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ABSTRACT We report polarized femtosecond laser-light-
mediated growth and programmable assembly of photoreduced
silver nanoparticles into triply hierarchical micropatterns. Formation
of erected arrays of nanoplates with a thickness as small as A/27 (4,
the writing laser wavelength) level is demonstrated. The growth
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mechanism of nanoplates has been clarified: (i) the excited surface
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plasmons enhance the local electric field and lead to spatially selective growth of silver atoms at the opposite ends of dipoles induced on early created silver

seeds; (ii) the optical attractive force overcomes electrostatic repulsion in the enhanced local electric field to assemble the silver nanoparticles directly. The

triply hierarchical micropattern shape and location, the nanoplate orientation, and thickness are all attained in controlled fashion.
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ilver is considered particularly impor-

tant due to its surface plasmon (SP)

resonance wavelength at the visible
spectral range and therefore is suitable for
surface-enhanced Raman scattering (SERS)' >
and tip-enhanced Raman scattering (TERS),®”
photocatalysis,® and plasmonics.” Various
nanofabrication technologies were adopted
to produce silver nanostructures. Chemical
approaches featuring bottom-up produc-
tion of nanostructures,’® including con-
trolled reduction, seed-mediated growth,
and template-directed growth, are advanta-
geous in individual particle shape control
and rapid production of a large amount of
samples, but the capability of spatially ar-
ranging nanostructures according to the
requirements of device functions is appar-
ently insufficient. In contrast, the nanofea-
tures in top-down structures produced by,
for example, electron beam lithography,
focused ion beam lithography, and nano-
sphere lithography are generally precisely
designed,’''® but the processing is re-
strained by usage of photomasks, applica-
tion solely to limited material species, and
restrained geometries. Optical nanofabrica-
tion has been demonstrated as an efficient
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technology in designing and achieving
complex metal structures with nanometer
accuracy either by pursuit of short-wave-
length lasers down to extra ultraviolet to
X-ray wavebands,"* nonlinear light—matter
interactions including photon tunneling
in near-field optics,”'>'® or multiphoton
absorption in femtosecond laser direct
writing."” 2" Especially in view of the fabri-
cation precision, the designability of target
structures, and the universality of useful
materials, femtosecond laser direct writing
is a relatively better choice, as proved by
the enabled devices of microelectronical,??
micro-optical,>>** micromechanical,®> and
microfluidic functions.?®%”

Femtosecond laser-induced photoreduc-
tion of metal ions is an important optical
method for fabricating nanostructures, by
which three-dimensional (3D) nanowiring
and 3D metal structures are realized. The
laser-induced photochemical deposition of
silver patterns is generally a nonlinear ab-
sorption process; typically, when a single
photon does not have enough energy to
excite an electron from the valence to the
conduction band, absorption of laser en-
ergy can occur through a nonlinear process,
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which is known as multiphoton absorption.?® One of
the most important issues for femtosecond laser-
induced fabrication of metal structures is the realiza-
tion of 3D structure and high resolution. For example,
Kawata et al. reported fabrication of electrically con-
ductive silver wires with a minimum width of 400 nm
and 3D silver microstructures by using silver nitrate
aqueous solution with coumarin 440 as a two-photon
sensitive dye.?° Three-dimensional continuous metallic
structures were fabricated by direct laser writing in
polymer composites containing metal nanoparticles or
metal salts.?>?” A technology of flexible nanowiring
of metal on nonplanar substrates by femtosecond
laser-induced electroless plating from metal ion pre-
cursors was also demonstrated, by which a microhea-
ter was integrated at the bed of the microfluidic chip
channel.?? These methods mainly depend on absorb-
ing photons to provide energies to induce photore-
duction and accelerate the reaction process occurring
at limited microvolume of the laser focal spot. By now,
through controlling the laser power according to the
reaction threshold or inducing inhibitor molecules,
the resolution could be increased beyond the optical
diffraction limit. Although a resolution of 20 nm in
photopolymerization course through self-smoothing
effect was reported, the highest resolution obtained by
TPA-induced fabrication of metal structures from an
ion precursor solution is about 100 nm.3°

