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ABSTRACT: The raster-scanned irradiation of ultrathin sub-micrometer
crystalline gold colloidal prisms with the tightly focused spot of a femtosecond,
near-infrared laser triggers the deterministic deformation and partial melting of
nanometer-sized areas of the nanoprisms. The morphological modification of
the Au nanoprisms evidences extremely localized sources of heat, the in-plane
distribution of which varies with the particle shape and laser polarization. We
demonstrate for the first time the direct relationship between heat source

density and surface plasmon local density of states (SP-LDOS), which describes quantitatively the rich modal structure of the
surface plasmons sustained by the 2D metallic platelets, independently of the knowledge of the illumination configuration.
Green’s Dyadic numerical simulations confirm that the optical excitation of the 2D SP modes results in the subwavelength hot

imprinting of the SP modal pattern onto the metal surface.
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hysical properties of solid-state matter are classically
related to the intrinsic concept of local density of states
(LDOS) of elementary particles (electrons, photons) or
excitations (phonons, plasmons). Yet, surfaces are known to
markedly modify the LDOS, which provides a means to image
it. For example, electron LDOS can be imaged by low-
temperature scanning tunneling microscopy (STM) as it tails
off into the vacuum in the vicinity of a metal—vacuum
interface." Similarly, photon STM was used to probe photon or
electromagnetic LDOS (EM-LDOS) in the immediate
proximity of dielectric and metallic nanostructures.” EM-
LDOS, a scalar quantity, gives the only quantitative modal
description of the continuous spectrum of eigenmodes in
optical systems, independently of the excitation mode. For
example, it appears as a constant factor in Planck’s law of
blackbody radiation.>* Recently, EM-LDOS supported by
lithographically designed metallic structures was directly
imaged in the infrared range by thermal radiation STM.?
This seminal work evidenced that realistic surfaces also sustain
nonradiative (evanescent) eigenmodes that contribute to the
energy storage, thereby affecting the thermal properties of
metallic surfaces when the energy is subsequently released by
the emission of infrared photons.®” Interestingly, the interplay
between optical and thermal properties in metallic surfaces has
been extensively revisited in the context of plasmonics,® which
raises the fundamental question of the relationship between
thermal properties and surface plasmon LDOS (SP-
LDOS) >
Indeed, the strong potential for subwavelength confinement
and intense enhancement of the electromagnetic field in
plasmonic nanostructures has fostered the interest in under-
standing, controlling, and exploiting the plasmon-assisted
optical generation of heat at the nanometer scale."' ™" The
resonant excitation of plasmon modes produces heat that has
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been imaged by photothermal microscopy techniques."*~ ¢

The modification of the geometrical parameters allowed tuning
both the energy and anisotropy of the modes, for example in
gold nanowires,"” rod dimers," particle assemblies,'®!?
diabolo®® or G-shaped nanostructures.”’ The thermal images
of these systems demonstrated that heat could be produced
extremely locally, therefore opening opportunities for practical
applications that require controllable nanosources of heat
operated remotely by light, such as data recording,zz’23 optical
manipulation,24 catalysis,25 cellular transfection,” drug deliv-
ery,”” and therapeutic hyperthermia.*®

From a mechanistic viewpoint, the correlation between
luminescence and thermal images has established that heat
production was directly linked to electromagnetic hotspots in
plasmonic systems based on the calculation of electromagnetic
field maps.'>*' It is noteworthy that such a distribution of a
local field results from the interaction of the plasmonic
structures with the impinging field and is therefore dependent
on the illumination configuration. While multiple mechanisms
contribute to the SP-mediated generation of heat, high SP-
induced current densities, in particular at resistive grain
boundaries in polycrystalline samples, were considered as
responsible for the main dissipative pathways in continuous
structures.”” Upon increasing the injected laser power, the SP-
mediated thermal effects can even induce irreversible localized
deformation: gold nanorods in suspension were turned into ¢-
shaped particles by pulsed laser-induced melting;*°~>*
bumps,>*** nanojets,*>*® and nanodroplets®® were observed in
plain Au and Ni films and in lithographically defined chiral Au
patterns”*” under femtosecond laser irradiation. Therefore, in
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contrast to the pioneering work by Greffet et al.,, in which the
EM-LDOS is globally populated according to Bose—Einstein
statistics by an external heating of the sample and probed
locally with a near-field optical microscope,”™” it appears that a
tightly focused, ultrashort laser pulse triggers phenomena that
raise the metal temperature extremely locally over a wide
tunable range from a few degrees up to complete fusion.

