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1. Introduction

Femtosecond laser generation of microbumps and
nanojets on single and bilayer Cu/Ag thin filmsf

#*® Miao He,%° Jasmin S. Schubert,? Leonid V. Zhigilei 2% and

a

Aida Naghilou,
Wolfgang Kautek

The formation mechanisms of microbumps and nanojets on films composed of single and double
Cu/Ag layers deposited on a glass substrate and irradiated by a single 60 fs laser pulse are investigated
experimentally and in atomistic simulations. The composition of the laser-modified bilayers is probed
with the energy dispersive X-ray spectroscopy and used as a marker for processes responsible for the
modification of the film morphology. For the bilayer with the top Ag layer facing the laser, the increase
in fluence is found to result in a sequential appearance of a Ag microbump, the exposure of the Cu
underlayer by removal of the Ag layer, a Cu microbump, and a frozen nanojet. The Cu on Ag bilayer
exhibits a partial spallation of the top Cu film, followed by the generation of surface structures that
mainly consist of Ag at higher fluences. The experimental observations are explained with atomistic
simulations, which reveal that the stronger electron—phonon coupling of Cu results in the confinement
of the deposited laser energy in the top Cu layer in the Cu on Ag case and channelling of the energy
from the top Ag layer to the underlying Cu layer in the Ag on Cu case. This difference in the energy
(re)distribution directly translates into differences in the morphology of the laser-modified bilayers. In all
systems, the generation of microbumps and nanojets occurs in the molten state. It is driven by the
dynamic relaxation of the laser-induced stresses and, at higher fluences, the release of vapor at the
interface with the substrate. The resistance of the colder periphery of the laser spot to the ejection of
spalled layers as well as the rapid solidification of the transient molten structures are largely defining the
final shapes of the surface structures.

have many potential technological applications due to their unique
properties, such as superhydrophobicity,*>*® self-cleaning,*” and

Ultrafast lasers are a peerless tool for high-precision processing of
various materials,"” including dielectrics,> ' semiconductors,"*™*
and metals."”"*™ It has been demonstrated that laser irradiation
can modify material microstructure and create a wide variety of
surface morphologies. These can vary from random micro- and
nanostructures,>®?* subsurface voids and microcracks,>*** to
laser-induced periodic surface structures or “ripples”,'?'%2673¢
which are to a certain extent controlled by the laser wavelength
and polarization, to micro/nanobumps and frozen nanojets
generated with single tightly-focused ultrashort pulses.*'™*
The latter surface structures can be replicated into ordered
arrays by means of interference between multiple beams.?"**
The surfaces with arrays of metallic and non-metallic microbumps
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enhanced tribological performance,® as well as their active and
nonlinear optical response.*’

While the generation of microbumps and nanojets has been
reproduced in many studies, the mechanisms behind their
formation are still being debated. It is generally accepted®*°
that frozen nanojets are produced through rapid melting, jetting
of the molten material driven by pressure gradients, and rapid
cooling of the melt leading to the freezing of the nanojets. The
processes responsible for the formation of microbumps, however,
are still under discussion. In particular, the Marangoni effect,*°
subsurface boiling and pressure of the vapor released at the
substrate-film interface,**® melting and redistribution of molten
material,**™***"% and plastic deformation of the irradiated
film>*>*® have been suggested as processes responsible for the
formation and rupturing of the microbumps.

Large-scale atomistic modelling of thin nickel films irra-
diated by a single femtosecond pulse®'*> supports the scenario
of the microbump formation in the course of the transient
melting and resolidification. The simulations show that rapid
localized laser heating and melting of the film takes place
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under partial inertial stress confinement,** leading to a buildup
of compressive stresses. The relaxation of these compressive
stresses is identified as the main driving force causing the
upward acceleration of the melted region of the film, its
delamination from the substrate, and eventual formation of a
bump. The shape of the bump is defined by the competition of
the hydrodynamic flow of the molten part of the film and the
solidification occurring under conditions of strong undercool-
ing caused by fast two-dimensional electron heat transfer from
the laser heated region. The simulations predict that the
undercooling can reach the levels required for the onset of
massive homogeneous nucleation of new crystallites, leading to
the formation of nanocrystalline structure of the frozen bump.
Theoretical and experimental studies on gold thin films support
the role of melting in the formation of microbumps as well.>**>

On the other hand, the possibility of the formation of micro-
bumps without melting was suggested based on continuum-level
elasto-plastic flow modelling combined with the two-temperature
model calculations performed for gold films irradiated by a
femtosecond pulse.> In the process of deformation, the film gains
momentum normal to the surface and undergoes plastic deforma-
tions that dissipate the energy of the outward motion into the work
of plastic deformations. While the film is assumed to remain solid
in the course of the bump formation, thermal softening of the
laser-heated region can reduce the yield strength of the metal and
facilitate the plastic deformation.