Conversion of light into surface plasmon waves (SPs)
leads to a significant wavelength reduction,®' consid-
ered to be a promising avenue toward super-resolution
imaging,®® high-accuracy sensing,*>** and on-chip
optical interconnection.®>3® The SPs based on noble
metals also play a crucial role in modification of
molecular wave functions,®” photosensitization in can-
cer therapy,*® and enhancement of solar cell power
conversion.>**° Motion control of electrons by local
field-enhanced SPs fields built in semiconducting or
metallic nanostructures in terms of their shape, size,
and periodicity of arrangement has been fully demon-
strated.*’ ™ This scheme, however, has not been
utilized for optical nanofabrication but limited exam-
ples of efforts in photochemical research; for example,
Mirkin et al. introduced the concept of plasmonic seed-
mediated triangular nanoprism shaping,***> and de-
pending on the illumination wavelengths chosen, the
plasmon excitations led either to fusion of nanoprisms
in an edge-selective manner or to the growth of the
nanoprisms until they reached a light-controlled final
size. This method has been widely used to synthesize
silver nanoprisms and other related structures (e.g.,
nanodisks or truncated prisms).*®*’ Tatsuma et al.
reported the distribution of plasmon-induced charge
separation sites at the Ag nanorod—TiO, interface.*®4°
The charge separation sites are localized in almost the
same way as electric fields around the nanorods,
indicating that the charge separation is induced or
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promoted by the localized electric fields which facilitate
application of the charge separation to nanofabrication
and other nanolocalized photoelectrochemical reactions.*®
Misawa et al. demonstrated for the first time that nano-
particle plasmons can induce a detectable nanowire po-
lymerization under irradiation by incoherent continuous-
wave (CW) sources. Two-photon polymerization (TPP) of
the photoresist surrounding the nanoparticles was found
in the high plasmonic field regions after irradiation by an
incoherent light source, demonstrating that two-photon
absorption (TPA) triggered a photochemical reaction with-
out a laser source. >

Despite the broad studies on surface plasmonics
and the versatility of laser nanofabrication technolo-
gies, SPs-induced local field enhancement has not yet
been thought of as an effective means for assisting
optical fabrication of metal nanostructures. Herein,
we report polarized femtosecond laser-light-mediated
growth and programmable assembly of photo-
reduced silver nanoparticles into nanoplates and
micropatterns, during which the laser provides energy,
optical force, and spatial resolution, which we call an
optical dynamic assembly process. The fabricating
system functions as an Otto configuration prism cou-
pling system and was sufficient to excite SPs at the
interface between the metal and the lower-index pre-
cursory solution.> As far as we know, it is the first
report of the formation of an erected array of nano-
plates with a thickness of tens of nanometers as small
as 1/27 (4, the writing laser wavelength) level, and it is
attributed to spatially selective growth of silver atoms
at the opposite ends of dipoles induced by highly
localized and greatly enhanced electric fields on early
created silver seeds. The orientation of the nanoplates
has a strict dependence with the laser polarization
direction.

RESULTS AND DISCUSSION

Figure 1a shows the scheme we proposed for sur-
face-plasmon-mediated optical nanofabrication of sil-
ver, where the 800 nm femtosecond laser pulses, with a
width of 120 fs, were tightly focused on the interface
between substrate and silver precursor solution pre-
pared from silver nitrate, ammonia, and trisodium
citrate which acts as both capping agent and reducing
agent.?? The absence of absorption at 800 nm, the
wavelength of applied laser (Supporting Information
Figure S1), indicates that the photoreduction of silver
ions is a multiphoton absorption (MPA) process, which
benefits both (i) the deep transmission of the laser
beam into the solution to reach the substrate surface
with negligible power loss, and (ii) the high localization
of the light—matter interaction volume, implying a
high fabrication spatial resolution. As a representative
illustration, a silver micropattern (Figure 1c, mascot of
World Expo Shanghai 2010) was processed by three-
layer scanning of the laser focal spot according to the
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Figure 1. Surface-plasmon-mediated programmable optical nanofabrication of silver. (a) Scheme of femtosecond laser direct
writing of silver triply hierarchical structures on a substrate. (b) SEM image of a Ag micropattern (the mascot of World Expo
Shanghai 2010). (c) Locally magnified SEM image of the mascot. (d) SEM image of a silver circle array patterned on the bed at

the intersection of two microchannels.