In this article, we show that ultrathin 2D Au crystals,
subjected to a series of raster scans with a pulsed laser power
exceeding an energy density threshold of 10 mJ-cm™2 undergo
surface modification in nanometer-scale areas. The detailed
investigation of the onset of the plasmon-induced local melting
by scanning electron (SEM) and atomic force microscopy
(AFM) demonstrates that the fused footprint reveals the spatial
distribution of the SP-LDOS with subwavelength resolution.
We formally establish that the generation of heat is determined
by the SP-LDOS pattern that derives from the colloidal
morphology of the ultrathin Au prisms. Indeed, SP-LDOS is an
intrinsic quantity that does not depend on the illumination
conditions. Hence our results directly link the local heat
production to designable parameters such as the colloidal
shape, size, and chemical composition. This report on plasmon-
mediated hot printing not only provides a direct SP-LDOS
imaging technique in complex 2D structures but also opens a
general way to confine heat generation at the nanoscale and
even to arbitrarily select hot areas by using linearly polarized
incident light that projects the SP-LDOS, hence the heat source
distribution, along the polarization direction.

Micrometer large yet ultrathin (20 nm) gold prismatic
platelets with well-defined triangular and truncated triangular
morphologies and in-plane single-crystalline structure are
synthesized as previously reported.'® Once deposited onto a
glass coverslip coated with 10 nm ITO, the sample is exposed
to oxygen plasma to remove the polymer coating resulting from
the synthesis (see Experimental Section for details). Individual
prisms are then identified, and their morphology is
characterized by recording both SEM and AFM images. The
plasmon-mediated hot printing is performed by raster scanning
the chosen nanoprism in the focal spot (ca. 400 nm diameter)
of a linearly polarized, pulsed near-infrared laser (Figure la).
The pulses are 150 fs at a repetition rate of 80 MHz and the
wavelength is selected as 800 nm. In order to induce a
moderate morphological change of the nanoprisms, the laser
power is kept in the 2—2.5 mW range, as measured at the back
aperture of the microscope objective, which corresponds to a
fluence of 10—13 mJ-cm™ at the focal point. In these
conditions, the peak power density and mean value are on
the order of 10° mW-um™ and 30 mW-um™2, respectively.
After full irradiation, the same prisms are analyzed again by
SEM and AFM to assess the morphological changes. By finely
tuning the laser power to reach the onset of light-induced
melting, we observe reproducible and polarization-dependent
surface deformations by AFM imaging.

Figures 1b—d show typical examples of nanoprisms before
and after undergoing a series of scans in the laser beam focal
spot averaging all directions of the incident linear polarization.
The platelets of different shapes but very similar sizes initially
present flat and smooth single-crystalline [111] facets (Figure
1b and Figure 1d bottom). While laser irradiation with fluence
in the range 1.5—4.5 mJ-em™> was shown to produce two-
photon luminescence but no observable morphological
alteration,'”*® a 5- to 10-fold increase of the fluence (10—13
mJ-cm™?) results in slight modifications located specifically at
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Figure 1. (a) Principle of the optical setup used for plasmon hot
printing. A high numerical aperture objective is used to focus a linearly
polarized 800 nm pulsed laser beam onto an ITO-coated glass
coverslip bearing micrometer-sized, ultrathin Au prisms. The sample is
raster scanned with an X—Y piezostage. The laser fluence is limited to
10—13 mJ-cm™2 The particle morphology is modified upon the laser
exposure. (b, ¢) SEM images of a group of triangular and truncated
triangular Au prism platelets (b) before and (c) after laser irradiation.
The incident linearly polarized light has been successively rotated
every 5° between 0° and 180° with equal irradiation time for all
polarization directions. Scale bars are 200 nm. (d) 3D rendering of
AFM images of a triangular prism before (bottom) and after (top)
laser irradiation. The prism edge is 700 nm long, and the native
thickness is 23 nm. The height perspective is identical for both top and
bottom images.