We note that the alternative mechanisms of the microbump
formation discussed above are not mutually exclusive and the
relative contribution of these mechanisms can be defined by
the material properties, irradiation conditions, film thickness
and adhesion to the substrate. In particular, material properties
such as low adhesion to the substrate, negative material density
change upon melting contributing to the buildup of the initial
compressive stresses, as well as sufficiently high values of surface
tension and viscosity capable of suppressing the breakup of the
transient molten structures are essential for the bump generation
through melting and resolidification.®® For the microbump
formation in the solid state through plastic deformation, on the
other hand, high values of the Young’s modulus and coefficient of
thermal expansion are required for effective generation of the
initial stresses, and a high ductility is needed to support large
plastic deformation.>® The scenario of vapor pressure driving the
film deformation and microbump formation®'*® requires high
values of vapor pressure at temperatures where the molten film
still retains its integrity.

Most of the experimental studies of the laser-induced gene-
ration of microbumps and nanojets have been performed on
gold films*'3°397*>* and, depending on the assumed model,
the successful generation of high-quality surface structures has
been attributed to either mechanical properties of solid Au® or
thermophysical properties of the molten Au.>® However, with a
suitable choice of irradiation conditions, the single pulse genera-
tion of nanojets and/or microbumps has also been observed for
other materials, including silver’**”*° and copper® films, silicon
film irradiate by a nanosecond pulse,” and bulk glass targets
covered by a polymer or water overlayers.*®>’
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In this study, we investigate the mechanisms responsible for
the formation of microbumps and nanojets on films composed
of double and single layers of Cu and Ag deposited on a glass
substrate and irradiated by a single femtosecond laser pulse.
The advantage of the multi-layered targets has been demon-
strated in recent studies of the mechanisms of laser-induced
ripple formation in a multi-pulse irradiation regime,>® as well
as nanostructuring by a single femtosecond X-ray vortex
pulse.®® Analysis of the elemental composition of the laser-
processed surfaces and target cross-sections provides valuable
information on the extent of melting and heat affected zones.
In the present work, our choice of the Ag-Cu system, a eutectic
binary alloy with very limited solubility in the solid state,®
ensures that any significant mixing of the two components can
only occur in the liquid state. Therefore, the observation of
the elemental mixing in the double layer bumps would be
an unequivocal indication of melting. An additional factor
in choosing the Ag-Cu system is the large difference in the
strength of the electron-phonon coupling factor between the
two metals, allowing the exploration of the implications of
the energy redistribution in the electronically excited state for
the final morphology of the laser-generated surface structures.

2. Methods

2.1 Laser irradiation experiments

The experiments were performed for Ag, Cu, and Ag-Cu bilayer
films prepared by thermal evaporation (EPA101, Anton Paar) on
microscope glass slides. The layer thickness was controlled with
an online quartz crystal microbalance deposition monitor. The
single component systems were Ag and Cu films with a thickness of
50 £ 5 nm. The bilayers samples were twice thicker and consisted
of two 50 &= 5 nm thick layers, either Ag on Cu or Cu on Ag.

The samples were irradiated by a Ti:Sapphire Chirped Pulse
Oscillator (modified Femtosource XL, Femtolasers Produktions
GmbH) delivering pulses with a full width at half maximum
duration of 60 fs at a central wavelength of 800 nm with a
repetition rate of 11 MHz. Pulses were selected with a Pockels
cell based pulse picker. The focus position was determined by a
custom in situ system.®’ All experiments were performed under
vacuum (10~ mbar) and with a beam radius of w = 1.40 + 0.06 pm.

After the laser irradiation, all samples were characterized by
optical microscopy (OM; STM-MJS, Olympus) and scanning
electron microscopy (SEM; Supra 55VP, Zeiss) with integrated
energy dispersive X-ray spectroscopy (EDX).

