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ABSTRACT

Fabrication of plasmonic nanostructures have been an important topic for their potential
applications in photonic and optoelectronic devices. Among plasmonic materials, gold is one of
the most promising material due to its low ohmic loss at optical frequencies and high oxidation
resistance. However, there are two major bottlenecks for its industrial applications: 1) need for
large-scale fabrication technology for high- precision plasmonic nanostructures; and 2) need to
integrate the plasmonic nanostructures on various substrates. While conventional top-down
approaches involve high cost and low throughput, bottom-up approaches suffer from
irreproducibility and low precision. Herein, we report laser shock induced direct imprinting of
large-area plasmonic nanostructures from physical vapor deposited (PVD) gold thin film on
flexible commercial free-standing aluminum foil. Among the important characteristics of the
laser-shock direct imprinting are their unique capabilities to reproducibly deliver designer
plasmonic nanostructures with extreme precision and in ultrafast manner. Excellent size
tunability (from several um down to 15 nm) has been achieved by varying mold dimensions and
laser parameters. The physical mechanism of the hybrid film imprinting is elaborated by finite
element modeling. Mechanical robustness test of the hybrid film validates a significantly
improved interfacial contact between gold arrays and underlying substrate. The strong optical
field enhancement was realized in the large-area fabricated engineered gold nanostructures. Low
concentration molecular sensing was investigated employing the fabricated structures as surface-
enhanced Raman scattering (SERS) substrates. The ability to ultrafast direct imprint plasmonic
nanoarrays on flexible substrate at multiscale is a critical step towards roll-to-roll manufacturing
of multi-functional devices which is poised to inspire several emerging applications.

Keywords: Multi-layer imprinting, Laser shock, Gold arrays, Flexible, Plasmonics, SERS.
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1. Introduction

Designer gold arrays, representing ordered gold structures fabricated according to one’s design,
have attracted tremendous interest due to the unprecedented ability in electromagnetic field
confinement and potential applications in a vast array of photonics and optoelectronics
technologies [1-3], ranging from chemical and biosensing [4—6] through to energy harvesting [7],
imaging [8,9], data storage [10—12] and optical tweezers for nanomaterials manipulation [13—16].
Gold is the most commonly used material in plasmonic and optical metamaterial devices due to
its chemical stability and small Ohmic losses at optical frequencies. While its use in basic
research keeps growing, the commercialization and practical implementations of laboratory
research to benefit the society have been greatly hindered by high cost and low throughput
inherited in current fabrication techniques [17—-19]. For example, bottom-up approaches such as
guided growth and self-assembly suffer from poor control, reproducibility and scalability [20—
23]. Top-down techniques such as conventional lithography process [24-26] followed by
metallization and lift-off involve multiple steps and usually require high standard cleanrooms,
which need significant capital and energy investment. Furthermore, the conventional techniques
have exclusively been limited to flat surfaces. Exploring approaches to achieve gold arrays on
flexible substrates could bring advantages from their capability to wrap around non-planar

surfaces and combine with next generation flexible electronic devices with multiple functions.

Several methods have been developed to enable large-scale precise patterning in a relative rapid
and low-cost fashion. Using nanoimprint lithography [27-30] to mechanically deform
photoresists or polymers followed by curing at elevated temperatures or ultraviolet light
illumination has been a commonly employed approach; however, subsequent etching of residual

polymer, metal deposition and lift-off are still required steps to generate the final metallic arrays,
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sophisticating the process. Template stripping [31-34] has been used to obtain smooth metallic
structures on flexible substrates over wafer-scale areas by thermal annealing of a polymer
substrate and a silicon mold with metal layers sandwiched in between, yet it lacks the capability
of roll-to-roll manufacturing. Thermoplastic forming of bulk metallic glasses [35,36] by taking
advantage of temperature dependence of material strength would generate geometrical
inaccuracies due to thermal expansion and capillary action. Consequently, the development of a
novel technique capable of high-throughput and precise direct fabrication of multiscale gold
arrays on flexible substrate is of great importance for next-generation devices and is expected to

be useful for various potential emerging applications.