the apexes and/or edges depending on the particle shape
(Figure 1c and Figure 1d top). A further increase of the laser
fluence beyond 15 mJ-cm™ leads to severe damages (Figure
S2), which renders impossible any further quantitative analysis
(for details, see Section 2 in the Supporting Information).
Single linear polarization irradiations provided a deeper
understanding of the corrugation emergence mechanism.
Figure 2 presents SEM and AFM images of a series of
triangular, truncated triangular, and hexagonal nanoprisms that
have been raster scanned with a laser beam polarized along a
single polarization direction, either horizontal or vertical. SEM
micrographs of two triangular platelets with sharp apexes are
shown before (Figures 2a and e) and after (Figures 2b and f)
irradiation with horizontally and vertically polarized laser
beams, respectively. Irradiation with horizontally polarized
light induces a marked alteration of the two apexes along the
horizontal edge of the prisms, which is visible in Figure 2b. This
alteration corresponds to effective mass transport, as shown by
the AFM image (Figure 2c) and profile (Figure 2d, black line).
The modified apexes exhibit a 10 nm high protuberance, which
represents about 50% of the initial prism thickness, while the
center of the horizontal edge and the third apex retain their
native thickness. This can be inferred from the height profiles
shown in Figure 2d, where the black line corresponds to the
profile along the edge (segment 1—2 in Figure 2c) and the red
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Figure 2. (a3, b) SEM images of a sharp triangular Au prism (a) before and (b) after pulsed laser irradiation with a horizontally polarized laser beam.
(e, f) SEM images of another Au prism (e) before and (f) after irradiation with a vertically polarized laser beam. The polarization direction is
indicated by the double-headed arrows. (c, g) AFM micrographs of the Au prisms after their respective irradiation. (d, h) Height profiles along the
segments 1—2 (black line) and 3—4 (red line) marked in the panels (c) and (g). (i, m) SEM images of (i) a truncated triangular and (m) a hexagonal
Au prism before irradiation. (j, n) SEM images of the same Au prisms after irradiation. (k, 0) AFM micrographs, corresponding to panels (j) and (n).
(I, p) AFM height profiles along the segments 1—2 in (1) or 1—7 in (p) (black lines) and 3—4 in (1) or 8—9 in (p) (red lines) marked in panels (k)
and (0). In (p), the black (red) dotted lines indicate the position of the white (red) markers in panel (o). Scale bars are 200 nm.

