released
from the donor substrate. (c) The AuNP in the red circle is released from the surface after the laser is turned on (disappeared from the red circle).
(d) The released AuNP is transferred to a receiver substrate, as shown in the blue circle. (e, f) optical and SEM images of additive printing of one,
two, three, and four individual 100 nm AuNPs (from left to right) at the same position on a receiver substrate, respectively. (g) FEM simulation of
temperature distribution and thermal expansion of the PDMS substrate for a 100 nm AuNP under laser illumination. Scale bars represent 500 nm.

and nanorepairing are conducted in the air that can avoid
potential contaminations in a liquid environment.

Figure la schematically shows the OTM-NP process. The
gold nanoparticle solution is first diluted, then drop-casted, and
naturally dried on a donor substrate that consists of a soft, thin
layer of polydimethylsiloxane (PDMS) on a glass coverslip.
Figure S1 shows dispersed gold nanoparticles (AuNPs) on the
donor substrates. A cw laser operating at a 1064 nm
wavelength and an oil-immersion objective to focus the laser
beam were used in this OTM-NP. The details of the optical
setup (Figure S2) are described in the Materials and Methods
section. A targeted 100 nm AuNP, as shown in the red circle of
Figure 1b, is brought to the laser focus by using a
nanopositioning stage, while the laser beam is OFF. The
AuNP is released from the donor substrate when the laser is
turned ON (Figure 1c). The released nanoparticle is eventually
transferred and printed onto a receiver substrate placed very
close to the donor substrate (Figure 1d). Movies S1 and S2
show the details of this transfer process.

Individual AuNPs can be released in sequence and
transferred additively onto a receiver substrate. Figure lef
shows the optical and SEM images of additive printing of one,
two, three, and four individual 100 nm AuNPs (from left to
right) at the same position on a glass substrate. The AuNPs are
printed on top of the prior-printed AuNPs and merged
together to form a larger particle depending on the number of
AuNPs printed. The volumes of the resultant particles are
directly proportional to the number of particles printed on the
same positions of the receiver substrate. The laser intensity of
100 mW/um? was used to release and print the 100 nm
AuNPs in this experiment. It should be noted that it is possible

to control the laser intensity so that the later-printed AuNPs
are printed on top of the prior-printed one rather than merged
together. The inset in Figure la shows such a structure by
additively printing ten individual 150 nm AuNPs. The first
nine AuNPs merge to form a base particle, and the tenth AuNP
lands on top of it.

The OTM-NP involves basic light-matter interaction along
with thermomechanical behaviors of the substrate, particle—
surface interaction, and particle dynamics. Polymer materials
(PDMS in our experiments) are highly flexible and elastic, and
have comparatively large linear thermal expansion coefficients
(32 x 107* °C™" for PDMS), which can provide significant
thermal expansion force near their surface when exposed to a
sudden temperature change due to the laser heating of the
AuNPs, as shown in the finite element method (FEM)
simulation (Figure 1g). The mechanism of OTM-NP is
schematically shown in Figure 2. A metallic nanoparticle
(AuNP in our experiment) attaches to the surface of the donor
substrate (PDMS in our experiments) by van der Waals
attractive force (F,) after it is dried in the air (Figure 2a). The
gravitational force on the AuNP is negligible as it is around 6
orders of magnitude smaller than the van der Waals force.
When the AuNP is illuminated by a focused laser beam, it
absorbs the laser energy and heats the donor substrate beneath
it, which causes rapid thermal expansion of the donor
substrate. The thermal expansion rate of the substrate depends
on the thermal expansion coeflicient of the substrate material
and the applied laser intensity. The rapid thermal expansion of
the PDMS surface applies a thermal expansion force (Frg)
(Figure 2b). The AuNP also experiences an optical axial force
(F,) and an optical gradient force (Fg)**™*” due to the focused

https://dx.doi.org/10.1021/acs.nanolett.0c01261
Nano Lett. XXXX, XXX, XXX—-XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01261/suppl_file/nl0c01261_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01261/suppl_file/nl0c01261_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01261/suppl_file/nl0c01261_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c01261/suppl_file/nl0c01261_si_002.avi
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01261?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01261?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01261?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01261?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01261?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