In this article, we develop laser shock multi-layer imprinting (LSI) to realize ultrafast and precise
fabrication of flexible substrate-supported gold arrays. In this approach, the thin gold coating is
supported on a free-standing aluminum foil because of its availability at commercial scale and
good formability. Ultrahigh shock pressure is generated by laser ablation of graphite [37-39] to
deform the multi-layered film against a silicon mold. To gain insight of the underlying
phenomena in LSI of the hybrid, a finite element model (FEM) is developed to study the
transient stress and temperature fields. Structural integrity of the hybrid material system is tested
to evaluate its mechanical robustness. The capability of optical field confinement of the patterned
gold arrays are investigated by employing it as surface enhanced Raman scattering (SERS)

substrates for sensitive molecular detections.

2. Materials and methods

Fig. 1 (a) shows the silicon mold with various dimensions fabricated by electron-beam

lithography and dry/wet etching. The experimental set-up to achieve precision multiscale
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patterned metallic structures by LSI is shown in Fig. 1(c). Q-switch Nd-YAG laser (Continuum®
Surelite III) (1064 nm wavelength and 5 ns pulse duration) was used to irradiate on a sacrificial
layer with graphite coating (Asbury Carbons, U.S.A.) sprayed on a 4-pum-thick Al foil (Lebow
Company USA). A fused silica was placed on top of the graphite coating to confine and enhance
plasma expansion. Intense laser fluence instantaneously evaporated the graphite layer and
ionized plasma and strong momentum was generated. The shock wave was then transferred onto
the target sample which sits directly on the fabricated micro-/nano- scale silicon mold. The
dimension of samples is around 10 mm x10 mm. The diameter of laser beam is controlled by a
focus lens and measured by using a photosensitive paper. The typically diameter used is 3 mm. A
motorized XY stage was used to achieve in-plane translation of the sample for laser scanning.
Deformation depths were closely monitored with the variation of single pulse laser intensity and
trench width. Trench mold of various trench widths from 4 pm and down to 15 nm were used in
the present experimental investigations. Laser intensities up to 0.7 GW/cm? (measured by using
Newport 1916¢ power meter) were applied to investigate laser shock imprinting of micro/nano
patterns. The target material is composed of a gold layer and a flexible substrate. In this study, a
4 pum thick aluminum foil was used as the flexible handling substrate. The foil was cleaned by
toluene, acetone, and Isopropyl alcohol successively for 5 minutes. After its natural dry, the
sample was mounted on a holder to coat a gold layer. The above mentioned laser shock
processing was applied to achieve micro/nano imprinting. The resultant imprinted film after peel
off from the micro/nano mold had inverted structures. Besides gold, other plasmonic materials
(such as silver or copper) which exhibit plastic formability under laser shock induced high-
strain-rate deformation could also be coated and processed. Au thin film of thickness 100 nm or

200 nm was deposited onto the flexible aluminum foil by electron beam deposition at a rate of 1
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nm/s. An ultra-thin titanium layer (~5 nm) is used as adhesion layer. Al foil can be replaced by
flexible polymers as well, as the heat generated during nanosecond laser ablation is with small
dissipation length (within 500 nm) and it would thus not affect the substrate. The target film is
kept in dry environment and cut into smaller pieces for each usage. No future gold coating is

needed before its exhaustion.

The mechanical properties of laser shock processed hybrid film were evaluated from the
penetration force-displacement curves obtained from nanoindentation tests using a Keysight
Nano-Indenter G200 with a standard Berkovich diamond indenter. Three kinds of indentation
tests were performed during the experiment: indentations on the untreated, treated flat, treated
curve surface of the samples. To evaluate the mechanical properties along the thickness, tests
were performed under force control with several loading/unloading cycles. The loading time and
the hold period at maximum displacement was 10 s and 2 s, respectively. Afterwards, the
indenter was withdrawn at the same rate as during the loading cycle. From these tests,
mechanical properties like hardness and elastic modulus can directly be obtained from force—

displacement curves by standard Oliver and Pharr method [40].