line is the profile across the center of the prism (segment 3—4
in Figure 2c). Symmetrically, the irradiation of another similar
prism (Figure 2e) with vertically polarized light affects
principally the upper apex (Figure 2f—h). The AFM profile
extracted from Figure 2g along the 3—4 segment (Figure 2h,
red line), which is parallel to the vertical polarization direction,
confirms a 10 nm protrusion specifically localized at the apex.
Moreover, the profile along the 1—2 line (Figure 2h, black line)
evidences that the two lateral edges are also modified, albeit to
a lesser extent (3—S5 nm high protrusions). For both
nanoprisms, the center region remains essentially featureless
and forms a central low-lying plateau. The spatial distribution of
laser-induced protrusions was further examined in more
complex colloidal geometries such as the truncated triangular
and hexagonal nanoprisms shown in Figures 2i and m. Both
particles, which are of similar lateral dimensions and identical
thickness, underwent irradiation with vertical and horizontal
incident polarization, respectively. SEM and AFM data
recorded after the irradiation (Figures 2jk and n,0) confirm
the mass transfer phenomenon. Interestingly, for these
morphologies, the protrusions are located along the particle
edges rather than at the apexes. The spatial distribution of the
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protruding patterns respects the global symmetry of the
supporting particle and polarization direction (Figures 2k and
0). The truncated triangular prisms show two 3—5 nm high
bumps along the longest lateral edges (Figure 21, red curve) and
a single one located at each lower truncated edge (Figure 2I,
black curve). In the hexagonal prism, the protrusions are
located at the middle of each edge, with a slightly stronger and
more confined outcome on the two sides parallel to the
incident horizontal polarization direction. Consistently, the
height profile (black curve in Figure 2p) that follows the broken
dashed line connecting points 1 to 7 in Figure 20 shows
periodic oscillations with a slight excess of height for the 1-2
and 4—5 segments.

The morphological modifications of the 2D crystalline
colloids are largely determined by the in-plane shape of the
particle and the direction of the incident polarization. By
combining the SEM and AFM data of the same prisms, it is also
clear that the protrusions are typically 50—100 nm in diameter,
irrespective of the particle shape, which is well below the
nominal size of the incident laser beam (ca. 400 nm in
diameter). In order to discriminate the influence of both
parameters, prisms with all three shapes have undergone
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multiple irradiations for which the linear polarization was
successively rotated by 10° steps so that pairs of orthogonal
polarization would cover all directions. The resulting nontrivial
surface patterns were analyzed by AFM, as shown in Figure 3,

Figure 3. (a—c) AFM images of (a) triangular, (b) truncated
triangular, and (c) hexagonal Au prisms after a series of irradiation
with a tightly focused 800 nm laser beam. For each successive scan the
polarization was rotated by 10 degrees, simulating the irradiation with
a circularly polarized laser beam. The small but high central feature in
(c) is an adventitious dirt particle that contaminated the sample after
irradiation and did not result from the hot printing process. (d—f) 3D
rendering of AFM images in panels (a)—(c), respectively. Scale bars
are 200 nm.

and clearly possess similar symmetries to their corresponding
supporting particles. The protruding areas are primarily located
along symmetrical arrowhead patterns at the apexes of the
sharp triangle (Figures 3a,d), whereas they are found near the
apexes of the truncated triangle and of the hexagon with
elevated interconnecting regions (Figures 3b,c,e,f). All three
types of prisms show a seemingly unperturbed flat central area
after irradiation.

Tapping-mode AFM phase images of irradiated prisms
present a uniform contrast, including in the areas of protrusion
(Figure S3). The uniform dissipation signal confirms the
absence of remaining organic adsorbate following the O,
plasma treatment that would be locally modified during
irradiation. Rather, it strongly suggests that the protuberances
are made of gold and that the morphology modifications result
from the melting in extremely localized regions of the prisms
that vary with the incident polarization. Yet, the intriguing
patterning cannot be accounted for by the sole action of laser-
induced melting since each and every pixel in the raster-
scanned area is exposed to the same laser irradiation.

The bulges and localized melting areas along the platelet
apexes and edges in Figures 2 and 3 strikingly resemble the
two-photon luminescence (TPL) patterns observed at much
lower fluence (see also Section 1 in the Supporting
Information).'® In this earlier work, we have established that
the TPL signal was directly related to the squared projected
distribution of SP-LDOS. In the following, we present a model
that explicitly relates the heat source density to the surface
plasmon local density of states, which represents the number of
surface electromagnetic modes per unit energy at a given
location. Accordingly, we demonstrate that the heat distribution
induced by the laser in the gold prisms is strictly proportional
to the partial SP-LDOS in the plane of the prisms (see
Supporting Information for full derivation). When the incident
Gaussian laser beam is located at the position Ry in the particle,
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the heat generated locally at Ry, Q(Ry, ®,) is related to the local
electric field E(Ry, 1, @,) as follows: "