designed program. In each layer of the writing, the
planar pattern program itself was kept identical but the
laser focal spot was vertically lifted for a distance,
typically 50 nm. As a result of the unique 3D laser
processing capability, the fabrication was not limited
to flat surfaces but possibly conducted in deep chan-
nels (Figure 1a). For example, the silver sphere array
with different diameters of 4.5, 8.5, and 12 um were
arranged at the intersections of two 30 um deep
microchannels (Figure 1b), which may serve as an
integrated SERS monitor in a microfluidic system to
be shown later. The capability of programmable as-
sembly of the photoreduced nanoparticles is ensured
by the high-precision pinpoint laser writing scheme,
which is not possibly fulfilled in various chemical self-
organization processes. The patterns (Figure 1b,c) are
considered as the first level of a triply hierarchical
structure. As second level features, it is interesting to
recognize from the magnified scanning electron mi-
croscopic (SEM) image (Figure 1d) that the micropat-
terns are actually composed of subwavelength
nanoplates. They are perpendicular to the substrate
and possess a thickness on the order of several tens of
nanometers, which is one-tenth of the applied laser
wavelength, and such small feature sizes have not
been reported in laser-fabricated metal structures.
The array of the erected nanoplates is apparently
different from the periodic structures created by inter-
ference, either between the incident laser beams or
between the incident beam and its excited waves,
where patterns are replicas of light intensity
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redistributions, and the structure periods depend in
principle on the laser wavelength and the beam
incident angles. Here, we attribute the nanoplate array
production to local field enhancement induced by SP
mode on silver particles. The initial silver nanoparticles
serving as seeds were produced in the first-layer laser
scanning from the precursory solution through the
MPA process, which is similar to the silver/gold micro-
structures through a path of dot-by-dot and line-by-
line reported before;'® in the course of second-layer
laser scanning, SP fields were significantly excited and
established on the seeds, launching directional growth
along the dipole ends by attracting atoms that were
photoreducted in solution and the ripples and nano-
plates were formed progressively (Figure 2c). Nano-
particles are able to act as an electron storage and
transfer medium when the SPs are generated and
there is an increase of the chemical reactivity on its
surface.>>>* Hence, silver ions might more easily be
reduced on the nanoparticle surface. In addition, for
very tiny metal nanoparticles, optical gradient force is a
main part compared with scattering and absorption
force.>>*® Under incident polarized light, the local
electric field of silver nanoparticles was enhanced,
under which some other silver atoms or particles were
attracted due to optical gradient force along the dipole
direction to form longer and bigger nanostructures.
They are developed from nanoparticles to ripples and
from ripples to nanoplates. This essentially coincides
with what was reported by Tatsuma that plasmon-
induced charge separation at the interface between Ag
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Figure 2. (a) E-field distribution of a 50 nm silver seed and gradient force for attracting silver atoms in the dipole of the silver
seed. (b) E-field distribution of 300 nm ripples and gradient force for attracting silver atoms in the dipole of the silver ripple. (c)

Proposed mechanism for the formation of silver nanoplates.

nanorods and TiO, was visualized by nanoscopic ima-
ging of small satellite Ag nanoparticles deposited as a
result of the charge separation. The charge separation
sites as well as localized electric fields around the
nanorods are distributed anisotropically depending
on the excited plasmon modes, indicating that the
charge separation is localized and is induced or pro-
moted by the localized electric fields.*®*°