A coupled temperature displacement dynamic FEM model was developed to simulate stress and
temperature fields. The analysis type was assigned to be plane strain. The element type used is
CPE4RT which features 4-node bilinear displacement and temperature, reduced integration and
hourglass control. Molecular dynamics simulation of indenter-structure interaction is carried out
to illustrate the influence of interfacial discontinuities on integrated mechanical response of the
hybrid film. An embedded atom method (EAM) potential with improved force matching
methodology [41] and FCC (face-centered cubic) structures were used for gold and aluminum. A

constant force of 0.05 eV/A was applied to the indenter. Lennard Jones (LJ) potential was used
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to describe the van der Waals interaction between gold and the mold. The calculation was in
microcanonical (NVE) ensemble around 300 K. The time step was 1 fs. Molecular detection
capability was demonstrated by soaking the fabricated sample in diluted rhodamine 6G aqueous
solution for 30 min followed by thoroughly cleaning with de-ionized water. Raman instruments
with laser wavelengths of 633 nm and power 0.25 mW were used to record Raman fingerprints

of molecules.

3. Results and discussion

Micro- and nanometer scale gold patterns are fabricated precisely and reproducibly, as shown in
the FESEM images in Fig. 1(d). The present LSI technique is equipped with the capability of
precision nanoscale imprinting of functional nanostructures on flexible substrates in scalable and
reproducible manner. Structures including but not limited to trenches, circles, and holes with
dimensions as low as 20 nm have been obtained on the hybrid film by a single laser shock.
Deposition of a layer of Au on thin flexible substrate generally results in much rougher surfaces,
because of thermal stress and deformation associated with rapid non-uniform heating and cooling
effect during the deposition process, large initial roughness of the supporting substrate, and
wrinkles generated during sample cleaning and handling. As shown in Fig. 1 (b), the measured
surface height variation of the deposited gold film on aluminum foil is around 200 nm, which is
more than 10 times larger than the usual surface roughness reported for rigid substrates.
However, as gold surface is placed against atomically smooth silicon mold, upon laser shock
processing, the ultra-high shock pressure generated during plasma expansion instantaneously
flattens the gold surface, resulting in much smoother surface with the measured surface height
variation ~ 10 nm, which is 20 times better than that without laser processing and the surface

smoothness is comparable to the features attained on rigid silicon substrate. The flattening effect
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arises from plastic flow of gold and underlying substrate under laser shock pressure. Thus, LSI
exhibits superior performance as compared to other existing imprinting technologies, as far as

surface smoothness of fabricated features is concerned.

The deformation depth of micro/nanoscale features attained by LSI process is observed to be
closely related to laser intensity and geometrical parameters of the mold. For a fixed trench width,
higher laser power used for the purpose of forming, results in deeper trenches. Strong laser
power dependence of deformation depth is visualized from approximately three-fold rise in
deformation depth when laser intensity is increased from 0.1 to 0.4 GW/cm®. Apparently, there is
a threshold of laser intensity, over which one attains good formability. Typically, nanoscale
features require a larger laser pressure to be deformed conformally, compared to micro or
millimeter scale features. To ensure a high fidelity feature transfer for all structures with a single

laser shock, a intensity of 0.7 GW/cm® is thus used.
3.1 Deformation Mechanism of gold arrays by LSI

To gain insight of the hybrid film shock forming process, a simplified model implemented by

FEM is developed to illustrate stress and temperature fields with the advance of time.

Table 1:Mechanical and thermal properties of aluminum and gold [42,43]

Al Au
Density (g/cm3) 2.7 19.3
Young's modulus (GPa) 36 79
Poisson ratio 0.33 0.42
Thermal conductivity (Wm'K™) 237 318
Specific heat capacity (J/g°C) 0.90 0.16
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Coefficient of thermal expansion (K") [ 142x10°[23.1x 10°

Melting temperature (°C) 660 1064

A simplified model for laser induced shock momentum is given by[44—49],

dL(t) _ 2

= —zF® (1)
1) = PO =2 + 22 [P(OL(D)] )

where P(t) is the laser induced shock pressure at given instant, I(t) the effective laser intensity at
time t, L(t) the thickness of the interface at time t. ais a constant to represent a fraction of

internal energy related to pressure. Z is the shock impedance given by[50],
=t 3)

where Z; and Z, are the impedances for the target metal and the confining media, respectively.