2.2 Computational model

To obtain insights into the mechanisms responsible for the
modification of surface morphologies, a series of atomistic
simulations were performed with a hybrid model combining
the classical molecular dynamics (MD) method representation
of the laser-induced structural and phase transformations with
a continuum-level description of laser excitation of conduction
band electrons and following electron-phonon equilibration
based on two-temperature model (TTM). A detailed description
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of the TTM-MD model can be found in ref. 62-64, and below we
only provide parameters of the computational setup specific for
the simulations reported in this paper.

The interatomic interactions in the MD part of the TTM-MD
model are described by the embedded atom method (EAM)
potential in the form suggested by Foiles, Baskes, and Daw
(FBD).®® The potential functions are fitted to the sublimation
energies, equilibrium lattice constants, elastic constants, and
vacancy formation energies for pure metals and fitted to the
heat of mixing for cross-interactions in dilute binary solid
solutions. A cutoff function®® is added to the potential, which
brings the interaction energies and forces to zero at a cutoff
distance of 5.5 A. The melting temperatures of FBD EAM Ag and
Cu, 1139 + 2 K and 1288 =+ 2 K, respectively, are evaluated in
ref. 67 and are found to agree reasonably well with experimental
values. The critical temperatures estimated based on the test area
method®® calculation of the temperature dependence of the
surface tension are 3380 &+ 11 K and 5767 + 39 K for the FBD
EAM Ag and Cu, respectively.

The complete description of the dynamic response of an
irradiated film to the laser energy deposition leading to the
formation of a microbump is beyond the capabilities of atomistic
MD method. Thus, the simulations reported in this paper are not
aimed at directly reproducing the formation of a microbump
but focus on the analysis of the thermodynamic driving
forces responsible for the laser-induced material removal and
redistribution. The processes occurring in the central part of the
laser spot are investigated with computational systems representing
the bilayer films deposited on a silica glass substrate. The vertical
dimensions of computational systems are chosen to match those of
metal bilayers deposited on silica glass studied in the experiments.
The bilayer films are prepared by combining two 50 nm-thick Ag
and Cu films with fec crystal structure and (001) orientation of the
interface. Periodic boundary conditions are applied in the lateral
directions, and the lateral size of the computational system is
6.54 nm X 6.54 nm, which corresponds to 18 unit cells for the Cu
film and 16 slightly compressed unit cells for the Ag film.

The glass-metal interaction and the elastic response of the
silica glass are also reproduced in the model. The silica glass
substrate is described by an imaginary plane that interacts with
the bottom metal layer through the method described in ref. 69.
Briefly, the interactions between the atoms of the bottom layer
and the substrate are represented by the Lennard-Jones (LJ)
potential, parameterized to reproduce the experimental value of
adhesion energy,”® as well as the local stiffness of the interface
under uniaxial compression, which is defined by an arithmetic
average of the elastic constants C;; for EAM-FBD metal®® and
fused silica.”* The corresponding parameters of the L] potential
are ¢ = 2.951 A and ¢ = 0.223 eV for Ag-SiO, interaction and
6 =4.693 A and ¢ = 0.267 eV for Cu-SiO, interaction, where ¢ is
the distance at which the interaction potential is zero, and ¢ is the
depth of the potential well. The displacement of the imaginary
plane is controlled by dynamic acoustic impedance matching
boundary condition® that provides a computationally efficient
description of the partial reflection of the laser-induced pressure
wave from the metal-silica interface. The combined systems of
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bilayer films deposited on the silica substrate are equilibrated at
300 K before laser irradiation.