a Receiver substrate b

Air

" %

$
Fy F
Donor substrate 3

C
Air Fy
Fz Yy
G — <—FG
PAAS
QF;E Fo

Figure 2. Schematic of the OTM-NP process. The arrows indicate the directions of different types of forces acting on the AuNP. (a) AuNP
attaches to the surface of the donor substrate due to the van der Waals attraction force (F,). (b) Thermal expansion force (Fry) is applied to the
AuNP due to the thermal expansion of the soft substrate after the laser is turned on. The focused laser beam also exerts an optical axial force (F,)
and optical gradient force (F) to the AuNP. (c) The AuNP acquires enough momentum, overcomes the van der Waals force, and starts to move
toward the very closely placed (~1 pm gap) receiver substrate in the presence of optical axial force (F,) and optical gradient force (F). The drag
force (Fp) opposes the motion of the AuNP. (d) The direction of the optical axial force flips when the AuNP is a few hundred nanometers away
from the center of the focus. (&) The receiver substrate attracts the AuNP when it reaches close to the receiver substrate. (f) The AuNP reaches the
receiver substrate and printed on it due to van der Waals attraction force.

laser beam. Here, the optical axial force F, is the total force
including the optical scattering force and gradient force in the
laser propagating direction. However, the optical forces are
negligible at the beginning of the process as the van der Waals
force is around 2 orders of magnitude larger than the optical
forces. In the early stage of the surface deformation, the
nanoparticle moves together with the expanding substrate
(Figure 2b). Before reaching a steady state temperature, the
velocity of the nanoparticle continues rising with the increasing
expansion rate of the substrate (Figure S3a,b). Eventually, the
thermal expansion rate of the substrate, as well as the velocity
of the AuNP, reaches their peaks (Figure S3b). Then, the
thermal expansion rate of the substrate starts to decrease,
which reduces the velocity of the AuNP due to the van der
Waals attraction force. However, the AuNP tends to move
upward at a constant velocity due to inertia. As a result, an
inertial force is applied to the AuNP. At a certain point, the
thermal expansion rate of the substrate is low enough
compared to the gained momentum of the AuNP such that
the inertial force exceeds the van der Waals attraction force.
Therefore, the AuNP is released from the donor substrate and
moves upward (Figure S3b, Figure 2c) in the presence of
optical forces.

The AuNP continues moving toward the very closely placed
receiver substrate due to the inertia and the optical axial force
(F,), as illustrated in Figure 2c. The transverse optical gradient
force (F) helps to push the AuNP toward the optical axis and
improves the printing accuracy. The laser is focused a few
hundreds of nanometers above the AuNP. Therefore, the

optical axial force (F,) on the AuNP is first upward, assisting in
the AuNP release process and then changes its direction to
downward (Figure 2c,d). The air drag force (Fp) on the AuNP
always opposes the AuNP motion and slows down the AuNP.
However, the AuNP keeps moving toward the receiver
substrate due to the inertia. The temperature of the AuNP
and the substrate drop after the AuNP is released from the
substrate because the AuNP moves away from the laser focus
as shown in Figure S3a, which causes the shrinking of the
substrate, and the substrate finally returns to its normal state
due to its high elasticity. As the AuNP approaches the receiver
substrate, the van der Waals force between the AuNP and the
receiver substrate becomes significant. Therefore, the AuNP is
attracted toward the receiver substrate (Figure 2e) and finally
printed onto it (Figure 2f).

The AuNP can desorb from a flexible donor substrate but
cannot desorb from a hard substrate, such as a glass substrate
(Figure S4), due to the relatively small linear thermal
expansion coefficient of the glass, 7.6 X 107% C'~.*® Therefore,
the material of the donor substrate plays an important role in
the OTM-NP, and the proper choice of the donor substrate
depends on the optical property of the nanoparticles to be
printed. The following guidelines can be used for the choice of
the donor substrate: (1) If the nanoparticles to be printed are
absorptive to the laser (such as AuNPs), a transparent and
flexible substrate (such as the PDMS) can be used as the donor
substrate, or (2) if the nanoparticles are transparent to the laser
(such as dielectric nanoparticles), an absorptive substrate can
be used as the donor substrate. Figure S5 shows the printing of
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Figure 3. Printing accuracy of OTM-NP. (a) A 10 X 10 array of 100 nm AuNPs printed on a glass substrate. Scale bar represents 1 ym. (b) Scatter
plot of the printing error in the x—y plane. (c) «, y, and radial (r) cumulative distribution function of the printing error.
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Figure 4. (3, b) FEM simulation of the temperature distribution and thermal expansion of a PDMS substrate. (a) Effect of inhomogeneity of the
donor substrate. (b) Effect of the particle shape. Scale bars represent 500 nm. (c—e) Optical force on a AuNP. Optical forces are calculated at a
laser power of 55, 26, and 7 mW as that applied on 100, 150, and 200 nm AuNPs in the experiment, respectively. Here, the origin of the coordinate
(x =0,y =0, x = 0) is the center of laser focus, and the z-axis (x = 0, y = 0) is the optical axis. (c) Optical axial force on 100, 150, and 200 nm
AuNPs. The axial force is positive, at its maximum, below the center of focus. The inset shows the schematic of optical forces. (d) Optical gradient
force on a 100 nm AuNP at the focal plane (xy-plane at z = 0) and 500 nm away from the focal plane (xy-plane at z = 500 nm). (e) The maximum
value of the gradient force on 100, 150 and 200 nm AuNPs at different xy-planes (z). (f) The van der Waals attractive force on 100, 150, and 200