QR @) = e (w,) / E(R,, r, ,) dr

87 v (1)
in CGS units, where ), is the angular frequency of the incident
light beam and ¢,” is the imaginary part of the dielectric
function of the metal. Moreover, for thin metallic platelets
illuminated with a circularly polarized plane wave in normal
incidence, we have demonstrated, in ref 10, that the intensity of
the local electric field could be related to the product of the
incident intensity and the in-plane component of the full SP-
LDOS, p”(l')

IE(Rg, 1, wo)I* ~ [Ey(R,, 1, wo)lzp“(r, ,) @)

Hence,

3ncd

Q(Rm a)o) = 3w

& (o) /V IEy(Ry, 1, 00)Pp,(r, @y) dr

)

where c is the light speed. When the incident light is linearly
rather than circularly polarized, p|(r) in eq 3 is replaced by the
partial SP-LDOS, its projection along the polarization direction.
It therefore appears that the heat distribution can be finely
modulated in the plane of the 2D Au prisms. For example, in
the sequential illumination illustrated in Figure 3, the full in-
plane SP-LDOS is probed through the accumulation of
orthogonal projections onto the polarization direction.*
When the SP-LDOS of a sharp triangle similar to the one
displayed in Figure 2 is projected along a single horizontal
polarization direction, it presents two intense maxima at the
two apexes along the horizontal edge, with weaker features
along the edges (Figure 4a). The projection along the vertical
polarization results in a single dominant spot at the upper apex
(Figure 4b). The AFM topography images in Figures 4d and e
clearly show that the areas of highest protuberances precisely
match those of the most intense SP-LDOS. Even the secondary
features coincide satisfactorily. Similarly, Figure 4c confirms
that the partial SP-LDOS along the vertical polarization
associated with a truncated triangle isomorph to the one
studied in Figure 2 closely matches the AFM topographical
patterns shown in Figure 4f This striking correspondence
appears all the more clearly when the AFM height data are
plotted with a highly contrasting height color scale, which is
further emphasized by thresholding the SP-LDOS maps at ca.
50—60% and above 75%. In so doing, Figures 4a, b, and ¢ yield
the corresponding Figures 4g, h, and i, which further evidences
that the mass transport observed by AFM is triggered by the
plasmonic properties of the Au platelets but also suggests that
the strongly localized melting results from a highly nonlinear
mechanism.

Pulsed laser-induced modifications in ultrathin gold films
involve extremely complex effects, including film deformation
and metal melt hydrodynamics, which may differ when tuning
the pulse width from nano- to femtoseconds.**** In particular,
Au films melt extremely locally (ca. 100 nm) at reduced laser
fluence when using shorter pulses, rather than undergoing
disruptive ablation.”>***~*® For 100 fs laser irradiations at UV
wavelength, typically 400 nm, the onset fluence for melting is
about 10—100 mJ-cm™> defending on the thickness, purity, and
support of the Au film.'>***~* The energy absorbed by the
colloidal platelets from the 10—13 mJ-cm ™ laser beam used in

0
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Figure 4. (a—c) Calculated partial SP-LDOS of (a, b) triangular and
(c) truncated platelets projected along the direction shown by the
double-headed arrows. The excitation wavelength is 800 nm. Each SP-
LDOS map is normalized to its maximal value. (d—f) AFM images of
prisms after irradiations at 800 nm. Laser polarization directions are
indicated by the white double-headed arrows. (g—i) Thresholded
calculated partial SP-LDOS from the panels (a)—(c), respectively. In
(g) the yellow color depicts regions where the normalized partial SP-
LDOS in panel (a) exceeds 50%. In (h), orange shows the areas in (b)
where the normalized SP-LDOS exceeds 60%. In (g)—(i), white areas
correspond to a normalized SP-LDOS exceeding 75% in (a)—(c).
Scale bars are 200 nm.