Impulse imparted by shock waves raises momentum of metal thin film to a level which suffices
for the 3D plastic deformation conformal to the micro/nano scale molds. Metals under extreme
laser shock pressure, achieves excellent 3D micro/nano forming due to high strain rate exceeding
10°s™. Ultrafast laser based 3D micro/nano forming results in compactness in formed materials
which strengthens them. Since strain rate varies over huge range within minute fraction of
second, plastic strain ¢ would have significant strain rate dependence. Considering that Johnson-
Cook (J-C) strain sensitive plasticity model applies to the present case, the slope of the flow
stress curve is independently influenced by strain, dimensionless strain rate and local

temperature achieved in constriction.
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1 o = (A + Be") (1 +Cln S—SO) (1—T'™) &)

2 where ¢ is the plastic strain, € is plastic strain rate, €;is the reference strain rate. A, B, and C are

3 material constants. T" is the homologous temperature defined by,

4 T =k (5)
5  where T, is the transition temperature and Ty, is the temperature at which melting occurs.
6 Table 2: Parameters for Johnson-Cook plastic model [43,51,52] for Al and Au with average
7 grain size around 80 nm.
A (MPa) B (MPa) C n T, (°C) m
Al 140 157 0.016 0.167 527 1.7
Au 120 243 0.056 0.147 23 0
8

9  Temperature rise during the high strain rate process is considered by setting inelastic heat
10  fraction for plastic flow. The temperature dependence of yield stress is set to zero, as it was
11 found that yield stress of gold does not vary with temperature at low temperature region.[52]
12 Two different sets of thermal and mechanical properties are assigned to represent the deposited
13 polycrystalline Au layer and aluminum. ABAQUS software has been used to numerically

14  simulate the stress as well as temperature fields during the process.

15  Fig. 2 (a) shows the successive stages of hybrid film deformation under shock pressure. At

16  abrupt geometrical changes, materials are subjected to severe strain fields due to stress
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concentration. For different laser conditions, the calculated von Mises stress fields and cross
sections are different, as shown in Fig. 2 (b-c). Stress field in gold coating is generally larger
than that in aluminum because of its stronger strain-rate sensitivity (Table 2). At the upper corner
of the mold, Au layer directly bears the reaction force from the mold and flows into the trench.
The thickness of Au layer inside the trench is thus anticipated to be thicker than that outside (Fig.
2(c, e, g)). Depending on the stage of the deformation and laser intensity, Au layer can suspend
on the trench (Fig. 2 (b, d, f)) for low laser shock pressure, or touch the bottom (Fig. 2 (c, e, g))
for high laser shock pressure. The gold layer under high shock pressure is punched against ultra-
flat silicon mold, thus generating a replicated smooth surface. The simulated results in Fig. 2 (b-e)

qualitatively agree well with those from experiments (Fig. 2 (f-g)).

Fig. 2(h) shows the strain energy of the hybrid during and after laser shock loading. While the
pulse duration is only 5 ns, the first peak in strain energy is found to occur several nanosecond
later than the peak in laser intensity, resulted from the prolonged plasma-induced shock pressure
due to confining media and a time delay for elastic and plastic stress wave propagation. The
second peak, which is more obviously present in the case of high laser intensity, emerges when
the film impacts on the bottom of the mold and kinetic energy of the material transfers into strain
energy of the system. Similar phenomena are found for the interface force (Fig. 2(i)). The strain
energy, interface force and local temperature rise (Fig. 2(j)) are found to decay as plastic stress
wave propagates and reflects. The maximum temperature rise is around 100 K and 20 K for laser
intensity of 0.48 GW/cm” and 0.27 GW/cm?, respectively. Thermal energy is uniform inside the
thin gold layer and dissipates quickly due to the high thermal conductivities of the metals.
Depending on the material properties, maximum temperature which locally rises in the ultra-high

strain rate deforming process could be increased, due to competing effects of heat generation and

10
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dissipation. It should be noted that accurate material properties and processing parameters are
often difficult to obtain, especially in the present case of non-equilibrium plasma shock induced
micro/nanoscale high-strain-rate deformation. However, the calculated results shown in Fig. 2
could be interpreted qualitatively and serve as estimations of temperature rise and deformation

profile.