nm AuNPs.
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dielectric silica (SiO,) nanoparticles from an indium tin oxide
(ITO)-coated polyethylene terephthalate (PET) donor sub-
strate. Here, ITO absorbs the laser energy and causes thermal
expansion of PET.

A similar technique, blister-based laser-induced forward
transfer (BB-LIFT), has been demonstrated to release particles
or liquid ink from an absorbing/metal film by using pulsed
lasers as a result of thermal expansion/deformation of the
substrate.”*~*' However, the OTM-NP has the following
different features compared to the BB-LIFT: (1) A fs or ns
pulsed laser is used in the BB-LIFT method, while a continues-
wave (cw) laser is used in the OTM-NP. (2) An absorptive/
metal film is used in the BB-LIFT, while a transparent soft
substrate (PDMS on glass) is used in the OTM-NP of
absorptive nanoparticles. (3) The required laser intensity to
release nanoparticles with OTM-NP is lower than that with
BB-LIFT.” (4) As the substrate is transparent and the metal
nanoparticle is responsible for generating heat by laser
absorption, the size of the heat affected zone (HAZ) in
OTM-NP is smaller than that in BB-LIFT; and (S) the center
of thermal expansion in BB-LIFT is located at the center of the
incident laser beam on the substrate, while the peak position of
the thermal expansion of the substrate in OTM-NP is located
at the contact point of the absorptive nanoparticle and the
substrate, which helps to release the nanoparticle normal to the
donor substrate (Figure 1lg). Therefore, the OTM-NP
technique can print a single nanoparticle with nanoscale
accuracy.

A 10 X 10 array of 100 nm AuNPs is printed on a glass
substrate by using the OTM-NP, as shown in Figure 3a. A laser
intensity of 100 mW/um?” and a gap of ~1 um between the
donor and the receiver substrates are used in the experiment.
Figure 3b shows the scatter plot of the printing error in the x
and y dimensions (transverse to the laser propagation
direction). The printing error of each particle is evaluated by
calculating the deviation of the center of mass of the image of
the i printed particle (x; y;) from a targeted position (x, yio)-
Therefore, the printing errors along %, y, and the radial r
direction for the '™ nanoparticle are

(0x;, 9y, 0r) = (%, — %0, % = ¥y Jox? + dyl_z ), respectively.

The concentric circles in Figure 3b represent that 29%, 48%,
70%, and 89% particles are printed within printing errors of S0,
75, 100, and 150 nm, respectively. According to Figure 3b,
70% of the particles are printed with sub-100 nm accuracy. An
alternative way of illustrating the printing accuracy and error is
the cumulative probability distribution function ¢ of the
printing, which represents the probability that a nanoparticle
will be printed within a certain range from the target position.
Figure 3c shows the 1D cumulative probability distribution
functions @(x), ¢(y), and @(r). The standard deviations of the
printing error in the x, y, and radial r directions are S, = 68 nm,
S, = 71 nm, and S, = 99 nm, respectively. This printing
accuracy is related to this specific experiment only and is
comparable to the printing accuracy of LIFT/LIBT meth-
ods.”"~**** Higher printing accuracy has been achieved in the
additive printing of one, two, three, four, and ten individual
AuNPs at the same positions on a receiver substrate as shown
in Figure 1f and inset of Figure la, respectively. The printing
accuracy of the OTM-NP method is affected by the parameters
such as the homogeneity of donor substrate, nanoparticle
shape, laser polarization, optical force, and the gap between the
donor and receiver substrates. In comparison, the printing

accuracy of the LIFT/LIBT is affected by parameters such as
film thickness, laser focal spot size, laser pulse energy, and laser
wavelength.””** In addition, the size of the printed nano-
particles with LIFT/LIBT is comparatively larger’*™**** than
that with OTM-NP, because the HAZ in LIFT/LIBT depends
on the size of the diffraction-limited laser focal spot. In
contrast, the HAZ in OTM-NP depends on the size of the
AuNP, which can be smaller than that in LIFT/LIBT.