Figure 2 shows a simple estimation of the local
electric field distribution around a 50 nm silver nano-
particle and a 300 nm silver ripple under excitation of
an 800 nm laser. The electric field intensity increases
when close to the surface of a silver nanoparticle/ripple
which was demonstrated by the different colors in
the near region (Figure 2a,b). The optical gradient
force simulation is conducted to explain the process
of the assembly of tiny clusters to form structures under
the focused laser field. During the first-layer scanning
process, a continuous nanoparticle film was formed
and the size of the nanoparticles distributed around
50 nm, so we just chose a single 50 nm nanosphere as a
simulated sample to explain the ripple formation
based on nanoparticles in the second-layer scanning
process in the next step. We suppose the simulated
nanoparticle is relatively motionless and gave an en-
hancement of local electric field, under which the
smaller clusters or ions were attracted to assemble in
the end. Similarly, we simulated that a ripple grew
longer to even form a nanoplate. We also attribute this
attraction force to optical gradient force and use this
simple model to show the assembly process directly
during the formation of a single nanoplate. The optical
gradient force of attraction exerted by a 1 nm silver
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nanoparticle by electric field near a pole of the dipole
may be as large as ~pN, which is similar to a trapping
force of 2 pN/W/um? (numerical result) exerted on a
50 nm diameter polystyrene bead in water that was
reported through an analytical Lorentz force model.>’
The optical gradient force was shown as follows:
F = 1/20.VE? where E is the intensity of the electric
field and E? the laser intensity, o is the polarizability
of a nanoparticle; the detailed optical attracting force
model and calculation are given in the Supporting
Information. Obviously, the gradient force increases
with the distance between the atoms with the surface
of the dipoles along the fixed axis, as demonstrated by
the length of the red force arrows (Figure 2a,b).
Although the single pulse duration is as short as
100 fs, the relatively low scanning speed, around
50 um/s, and the finite focal spot size, ~500 nm in
diameter, estimated from the Airy spot size, leads to a
continuous crystal growth under irradiation for 1 ms,
sufficient for diffusion of the surrounding ions and
atoms (Figure 2c). Here, the incident ultrafast laser
plays the roles of both photoreducing silver irons by
multiphoton absorption and, in the meantime, exciting
SPs to direct the construction of nanostructures. The
initial silver seed layer formation by laser scanning
is critical, which guarantees appropriate surface
roughness to ensure efficient coupling of light to SP
modes. Also, use of an oil-immersion high numerical
aperture (NA, 1.40) objective lens is found to be
indispensable for efficient SP coupling from the eva-
nescent field built on a metal—solution interface,
which constructs an Otto configuration prism coupling
system (Figure S2).
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Figure 3. SEM of different outcomes during the process of
formation of nanoplates through tightly focused femtose-
cond laser multilayer scanning process including different
silver structures fabricated through tightly focused femto-
second laser multilayer scanning process. (a) Silver film
composed of directed nanoseeds between 20 and 80 nm
through single-layer scanning process. (b) Directed silver
ripples through bilayer scanning process. (c) Ripples trans-
formed to nanoplates through triple-layer scanning pro-
cess. (d) Upright nanoplates fabricated through four or
more than four-layer scanning process. (e) TEM image of a
silver nanoplate; inset is the diffraction pattern. (f) HR-TEM
image of the edge of the nanoplate.

The above scenario was proved by the surface
feature evolution in different stages of nanoplate
formation in our experiments. The detailed multi-
layer scanning process is shown as Figure S3. During
the first-layer scanning process, the silver nanoparti-
cles were photoreduced, where some with sizes of
20—80 nm were directly deposited on the surface of
substrate (glass) to form a film (Figure 3a) and others
suspended in the vicinity. SPs could be excited in the
silver film that was sandwiched between a glass chip
and precursor solution (insulator—metal—insulator,
IMI). In the classical prism coupling scheme, SPs are
confined to the proximity of the metal—dielectric
interface and decay exponentially in both media. The
fabricating system functions as an Otto configuration
prism coupling system, sufficient to excite SPs at the
interface between the metal and the lower-index pre-
cursory solution. SPs can be excited, for example, by a
polarized lightincident on metallic film from the side of
a glass prism at the critical angle 60, at which the
projection of the wave vector of the photon to the
x axis, k, = k/¢ sin 05, is equal to ks, is inherently leaky
waves which lose energy via absorption of the metal
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and radiation into the lens (¢ is the dielectric con-
stant).>® In this case, the laser focused by an oil-immersion
objective lens propagates from optically dense medium
(oil) to thinner medium (precursor solution—metal film
interface) which could achieve prism coupling of SPs
using attenuated total internal reflection.