The description of the electron and lattice temperature
dependences of the electron-phonon coupling factor and electron
heat conductivity of Ag and Cu included in the TTM equations
account for the thermal excitation from the electron states below
the Fermi level.”” The temperature dependence of the electron
thermal conductivity is described by the Drude model relation
fitted to the experimental values of thermal conductivity of solid
Cu and Ag at the melting temperature.®” The thermal boundary
resistance for the electronic energy transfer through the Ag-Cu
interface is not included in the model. While the values of thermal
boundary resistance revealed in time-resolved thermoreflectance
experiments” 7> are sufficiently high to have practical implica-
tions on the electronic heat transfer in nanoscale metal multi-
layers, all of these measurements were done at laser fluences that
induce very small, in the range of tens of Kelvin, temperature
changes in the irradiated material. The results of thermo-
reflectance measurements are found to follow the predictions of
the electron diffuse mismatch model, which predicts a linear
increase of the interface conductance with electron temperature.
Under irradiation conditions used in the experiments reported in
this paper, the electron temperature reaches the maximum values
in the range of ten thousand Kelvin, which is expected to com-
pletely erase the effect of the finite interface conductance and
produce thermalization of electrons on a timescale of less than
1 ps. This conclusion is consistent with the results of a recent
study of the heat transfer in Au-Ni bilayer system with ultrafast
X-ray diffraction, reported in ref. 76. The stronger pump pulse used
in this experiment produces an electron temperature increase on
the order of thousands of Kelvin, and the results of ultrafast
diffraction probing are found to be incompatible with any signifi-
cant electronic interface resistance between the two metal layers.

A source term is added to the TTM equation for the electron
temperature, describing the energy deposition by a 60 fs laser
pulse with a Gaussian temporal profile. An exponential attenuation
of laser intensity with the depth under the target surface is assumed,
and the effective range of laser energy deposition is approximated as
a sum of the optical absorption depth and the ballistic electron
penetration depth.”””® The estimation of the ballistic electron
penetration depth is provided in ref. 79, giving the effective
penetration depth of 28 nm for Cu and 65 nm for Ag. The
simulations are performed at absorbed fluences ranging from
0.03 J cm ™2, which is slightly below the melting threshold, to
0.4 ] cm™ 2, where both layers are removed from the substrate. To
facilitate comparison of the computational results with experi-
mental observations, the incident laser fluence is estimated for
each of the absorbed laser fluences by performing TTM calculations
accounting for the electron temperature dependence of the reflec-
tivity and optical absorption coefficient, as described in the ESLt

3. Results and discussion

In this work we perform a systematic evaluation of the mechan-
isms of generation of microbumps and nanojets on metal films

This journal is © the Owner Societies 2019
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deposited on a silica glass substrate and irradiated by a single
60 fs laser pulse. First, the results obtained for 50 nm-thick one-
component Ag and Cu films are briefly discussed and related to
the earlier reports. A more complex picture of the laser-induced
modification and damage of bilayer films consisting of two
50 nm-thick layers, either Ag on Cu or Cu on Ag is then presented,
and the interpretation of the experimental observations is assisted
by analysis of the results of atomistic modelling.

For all films, the range of laser fluences was chosen to cover
all possible outcomes of the laser irradiation: starting from a
fluence above complete film breaching threshold, the fluence
was reduced by 2% of the previous value until a level below the
threshold of visible modification of the film is reached. The
modification threshold fluence was determined by OM as the
fluence required for the onset of irreversible morphological
alteration (change in reflectivity, localized ablation) without
bump formation. The fluence resulting in an elevation/bulging
of the film was defined as bump formation threshold fluence
and was determined by SEM. The generation of jets above the
jet formation threshold fluence was also observed by SEM.
At the film breaching threshold fluence, the bumps start to
break and rupture and reveal the underlying material in OM.
All threshold fluences were determined based on the probability
method.®®® In Fig. 1, the threshold fluences for modification,
bump formation, bump breaching, and jet formation for each
sample are presented. The respective breached layer is denoted on
the bump breaching data to indicate whether the breaching took
place in a mixed or in a single layer. The incident fluence Fj,. data
of Fig. 1a were converted to absorbed fluences Fyy, in Fig. 1b using
TTM calculations discussed in the ESL{

3.1 Single layers

The values of the threshold fluences shown for the single layers
of Ag and Cu in Fig. 1 indicate that the bump formation and
breaching thresholds are very close to each other. Actually, for
Ag films only cracked and breached microbumps are observed,
with two representative SEM images shown in Fig. 2. For Cu
films, the bumps were breached at fluences about 10% above
the bump formation threshold, with typical melting features
observed in the SEM images, Fig. 3. The two bumps shown
in Fig. 3 are generated at a fluence identified as the bump
breaching threshold, and a statistical coexistence of both
breached and intact bumps is observed. Frozen nanojets are
observed for neither Ag nor Cu films. Thus, we conclude that
for the film thickness of 50 nm and the focusing conditions
used in the experiments, a reproducible deterministic genera-
tion of intact microbumps is not possible for Ag and can only
be realized in a very narrow range of fluences for Cu.