3.2 Mechanical robustness of metal-flexible substrate interfaces:

Extreme laser pressure burst in confined geometries is poised to elevate local temperature at
sharp corners. However, since laser pulse does not last longer than a few nanoseconds, diffusion
of heat will be fast and hence laser shock processing provides a technological platform for
relatively cold nanoforming which will have immense capabilities. Unlike hot forming
techniques, LSI is a cold forming process which provides extremely high strain rate, resulting in
high formability of metals and ultrasmooth nanoscale surface features. Metals pushed into the
mold cavity with laser shock pressure experiences severe plastic deformation and
nanocrystallization around the corner of the nanomolds, followed with dynamic crystallization in
the mold cavity. As a result, the mechanical properties of the imprinted metal are enhanced, as
shown in the hardness values obtained from nanoindentation (Fig. 3 (a)). As the hybrid film gets
deformed into 3D shapes, the surface profile, local stress-strain and temperature history would
greatly impact the surface hardness. Thus variations of surface hardness after shock pressure
were expected. It was also found that surface hardness of LSI samples increases with increasing
laser intensity, due to dislocation multiplication and strain hardening. Due to spatial variations of

material thickness, local temperatures and strain histories, the measured hardness at different
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locations varies, as listed in Table 4. On the top of the structures, the hardness is found to be the
highest, followed by the bottom, and then the unstructured areas. This agrees with experimental
and simulated cross-section profiles in Fig. 2 (b-g), with a thicker gold layer inside the trench.
For all samples treated by LSI, the hardness has a decreasing trend as the tip indents into the
surface, due to strong surface effect of LSI and size effect during indenter-surface interaction

[53,54].

For gold nanoarrays supported on flexible substrates, sufficient interfacial strength is needed for
practical applications. Fig. 3 (b) shows the obtained cross-sections of the hybrid film before LSI.
The interface between Au and Al is distinct and loose before LSI, which might result in Au layer
peel-off when the hybrid foil is bent. After LSI, significant interface improvement is observed.
As shown in Fig. 3 (¢), it is found that Au and Al atoms diffuse to the adjacent layers,
overcoming surface imperfections such as oxide layer, adsorbed molecules and contaminations.
In order to study the influence of shock pressure on the integrated mechanical properties of the
hybrid film, the load-displacement curves were monitored on these samples during
nanoindentation. As shown in Fig. 3(d) for the untreated sample, large discontinuities are
observed at loads between 0.2 mN and 0.4 mN, or at penetration depths between 50 nm to 150
nm, for all 50 randomly selected locations on films before LSI. The jumps of displacement
during indentation are between 45 nm to 140 nm. This sudden displacement jump, known as
"pop-in" effect, was previously observed during indenting single-crystalline metals,
semiconductors, and ionic crystals, and was believed to be the transition from pure elastic to
plastic deformation as a result of homogeneous defect generation [55-57]. However, as shown in
the surface morphology of the indented area (Fig. 3 (a)), the test generated a pyramid indent on

the surface with no observable surface cracks, eliminating the possibility of brittle failures. Large

12
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plastic deformation before pop-in is also clearly shown from the differences of loading and
unloading curves in Fig. 3 (d). Thus “pop-in” in the present study should be attributed to loose
contact at the internal interface, grain boundary sliding of the multi-crystalline gold coating, and
large surface roughness. As listed in Table 3, LSI could effectively diminish the probability of
occurrence of “pop-in”. The displacement jump length is largely shortened by LSI. The
occurrence depth and force are both decreased upon laser shock, indicating better layer-to-layer
contacts and improved surface morphology. The suppression of pop-in effect is a clear evidence
of enhancing mechanical properties by LSI. To address the influence of interfacial strength on
indenter-multilayered film interaction, molecular dynamics simulations with and without an
interface void was carried out as shown in Fig. 3 (e-h). By comparing Fig. 3 (f) and Fig. 3 (h),
the triangular indenter under constant loading is found to have a higher velocity when it
penetrates to the proximity of the interfacial discontinuities due to void-induced stress-
redistribution and subsequent collapsing, giving rise to the experimentally observed load-
displacement jump. LSI could effectively densify porous thin-films, facilitate interlayer atom
diffusion and introduce enhanced integration of multi-layered structures, thus preventing the
aforementioned “pop-in” on LSI treated samples and resulting in mechanically robust multi-

layered thin films.

Table 3: Pop-in event probability, length of displacement jump, occurrence depth and force
variations with laser intensity.

Laser Intensity | Probability of Length of Occurrence Occurrence
(GW/cmz) pop-in (%) displacement jump depth (nm) force (mN)
(nm)
0 100 45 73 0.31
0.07 53 12 55 0.2
0.27 0 0 NA NA
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0.48 0 0 NA NA

Table 4: Calculated hardness values.