In the subsequent second-layer scanning process,
the ripples (Figure 3) were generated with subwave-
length intervals of ~200 nm, which is much smaller,
considering that the wavelength of the femtosecond
laser is about 800 nm. To the best of our knowledge,
the deep-subwavelength metal nanostructures pro-
duced by photoreduction growth of metal ions have
not been reported. Resolution of 20 nm Pt patterns was
achieved through photodeposition combined with
mask assisting electron beam lithography.*® We deem
that these deep-subwavelength ripples were a syner-
gistic effect by incident laser and excited SPs, which is
similar to some periodic subwavelength structures
made by laser ablation on the solid substrate of an
insulator,®® semiconductor,’® or metals.®’ The differ-
ence is that the ripples they observed has a perpendi-
cular relationship with the polarization of lasers.®?
The transition/appearance (Figure 3c) and formation
(Figure 3d) of plates were also shown as different stage
outcomes. According to the series of SEM images, the
lengths of most of the nanoplates have values between
1 and 2 um. A scraped-off silver nanoplate is shown in
Figure 3e, which is about 800 nm high and 2 um long.
In order to investigate the crystalline structure of these
silver nanoplates, the sample was also characterized
by X-ray diffraction and high-resolution transmission
electron microscopy (HR-TEM). The XRD spectra showed
the classic diffraction peak related to the lattice of the
(111), (200), and (220) planes (Figure S4). These three
peaks were in accordance with the ones of Ag powder
(Figure S5). The diffraction pattern of transmission
electron microscopy (TEM) of the smooth border
shows that the nanoplate is a cubic-phase single crystal
(Figure 3e). In the HR-TEM image (Figure 3e/f), the
lattices of the [111] plane of cubic-phase silver could
be easily identified, and the interplanar spacing is
measured to be 0.24 nm, in agreement with the
theoretical value of 0.239 nm. Theoretical studies
suggest that citrate binds more strongly to Ag(111)
than to Ag(100) surfaces at room temperature, which
fits well with these experimental results.®® Because of
the stronger binding of citrate, the [111] facets are
expected to grow more slowly than the [100] facets
when citrate ions are present. As a result, the [111]
facets will become increasingly dominant on the
surface.®® In addition, some silver nanoparticles ad-
hered to the surface of the nanoplate, and parts of the
detection area showed the polycrystalline structures of
the silver nanoparticles. As shown in Figure S6, the
lattice of the (111) and (200) planes could be clearly
identified from the image, confirming their polycrystalline
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properties. The interplanar spacings of these two planes
are 0.24 and 0.20 nm, respectively, which are very close to
the theoretical values (0.236 and 0.201 nm). The inset of
Figure 2d is the electron diffraction pattern of the rough
area of this silver nanoplate, and the bright rings corre-
spond to the (111), (200), (220), and (311) silver planes,
confirming its polycrystalline structure.

During the first-layer scanning process, photoche-
mical growth takes a leading role in controlling the
shape and size of nanoparticle films that served as
dipoles in the subsequent step; in the second, third,
and more layer scanning steps, SPs begin to serve as a
mediator to induce the ripple and plate patterns. This
model is further evidenced by the polarization depen-
dence experiment. The orientation of the plates was
not found to be related to the scanning route in either
the mansard route or the involute coil route but was
determined by the polarization of the laser light. As
shown by SEM images of a series of 8 um x 15 um
rectangles in Figure 4, nanoplates are always arrayed
parallel to the laser polarization, as well as the electric
field direction of light and silver dipoles, which are
indicated by inset arrows in Figure 4. Rotation of the
polarization of linear laser light causes sensitive corre-
sponding change of the orientation of the upright

Figure 4. Effect of laser beam polarization on the orienta-
tion of silver nanoplates. (a—d) SEM images of silver hier-
archical nanoplate array with different orientations by
adjusting the laser polarization directions; the angles be-
tween the polarization direction and horizontal direction
were 0, 30, 60, and 90°.
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silver nanoplates. Figure 4a—d shows four different
directions of nanoplate arrays, and the angle between
nanoplate orientation and horizontal direction chan-
ged from 0° to 30, 60, and 90° when changing the
direction of laser polarization. It is consistent with the
axis characteristics of SPs induced by the enhanced
local electric field. These results show the clear role of
SPs excitation in the nanoplates' growth.