The homogeneity of the donor substrate is very important
for symmetric heat conduction and thermal expansion around
the nanoparticle.”*™*® Symmetric thermal expansion around a
spherical nanoparticle provides the nanoparticle with a
momentum normal to the donor substrate’s surface; therefore,
it helps to transfer the nanoparticle vertically toward the target
position on the receiver substrate. In contrast, an asymmetric
thermal expansion causes the nanoparticle to release with an
angle to the surface normal, resulting in a printing error. Figure
S6 and Movie S3 show the asymmetric thermal expansion of
the donor substrate around the AuNP due to the
inhomogeneity of the donor substrate. Figure 4a shows the
simulated temperature distribution of an inhomogeneous
PDMS substrate as a result of heating a 100 nm spherical
AuNP. The position of the maximum expansion of the
substrate surface, where the thermal expansion force is exerted
on the nanoparticle, is not aligned with the center-of-mass of
the AuNP (Figure 4a). Therefore, the AuNP will be released at
an angle to the normal of the donor substrate’s surface. In
contrast, the heating of a homogeneous substrate will allow the
release of the AuNP normal to the surface (Figure 1g). In our
experiment, the PDMS solution was prepared by adding the
curing agent to the elastomer base of Dow SYLGARD 184 in a
1:10 (w/w) ratio. To achieve homogeneous PDMS film, the
solution was mixed thoroughly by a magnetic stirrer inside an
airtight flask for around 10 h and sonicated for 30 min. A ~10
um thick homogeneous PDMS layer was then spin-coated on a
glass coverslip at a spin speed of 7000 rpm for 1 min."’

While we have shown the successful printing of 100 nm
ultrauniform spherical AuNPs with sub-100 nm accuracy, it is
challenging to print 200 nm imperfect spherical AuNPs
(Figure S7a) with such accuracy. The imperfect spherical
shape of a 200 nm AuNP causes asymmetric temperature
distribution in a donor substrate and misalignment between
the maximum thermal expansion position and the center-of-
mass of the AuNP. Figure 4b shows the simulation of the
temperature distribution and thermal expansion of a PDMS
substrate as a result of the heating of an elliptical AuNP.
Moreover, the air drag force on an imperfect spherical
nanoparticle also affects the trajectory of the nanoparticle in
the transfer process. However, the printing accuracy of
imperfect spherical 200 nm AuNPs can be significantly
improved by preheating. In the preheating technique, a 200
nm AuNP is first preheated with a laser intensity of 4 mW/
um?, and then the intensity is quickly increased to 11 mW/
um?* to desorb the AuNP from the donor substrate. One
possible reason for the improvement of printing accuracy with
preheating is that the preheating helps to round the edges of
the imperfect spherical AuNP**** and makes it comparatively
more spherical. Movie S4 shows that AuNP shrinks after
preheating and looks more spherical. A 5 X 3 array of 200 nm
AuNPs is printed by using the preheating technique (Figure
S7b).

The use of a circularly polarized laser beam can further
improve the printing accuracy. In our experiment, a quarter-
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Figure S. Additive nanoprinting and nanorepairing. (a) Optical image of a circular pattern that is formed by selectively printing of three different
sizes of AuNPs (100, 150, and 200 nm) on a glass substrate. (b) SEM image of the corresponding structure. (c) A letter “N” consisting of 200 nm
AuNPs is printed on an ITO-coated glass substrate using preheating. The gap between the donor and the receiver substrate was ~1.5 um. The
AuNPs inside the three red circles are selected to be removed. (d) Three AuNPs are removed from the substrate. (e¢) Two AuNPs (in the blue
circles) are added to the letter “N”. (f) Optical image of the word “NANO” consisting of 200 nm AuNPs that is formed by applying OTM

nanoprinting and nanorepairing process. Scale bars represent 1 pm.