Load (uN) Hardness (GPa)

Flat | Top | Bottom | Untreated

0.125 1.67 | 2.05 | 1.77 1.92
0.25 132 1.46 | 1.31 2.07
0.5 0921107 1.04 0.47

The idea behind coating functional plasmonic gold layer on the top of flexible aluminum layer
was to take advantage of excellent formability of aluminum and at the same time it would
minimize the product cost with a huge margin. Mechanical properties studied by nanoindentation
experiments indicate excellent structural integrity of the hybrid as forming is carried out by laser
shock pressure. High strain rate processing, excellent heat dissipation and interfacial interactions
are held responsible for enhanced mechanical robustness of the formed nanoscale features which

ultimately provides fidelity which is needed for precision nanomanufacturing.

3.3 Molecular sensing by fabricated hybrid SERS platform

Plasmonic gold coating when nanopatterned, bear significance due to their capability of focusing
light at one’s will. The structure dimensions of the generated pattern define the local electric
field when light is incident upon them. LSI is spatially selective in ultrafast fabrication of
multiscale designed patterns consisting of gold nanostructures, as shown in Fig. 4 (a-b). By
adjusting the structural dimensions, different field enhancements could be generated (Fig. 4 (c-

d)). In general, by reducing slit width of the nanostructures, higher field confinements could be

14
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achieved according to our FDTD simulations in Fig. 4 (d). To experimentally demonstrate the
field enhancement capability, molecular sensing of 70 nM Rhodamine 6G (R6G) (Sigma Aldrich)
was tested. The laser power is kept low while spectral recording was carried out, to avoid
apparent temperature rise of the samples which possibly can photocarbonize R6G molecules.
The molecules are off resonance at 633 nm red laser excitation, so that the detected signals could
be attributed to field enhancement. As shown in Fig. 4 (e), under transverse magnetic (TM) mode
excitation, the luminescence background of Au is found to be hugely increased after laser shock
patterning of Au film into nanoscale trench. Vibrational fingerprints of the molecules at 613, 775,
1187, 1360, 1509 and 1650 cm™ could clearly be distinguished when molecules are anchored by
Au trenches, which is of significant difference as compared to the background Raman spectrum
recorded for flat Au surface. Such distinctions of Raman peaks are due to local electric field
evolved under incident light. The optical field enhancements under laser illumination are also
shown in our FDTD simulations in Fig. 4 (f). Few/single molecule detection could be carried out
in future by designing more complex structures, optimizing the geometrical dimensions and
shifting the plasmonic resonance wavelength to the resonant frequency of molecules to be
diagnosed. For surface-enhanced Raman scattering (SERS) effect from an ordered array with
deterministic hot spots intensities and locations, our result is apparently higher than that reported
by Zhu et al.[58], where a much higher molecular concentration of R6G was used onto gold-void
nanostructures fabricated by self-assembly assisted electrochemical deposition process under
molecular resonance frequency. It should be noted that SERS effect in this study is a proof of
field enhancement capability of the orderly structured metal foil with functional coating. With

this capability, various applications based on light-matter interaction, such as nanophotonic
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devices and circuits, energy conversion devices, imaging, surface enhanced Raman scattering,

and photothermal applications, could be pursued with proper structural design in the future.

Patterning of hybrid films by LSI is demonstrated to be facile, rapid, economic, scalable and
reproducible. Moreover, while most of bottom-up patterning techniques involve several steps
including chemical treatments, heat treatments etc; top-down approaches suffers reproducibility
issues and pose operational barrier for manufacturing of nanoscale features. LSI provides a
viable solution to such outstanding issues and is deemed to be potential futuristic technology for
precision manufacturing of functional nanoarchitectures. The present method exploits excellent
formability of aluminum metal and at the same time, gold surface coating provides plasmonic
functionality to the printed 3D nanoshapes. Gold coating on the top of aluminum foil can be
replaced by other functional materials and thus one can attain 3D nanoshapes of desirable
functional materials. The present experimental investigation thus gives birth to an innovative
technology, capable of catering desired 3D nanoshapes with high precision as well as

reproducibility in scalable manner and with desired functionality.