this work is therefore significantly smaller than the energy
required to directly melt the Au platelets, all the more so as the
imaginary part of the dielectric function of gold is markedly
lower at a wavelength of 800 nm, used here, compared to the
UV range.®® The subfusion conditions are experimentally
attested by the intact in-plane shape of the irradiated colloids.
Yet the 150 fs laser pulses generate extremely hot electrons
with a typical peak electronic temperature of 6500 K (see
details in the Supporting Information) that brings Au films in a
nonlinear regime where both the electron heat capacity and the
electron—phonon coupling factor are significantly reinforced
compared to their room-temperature values.*”***' After the
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excitation pulse, a very effective electron—phonon energy
transfer prevails initially (with a characteristic time scale of ~10
ps),*** which eventually leads to a significant elevation of the
lattice temperature. As a result, the fusion threshold is locally
overcome and induces Au melting in restricted areas. However,
it has been shown that this initial energy transfer is followed by
subsequent exchanges between electrons and phonons.”
During this mutual energy exchange, the maximum temperature
of the hot electrons decreases rapidly, which also leads to a
rapid loss of electron—phonon coupling so that the final
thermalization of the entire prism volume occurs close to but
below the melting temperature.*” In the transient nonlinear
regime reached at electronic temperatures exceeding about
5000 K, both the electronic heat capacity and the electron—
phonon coupling factor depend directly on the electronic
DOS.**¥3! The SP-LDOS therefore provides supplementary
states in which more hot electrons can be generated by the
collective excitation of surface plasmon modes. Remarkably,
this extra energy input channel is spatially patterned since the
SP-LDOS of the nanoprisms has a contrasted 2D spatial
distribution. This conjunction of locally confined, nonlinear
melting processes under femtosecond excitation with in-plane
patterning of the plasmon modal distribution is directly
illustrated by the striking similarity between the patterns of
high SP-LDOS and the AFM images in Figure 4, which strongly
suggests that the melting onset is overcome only in areas where
the SP-LDOS is significant. Here, we experimentally and
formally demonstrate the direct link between the laser-induced
hot printing in gold nanostructures and the SP-LDOS, which is
an intrinsic property of the particle. Importantly, our results
bring a deeper understanding to the recent phenomenological
association of laser-induced formation of protrusions with
electromagnetic hotspots in plasmonic structures.”’” Indeed,
depending on the laser fluence, focal spot diameter, and film
extension, protrusions with different morphologies and
characteristic sizes such as microbumps®** and liquid
nanojets’"*’ have been reproducibly observed under femto-
second laser pulse irradiation. Their formation mechanisms are
still largely debated,*"*>** but a consensual view is that the
transient melting and the associated relaxation of the initial
compressive stress result in the local upward acceleration of the
molten gold and the formation of the protrusion at the center
of the laser spot. It should be pointed out that microbumps
formed by the plastic deformation (buckling) have a typical
diameter that exceeds 0.5 m,*>**** which is much larger than
the features observed in our experiments. On the contrary,
liquid metal droplets can be as small as a few tens of
nanometers in diameter,>">**® in agreement with the observed
patterns. Moreover, the high surface tension of liquid gold
would reinforce the formation of bulging spherical caps of
liquid gold at the focal spot. The liquid gold is surrounded by
an area of softened metal where mass transport occurs under
the driving force of the surface tension of the liquid zone. After
accumulation of successive raster scans, the net mass transport
is from the areas where the SP-LDOS is minimal, as the melting
threshold was never overcome, toward areas where the SP-
LDOS is maximal. The origin of the matter brought into the
protrusions is further answered by a more careful observation of
the nanoprisms after irradiation. As an example, Figure 2n
shows that the initially uniform SEM contrast reveals a 6-fold
symmetrical pattern in a large central area of the hexagonal
prism (see also Figure S2c). This area corresponds to a large
depression area seen in the AFM image (Figure 20) and cross
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section (Figure 2p, red curve). In AFM, the depression area is
smooth and does not exhibit a similar 6-fold symmetrical
corrugation. In pristine prisms, the secondary electrons
generated by the 20 kV incident beam emerge from a typical
depth of 10 nm or less and so originate from the uppermost
twin single crystal. Irrespective of the location in the prism, the
secondary electrons travel through the same environment and
create a uniform contrast. As the plasmon-induced topo-
graphical pattern formation proceeds by mass transport toward
the peripheral, 10 nm high protrusions, a central area of the
upper single crystal is significantly thinned down (the prisms’
total thickness decreases from an initial 19—20 to 14 nm in the
depleted area). When imaging the prism after laser irradiation,
in the same SEM imaging conditions, the in-lens detected
secondary electrons also originate from the lowermost twin
crystal and travel through the uppermost one. One possible
explanation of the observed contrast is that the electrons
experience the atom density moiré patterns caused by minute
rotational and/or translational misalignment of the two twins.
Alternatively, the secondary electrons may also emerge from
the region between the prism and the underlying ITO and
therefore carry interfacial information that would result in the
contrast formation. In either case, the observations are
consistent with the formation of the depleted area at the
center of the prisms.