wave plate is used to convert the laser polarization from linear
to circular, which provides a symmetric focal spot because of
the reduced depolarization of the oil-immersion objective’”*"
(Figure S8). The focal spot of a linearly polarized laser beam
from an oil-immersion objective lens is elongated in the
direction of the laser polarization. The symmetric focal spot
helps in symmetric temperature distribution around the
nanoparticle that results in higher printing accuracy.
IMuminating a AuNP with a focused laser beam not only
increases the temperature of the AuNP but also exerts an
optical force on the AuNP, which can improve the printing
accuracy. Figure 4c,d represents the calculated optical axial
forces (F,) and transverse optical gradient force (Fg) on a 100,
150, and 200 nm AuNP, respectively. The optical forces (F,,
Fg) exerted on a AuNP with a size ranging from 100 to 200
nm is on the order of pico-Newtons (pN) depending on the
laser power. The van der Waals force between a PDMS
substrate and a AuNP with a size ranging from 100 to 200 nm
is on the order of nano-Newton (nN) depending on the gap
between the nanoparticle and substrate’s surface (Figure 4f).
Therefore, a AuNP cannot be released from a PDMS donor
substrate by only the optical force. The van der Waals
attractive force dominates until the AuNP leaves the substrate.
Once the AuNP leaves the donor substrate due to the thermal
expansion force, the optical force can be used to improve the
printing accuracy. Figure 4e shows the maximum transverse
optical gradient force (Fg_ ) for a 100, 150, and 200 nm AuNP

as the AuNP moves toward the receiver substrate in the z
direction. The AuNP experiences higher F; around the focal

plane (z = 0 in Figure 4e). Therefore, focusing the laser beam a
few hundred nanometers above the AuNP helps to decrease
the spreading angle of the AuNP as it moves toward the
receiver substrate. Sub-100 nm printing accuracy has been
achieved by focusing a laser beam slightly above the AuNP.

The gap between the donor and receiver substrates also has
a direct effect on the printing accuracy. A smaller gap reduces
the printing error because the amount of deviation of the
landed particle from its targeted position on the receiver
substrate is directly proportional to the gap distance between
the donor and receiver substrates. The gap was kept at ~1 ym
in our experiments unless stated otherwise.

The wide variety of commercially available nanoparticles
provides an affordable and unlimited supply of raw materials
for the OTM-NP. Nanoprinting can be realized by either
additively printing the same size (Figure lef) or selectively
printing different sizes of nanoparticles (Figure Sa,b). Figure
Sa,b represents the optical and SEM image of a circular
structure that is printed on a glass substrate by printing one
100 nm AuNP at the center, eight 150 nm AuNPs in the first
ring, and twelve 200 nm AuNPs in the second ring. The laser
intensities used for the printing of 100, 150, and 200 nm
AuNPs are 100 mW/um? 40 mW/um? and 11 mW/um?
respectively.

The desorption process of the OTM-NP can also be used to
correct printing errors for nanorepairing as shown in Figure
Sc—e. The letter “N” is first printed by additive printing of
fourteen 200 nm AuNPs on an ITO-coated glass substrate with
preheating (Figure Sc). To repair the pattern “N”, three
AuNPs (marked in the red circles) are selectively removed
from the letter (Figure 5d). Then two new AuNPs (marked in
the blue circles) are added to the letter “N” to repair the
structure as shown in Figure Se. Both the nanoprinting and the
nanorepairing can be conducted on the same platform under
ambient conditions. Figure 5f shows the optical image of the
word “NANO” consisting of 200 nm AuNPs that are printed
and corrected by using the OTM-NP and the nanorepairing
technique.

In conclusion, an affordable OTM-NP method that allows
for both additive nanoprinting and nanorepairing with sub-100
nm accuracy has been successfully demonstrated. The working
mechanism and guidelines for improving the printing accuracy
are discussed in detail. This method has the following unique
features: First, the OTM-NP is accomplished in the air with a
cw laser, which allows for rapid and affordable prototyping of
nanoscale structures without contaminating the receiver
substrate. In contrast, optical printing based on optical forces
requires a liquid environment.”*™*’ Laser-induced forward/
backward transfer (LIFT/LIBT) methods are realized in
gaseous environments, but expensive pulsed lasers are
required.’*~** Second, the OTM-NP can print nanoparticles
of different types and sizes in sequence either to form 2D
structures or merge the nanoparticles to form structures in a
direction that is normal to the printing substrate. Therefore,
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this technique can be potentially used for the fabrication of 2D
and 3D electronic and optical devices such as metasurface or
even 3D metamaterial. Finally, it can be potentially used as a
nanorepairing tool to correct printing errors that are inevitable
and challenging to correct.
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