The concentration of silver precursor is also a vital
issue for processing. The UV—visible absorption spec-
tra of different concentrations of silver precursor are
shown in Figure 5. Obviously, the absorption peaks
were all at 302 nm, and the intensity increases with the
concentration value accordingly. When the concentra-
tion value was too low, for example, the absorption
peak nearly disappeared at 0.00166 M. The different
concentrations of silver precursor have different
laser threshold power to induce photoreaction. The
silver ion concentration we applied in this article is
0.083 M, which we adopted as 0.02-, 0.1-, 0.5-, 5-, 10-,
and 50-fold concentrations to study the threshold and
mechanism. The threshold power and concentration
dependence is shown in Figure 5a. The lower concen-
trations have higher threshold power. The threshold
value corresponding to 0.083 M we used in the paper is
0.8 mW, and the threshold nearly does not change
when the concentration is greater than 0.083 M. The
silver structures were different under different concen-
trations. It is found that the nanoplates were difficult to
produce, and the structures were even discontinuous
or some ripples appeared with lower concentrations,
which was influenced by the poor ion supply and
delivery. When the concentration value is higher, the
thickness of silver nanoplates increases, however, not
so obviously compared with the change of the con-
centration of silver ions and the nanoplates that seem
to adhere to small particles more easily (Figure S7).
At the same time, the silver precursor at high con-
centration is easier to form a triangular nanoprism
and truncated triangular nanoprism in solution. The
deposited nanoparticles even go against the fabrica-
tion when the concentration value attains 0.45 mol/L
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Figure 5. (a) Change of threshold power of photoreaction under different concentrations from 0.00166 to 4.15 M. (b)
Nanoplates' thickness increasing with the laser power under a concentration of 0.083 M.
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Figure 6. (a—e) SEM images of the nanoplates with different thicknesses under different laser power. (f) Lateral view of

nanoplates in panel c.

(shown in Figure S8). This phenomenon coincides with
the series of work on the silver prisms reported by
Mirkin. The concentration of silver ions will influence
the material delivery and the photoreduction pro-
cess directly. The order of magnitude analysis of heat
and mass transport induced by Marangoni convection
was given. The analysis suggests that the laser-induced
temperature distribution develops within 1 ms and
Marangoni convection flow commences within
0.01—1 s, which increases by 1—2 orders of magnitude
the mass transfer of dissolved molecules into the laser
focus where they are trapped.®* The diffusion coeffi-
cient of silver ions in water is 1.64 x 10™° m?/s, and the
delay for stabilization time for diffusion is ~0.73—73 s.
This suggests that the induced convection developed
within ~1.2 x 1073t0 0.12 s can play a very significant
role. The extrapolated estimate shows that even in the
case of Mam = 4.18 x 10% (D = 1.64 x 10~° m%/s) this
factor reaches Dei/D ~ 7; that is, a very strong en-
hancement of mass transfer into the irradiated spot
takes place. This means that during laser trapping the
induced Marangoni convection significantly increases
mass transfer within the area over which significant
surface tension gradients exist.

With the SPs-mediated nanoplate directional
growth model confirmed, more phenomena could be
interpreted further. The larger laser intensity will pro-
vide more energy for forming larger nanoparticles
as units which will construct thicker nanoplates. We
fabricated a silver hemisphere, and a 3D structure is
shown in Figure S9 by a 50-layer scanning process
under different laser power. The thickness of the
nanoplate increased with the applied laser power
(Figure 5b). The values of the nanoplates' thicknesses
are 29, 36, 45, 58, and 76 nm when applying a laser
power of 4, 5, 6, 7, and 9 mW, and the SEM images of
some different thickness values of silver nanoplates are
shown in Figure 6a—e. The attractive force generated
in the pole of the nanostructure is a mainly optical
gradient force in the enhanced optical field. The optical
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gradient force will accelerate with the laser power, and
the assembly process of silver nanoparticles will also be
enhanced. In addition, more photons will be provided
under higher laser power, which will accelerate the
photoreduction process of silver ions. Both of these
two impacts of enhanced assembly and photoreduction
process will increase the thickness of silver nanoplates.
The thinnest line width achieved by laser direct writing
through the TPA process was about 100 nm as previously
reported. In contrast, the thickness of the nanoplate here
was as small as 1/27 (4, the writing laser wavelength) level,
far beyond the optical diffraction limit, and it is obvious
that SPs-mediated construction of metal structures could
benefit from a lower limit line width and enhance the
fabrication accuracy in optical nanofabrication. Through
the lateral view of nanoplates (Figure 6f), we found that
the surface of the nanoplates could still show a multiple
state, which confirms that the nanoplates were formed
due to the SPs-induced assembly of nanoparticles. So far,
polarized femtosecond laser-induced photoreduction,
growth, and programmable assembly of silver nanopar-
ticles into nanoplates and micropatterns, during which
the laser provides energy, excites SPs to assemble directly
and achieve high space resolution, so we call it an optical
dynamic assembly process.