The moderate hot printing does not modify the 2D
geometrical outline of the prisms, which essentially preserves
their initial in-plane shape. Consequently, the in-plane SP-
LDOS, p, is not modified during the laser irradiation, the effect
of which can be cumulated by the successive addition of pulses
(Figure 3). This is confirmed by the TPL mapping that is
related to p; and that shows very marginal alteration unless
severe damage occurs (e.g,, when fluence exceeds 15 mJ-cm™2).
In contrast, the plasmon-induced hot printing does modify the
local thickness of the platelets, which should reflect on the z
component of the SP-LDOS, p,. Unlike TPL, other techniques
such as electron energy loss spectroscopy, which are essentially
sensitive to p,,>>~>° would be able to probe this SP-LDOS self-
induced engineering.

In summary, plasmon-mediated, local melting under pulsed
laser irradiation has recently emerged as a new imaging
technique capable of directly resolving the plasmonic properties
of complex planar metallic nanostructures that were so far
associated with areas of high electric field or high current areas.
As a thermal imaging technique, it relies on a local probe and
offers an extremely high resolution with spectral tunability
unlike fluorescence polarization anisotropy or thermal radiation
STM. Here, we have demonstrated for the first time both
experimentally and theoretically the direct link between the
local generation of heat in the metal under pulsed laser
irradiation in plasmonic nanostructures and the SP-LDOS,
which is an intrinsic property of the irradiated object,
irrespective of the illumination conditions. When using 100—
200 fs laser pulses, a deeply subwavelength resolution (~ 4/10)
is achieved through a nonlinear thermoplastic mechanism that
needs further investigations. Thus, SP-induced hot printing can
be conceived as a highly resolved SP-LDOS imaging method,
the implementation of which is much more straightforward
than fluorescence lifetime microscopy or EELS. Moreover, SP-
LDOS controls a large number of properties in and near
metallic structures such as luminescence, emission, electron—
plasmon interaction, field confinement, and enhancement. Our
direct and detailed imaging technique will be beneficial for the
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design of new multifunctional or transductive modal plasmonic
devices. Beyond mere SP-LDOS imaging, the engineering of
the modal distribution of plasmons opens a general way to
confine heat generation at the nanoscale. Indeed our earlier
work has demonstrated that SP-LDOS can be modulated by
shaping 2D crystalline colloids®® or by tuning the interparticle
coupling.'®*® 'In particular, the ultrathin single-crystalline
prisms with lateral sizes comparable to the optical wavelength
studied in this work exhibit a very well-defined in-plane
distribution of higher order modes associated with resonances
in the technologically relevant near-IR region. The projection
of the SP-LDOS by using linearly polarized light provides for a
way to arbitrarily select the areas where heat is generated and
hence to control the planar heat source distribution. Finally, in
the studied systems, the in-plane partial SP-LDOS, p,
determines the regions where temperatures capable of inducing
morphological changes are reached, but this perturbation
mostly affects the out-of-plane partial SP-LDOS, p,. Thus, the
plasmon-mediated hot printing in planar plasmonic structures
could be advantageously exploited to fine-tune the SP-LDOS
with a 100 nm spatial resolution. Such a general leverage of the
thermo-optical properties at the nanoscale can be of great
practical interest in emerging fields such as nanopatterning,
nanochemistry, nanofluidics, and nanomedicine.