4. Conclusion

In conclusion, gold arrays on flexible aluminum substrate have successfully been fabricated by
laser induced shock pressure. Precise control over structural dimensions, ultrafast processing
(nanosecond processing time), capability of roll-to-roll mass production at economic cost and in
scalable manner are some of the attributes of this emerging technology. The multi-layered
deformation mechanism is investigated by developing a continuum model to study the induced

stress wave propagation and temperature rise. The hybrid film treated by LSI shows improved
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surface smoothness, better interface and enhanced mechanical integrity for robust use. Patterned
gold nanostructures act as an excellent optical antenna and results in strong optical field
confinement, which have aptly been exploited for sensitive molecular detection. Cold processing
nature of LSI would suit to precision nanomanufacturing of functional structures on a variety of
flexible substrates and thereby would find bio-applications. Since LSI is material wise versatile,
it could provide ultrafast production of patterned functional nanofeatures laminated on flexible
substrates with resolution beyond the limitations set by beam diffraction or scattering in
conventional photolithography techniques, and has broad working window for various

dimensions.
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Figure Captions:

Figure 1. (a) Optical images of fabricated silicon mold. Scale bar: 1 mm. (b) Processing
procedures for patterning 3D structures on hybrid film: (1) initial film; (2) deposition of a thin
layer of functional material; (3) LSI process; (4) final film. Inserted are AFM images of gold
coated flexible foil before laser shock, flat and structured areas after laser shock respectively. (c)
Schematic drawing of LSI forming. (d) SEM images of obtained structures. Inserted is higher
resolution SEM image of nanostructure.

Figure 2. (a) Schematic of plastic strain generation during laser shock imprinting of hybrid films
with different mechanical properties: (1) initialization of plastic flow, (2) developed stage, (3)
final stage. Laser intensity: 0.48 GW/cm®. (b-¢) Calculated von Mises stress fields (unit: MPa)
(b-c) and temperature fields (unit: K) (d-e) for laser intensities of 0.27 GW/cm?® (b, d) and 0.48
GW/cm® (c, e), respectively. (f-g) Corresponding FESEM images of obtained cross-sections.
Scale bars: (a-e) 300 nm, (f-g) 1um. (h) Strain Energy history of the system. (i) Corresponding
contact force at gold coating and aluminum film interface. (j) Temperature rise and dissipation
due to high strain rate deformation and thermal transport.

Figure 3. Enhanced mechanical properties by laser shock. (a) Experimental obtained hardness
values of untreated, shock imprinted samples with various laser intensities (LSI 1: 0.07 GW/cm?,
LSI 2: 0.27 GW/cm?, LSI 3: 0.48 GW/cm?, loading force: 0.5 mN). Inset: typical AFM image of
indented surface. (b-c) FESEM imaging of surface morphologies for untreated samples (b)
showing sharp interface edges, and LSI treated samples (c). Scale bars: lpum. (d) Load-
displacement curves obtained on samples before LSI treatment ("pop-in"), and at various
locations on generated structures after LSI. Laser intensity: 0.48 GW/cm?. (e-h) Schematic of
molecular dynamics simulations (e, g) and calculated velocity (z-direction, unit: A/fs) fields (f, h)
at 11 picosecond in nanoindentation of multi-layered films with (e-f) and without (g-h) interface
discontinuities. Scale bars (f, h): 4 nm.

Figure 4. Field confinement of fabricated flexible gold arrays. (a) Optical image of a circle with
nanostructures for LSI. Scale bar: 50 um. (b) Confocal Raman mapping of obtained circle
consisting of Au nanoarrays. Scale bar: 50 pum. (¢) FDTD simulations of trenches between two
slits with different slit width (100 nm, 50 nm and 30 nm). Structures are with depths of 50 nm
and with periods of 150 nm. Scale bars: 50 nm. (d) Line profiles of obtained field enhancements
in (c). (¢) Raman spectra of R6G molecules on flat and patterned gold coated aluminum film,
inserted is the SEM image of the slit arrays (pitch: 150 nm; slit width: 15 nm; depth: 50 nm).
Scale bar: 150 nm. (f) Calculated local field under transverse magnetic (TM) mode and
transverse electric (TE) mode illuminations with incident light A = 633 nm and mesh size 0.5 nm.
Scale bars: 50 nm.
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