It was also found that the nanoplates could be
adhered with a series of nanoparticles, as shown in
Figure 7. Statistical results show that the thickness
of the upright nanoplates in Figure 7a is in the range
of 30—70 nm with an average value of ~55 nm
(Figure 7b). The diameter of the nanoparticles on the
nanplates is between 25 and 80 nm with a central value
of ~50 nm (Figure 7c). These triply hierarchical nano-
plates adhered with nanoparticles were provided
as “hot spots” with an ultrahigh enhancement factor
of 10"" with p-aminothiophenol (p-ATP) as the target
molecule, with 514 nm laser as the excitation source
(Figure 7d). The laser power of 10 mW combined with
an elliptical spot size produced a power density of
0.1 kW/cm 2. The typical accumulation time for each
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Figure 7. Structural characterization of the hierar-
chical silver substrate. (a) SEM image of the hierarchical
silver substrate. (b) Thickness distribution of the nano-
plates. (c) Size distribution of the nanoparticles. (d)
SERS spectra of p-ATP molecules; the normalized inten-
sity was gained by dividing the initial value by 10 mW
and 10 s.
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SERS measurement in this study was 10s. By simulating
an electric field of such adhered neighboring silver
nanoparticles with the same diameter of 50 nm and
with a gap of 1 nm, the enhanced electromagnetic field
E can reach a value of 800 (Figure S10). The reprodu-
cible high enhancement factor should be associated
with the fact that the SERS intensity is in direct
proportion to the fourth power of the field strength,
|E|*. The 3D upright silver nanoplates will enhance the
actual active surface, which is larger than the flat
surface under the same size of the laser spot. The
enhanced actual surface will benefit by absorbing
more molecules, so the collected signals were en-
hanced relatively, which is also another advantage
for SERS detection. So the enhancement factor of
10"" is based on both the enhanced actual absorbed
surface and the rough silver nanostructures just as the
silver island film. The rough surface of the nanoplate
should result from the fact that photogenerated atoms
or small nanoparticles were attracted to the dipoles
along the dipole tips by optical gradient force in SP-
enhanced electric field and also small particles ad-
hered in the nanoplates through electrostatic force in
the vertical direction of the dipole ends; in other words,
the thickness and smoothness of the nanoplates were
also influenced by electrostatic effect. The surfaces of
silver nanoparticles were negatively charged because
they were formed from silver ion solution with trisodium
citrate acting as the capping agent. Citrate has three
carboxylic groups, and it has been shown by Munro
et al.®® that mainly two of them would bind to the silver
surface, leaving the third one normal to the surface and
responsible for the colloid stabilization by electrostatic
repulsion.* So the SPs-induced directional assembly of
nanoparticles is a process of optical attraction force that
vanquishes electrostatic repulsion. In addition, the silver

Figure 8. Thickness of silver nanoplates increases with the pH value of the precursor. (a) Photoreaction equation. (b)
Nanoplate thickness increasing with the pH values. (c—f) SEM of different thickness of nanoplates with pH values of 10.8, 11,

11.5,and 12.
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nanoparticle fusion is not efficient due to electrostatic
repulsion, which gives rise to the rough surface.

The electrostatic force between nanoparticles de-
pends on the charge number that was affected by the
ionizing degree of capping agents when capped with a
certain number of molecules. To clarify the electro-
static force effect, we adjust the pH value of the silver
precursor with NaOH to study the changes of the
nanoplates. We found that the thickness of nanoplates
increased with the pH value from 10.8 to 12 (Figure 8b).
However, the negative charges of the citrate anion
increase with the pH of the solution. The increase of the
negative charges will increase the electrostatic force
and decrease the chance of nanoparticles adhering to
the side surface of the nanoplate freely, which will
influence the roughness of the nanoplate. On the other
hand, the OH™ is necessary in the photoreduction of
silver ions,>>®® and the related reaction equation is shown
in Figure 8a. The main OH™ source comes from the
ionization of ammonia, and the photoreduction process
will be promoted when the pH value increases and the
thickness of the nanoplates will increase, too. With pH 10
as an example, the concentration of [OH] is about
107* M, and the precursor solution we used here is
6.3 x 1072 M; according to the reaction equation, the
[OHTis relatively insufficient. When the pH value is near
12, the nanoplate is not only thicker but longer. The
optical attracting mechanism will compete with the static
repulsion force under high pH value. However, the silver
ion precursor became muddy even with sediment, and
the high concentration of OH™ resulted in the removal of
silver ions from the precursor when the pH value ex-
ceeded 12, which blocks the photoreaction.