B EXPERIMENTAL SECTION

Sample Preparation. Gold nanoprisms with lateral sizes
ranging between 500 and 1000 and 20 nm average thickness
were prepared by a quantitative one-pot synthesis, the protocol
of which is described elsewhere.'® The prisms are composed of
two superimposed single crystals sharing a 2D twin boundary
along the {111} zone axis and that extend laterally over the
entire prisms (data not shown). The colloids were drop-casted
for S min before immersing the cross-marked substrate in a
warm water bath for 2 min with gentle stirring. Organic
adsorbates were removed just before performing experiments
by three successive 5 min oxygen plasma cleanings separated by
S min cooling time under vacuum. Scanning electron
microscopy (Zeiss 1540XB) and atomic force microscopy
(Dimension 3000 Veeco-Bruker) were performed to identify
individual prisms to be studied and measure their dimensions.
SEM and AFM measurements were again performed after
particle irradiation to visualize the modified morphology. AFM
images were processed with the WSxM software.>”

Plasmon Hot Printing. Sample illumination was carried
out using a TPL scanning microscopy setup.'® The schematic
of the experiments is shown in Figure 1a. The linearly polarized
beam of a Ti:sapphire femtosecond laser (Coherent Chame-
leon Ultra II) delivering 150 fs near-infrared pulses tunable
between 680 and 1080 nm at a repetition rate of 80 MHz was
focused onto the sample in a home-built optical microscope
objective. The linear polarization direction of the incident light
was controlled by a 1/2 plate (Thorlabs AHWPOSM-980). The
laser beam was modulated with an optical chopper at 6 kHz to
allow lock-in detection of the TPL signal. TPL was collected in
an epi-collection geometry, separated from the excitation beam
by a dichroic mirror (Semrock, FF665-Di02), and focused on a
photomultiplier tube (PMT; Hamamatsu H7422P-40) oper-
ated in analogue mode. The TPL maps were obtained by raster
scanning the sample with a high precision X—Y piezostage
(Mad City Laboratories NanoPDQ250) controlled by a
homemade LabView program.
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Full irradiations consisted in a series of 10 raster scans with
air objective (Olympus 100X, NA 0.8) for particles reported in
Figures 2, 4, and S2a—f. Twenty raster scans with an oil
immersion objective (Olympus 100X, NA 1.4), approached
from the substrate side, were performed on particles in Figures
1, 3, and S2h,g. The average scanning speed was 350 nm/s, the
scan step in the X and Y directions was d = 55 nm, and the pixel
dwell time was 150 ms. The pixel size is defined by the scan
step size and corresponds to d°. For each scan, the total average
laser exposure time per pixel was 40 ys and the average number
of pulses delivered per pixel was 3 X 10° The laser power range
used with the oil immersion objective was kept in the range to
obtain a low fluence at the sample plane, ca. 1-4 mJ-cm ™.
Both objectives induced comparable morphological changes,
and the choice of one or another was dictated by the desired
resolution of the corresponding TPL maps.
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