CONCLUSION

In summary, a surface-plasmon-mediated programma-
ble optical nanofabrication method was demonstrated

METHODS AND MATERIALS

Materials. Silver nitrate (AgNOs) and p-aminothiophenol
(p-ATP) were purchased from Sigma-Aldrich Co., Ltd. Trisodium
citrate (C¢HsOgNas), sodium hydroxide, and ammonia were
purchased from Beijing Chemicals Co., Ltd. The silver precursor
was prepared by dripping a suitable amount of aqueous
ammonia onto a mixture of silver nitrate aqueous solution
(0.083 mol™") and trisodium citrate (0.062 mol L™") under
stirring until a clear solution was formed. The pH value of the
precursor was adjusted by adding NaOH solution. The micro-
channel was fabricated on a normal glass substrate by using
photolithography and wet etching techniques.

Femtosecond Laser Direct Writing Process. For each fabrication,
the 800 nm femtosecond laser pulse, with a width of 120 fs and
mode locked at 82 MHz (from Tsunami, Spectra Physics), was
tightly focused by a high numerical aperture (NA = 1.4) oil-
immersion objective lens (100x). The laser power was con-
trolled by a gradual neutral density filter. The focal spot was
scanned laterally by steering a two galvano-mirror set and kept
along the optical axis by a piezo stage, both with high motion
accuracy. The silver nanoplates were fabricated with 1000 us

XU ET AL.

on silver. Three critical steps, namely, (i) seed produc-
tion; (ii) excitation and coupling of light to localized SPs
modes and their mediation to the directional growth of
nanoplates; and (iii) attraction of silver ions photore-
ducted on the surface of nanoparticles and attraction
of early produced nanoparticle assembly in the dipole
ends. During these steps, the polarized laser pulses
provide energy, excite SPs to assemble directly, and
achieve high space resolution. The silver nanoplate
growth mechanism was clarified, and the SPs act as a
direction guide for nanoplates growth, attract the silver
ions, and provide the driving force to overcome the
electrostatic repulsive force for nanoparticle assembly.

The micropattern shape and location, the nanoplate
orientation, and the thickness are all attained in
controlled fashion. The triply hierarchical nanoplate
(adhered with nanoparticles) micropatterns were gained
due to the inefficient fusion process between repulsive
nanoparticles under high pH value. The laser power
threshold decreases with the increase of the concentra-
tion of silver precursor, and the Marangoni convection
significantly increases mass transfer within the area of
laser focus. The probability of free combination between
nanoparticles improved, and the thickness of the nano-
plates increased from 60 to 300 nm when the pH value
was changed from 10.8 to 12, during which the amount
of OH™ source is an important issue for photoreduction
of silver ions. The thickness of the nanoplate was as small
as A/27 (4, the writing laser wavelength) level, far beyond
the optical diffraction limit, and it is obvious that SPs-
mediated construction of metal structures could benefit
from lower limit line width and enhance the fabricating
accuracy in optical nanofabrication. In the future, SPs-
assisted metal optical nanofabrication technology with
true 3D and high precision structure fabrication on
nanoelectronic devices and optical metamaterials may
find broad application.

exposure duration at each dot. All of the processes of fabrication
were controlled by a computer. The linear laser polarization
direction was adjusted based on Glan prism and a half-wave
plate.

Simulation. The optical electric field distribution of the nano-
particle and nanorippple excited by an 800 nm wavelength light
was simulated by the finite difference time domain method; the
optical gradient force distribution was gained through MATLAB
(Matrix Laboratory), and the gradient force was calculated
according to this formula:>®

la
2

Characterization. The absorption spectra were measured on a
Shimadzu UV-3600 spectrometer. The surface morphologies of
the samples were measured on a JEOL JSM-6700F field emission
scanning electron microscope operating at 3.0 keV. The crystal-
line structure of the samples was characterized by a JEOL-2100F
HR-TEM functioning at 200 kV. Surface-enhanced Raman spec-
tra were measured on JOBIN YVON T64000 equipped with a
liquid-nitrogen-cooled argon ion laser at 514.5 nm (Spectra-Physics

Fgrad = V<E2> (W)
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Stabilite 2017) as excitation source (the laser power used was
about 40 uW at the samples with an average spot size of 1 um in
diameter). The spectral resolution was 4 cm ! at the excitation
wavelength.
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