These observations are consistent with earlier reports.
In contrast to Au films commonly used for the generation of
microbumps/nanojets by single pulse laser irradiation,*! 33394244
it was found in ref. 39 that no stable nanojet structures can be
obtained for a 60 nm-thick Ag film, which was attributed to a lower
surface tension of Ag as compared to Au. The formation of a frozen
jet has been demonstrated for a 60 nm-thick Cu film, albeit only for
conditions of tight focusing of the laser beam on the back side of
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Fig. 1 Threshold fluences Fy, for modification, bump formation, bump
breaching, and jet formation observed in single pulse laser irradiation of Ag
and Cu films and Ag—Cu bilayers. The breached layer is denoted on the
respective column. The results are shown for the incident fluence in (a)
and absorbed fluence in (b), with conversion explained in ESI.t

Fig. 2 Single Ag layer (50 nm, on glass). Scanning electron micrographs of
microbump breaching. Fine = 211 J cm™2, Faps = 025 J cm™2 N = 1,
w =140 £ 0.06 um.

Fig. 3 Single Cu layer (50 nm, on glass). Scanning electron micrographs
of the (a) microbump formation and (b) breaching. Fi,c = 0.40 J cm™2,
Fabs = 0.02J em 2 N=1 w=140+0.06 pum. Microbump formation and
breaching occur statistically at this parameter set.

the film.* In a systematic study of the fluence dependence of the
surface structures generated on Ag films with thicknesses ranging
from 50 to 380 nm,”” it was found that only breached bumps can be
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formed on 50 nm-thick films, while intact bumps and frozen
nanojets can be produced on thicker films.

In addition to the difference in surface morphology, Fig. 1
also reveals that the threshold fluences for modification and
bump breaching are much lower in Cu film than in Ag film.
As will be discussed later, Cu has much stronger electron-
phonon coupling and much shorter electron mean free path
as compared to Ag. Both of these factors contribute to a much
stronger confinement of the deposited laser energy in the surface
region of Cu film, which partially explains the substantially lower
modification and damage thresholds observed for Cu.

3.2 Double layers

3.2.1 Ag on Cu double layer. The Ag on Cu sample exhibits
a fluence threshold for modification of the top Ag layer that is
slightly greater than that of the single Ag layer (Fig. 1). The
higher threshold can be related to the presence of the under-
lying Cu layer that provides a heat sink for the deposited laser
energy. Fig. 4 shows scanning electron micrographs of Ag on Cu
at various fluences above the threshold for the bump for-
mation. Each micrograph is overlain with the results of EDX
analysis, where the horizontal axes are located along the scan
lines. The top Ag layer shows bump formation accompanied by
cracks (Fig. 4a). The EDX data indicate only the presence of Ag.
This means that the escape depth of the X-ray radiation was
successfully adjusted to below 50 nm by lowering the accelera-
tion voltage of the electron gun, and no mixing of the two layers
takes place under these conditions. Close to the breaching
threshold of Ag (Fig. 4b), ca. 10% Cu was observed. Above the
Ag breaching limit (Fig. 4c), the open microbump allowed the
detection of the underlying Cu layer with some remnant Ag
(10 at%). This may be interpreted as a Ag intrafilm ejection,
similar to that observed for single Ni films.?** Near the thresh-
old of nanojet formation (Fig. 4d), the underlying film shows
a microbump with an onset of a nanojet. With increasing
fluences, the height of the resulting nanojet increases
(Fig. 4e). It should be mentioned that the EDX results of the
nanojet were influenced by the edge of the remnant layers and
the orientation of the jet with respect to the surface. Such
conditions can strongly affect absolute EDX values.®® The
breaching of the Cu layer is shown in Fig. 4f. The hole in the
metal bilayer exposes the glass substrate, and no Cu and Ag
signals could be detected within the hole.

In order to assist with interpretation of the experimental
observations, a series of atomistic simulations were performed
for Ag on Cu double layer under irradiation conditions compar-
able to those used in the experiments. A hybrid model combining
TTM with the classical MD method was used in all of the
simulations (see Section 2.2 for the description of the TTM-MD
model). The contour plots in Fig. 5 show the evolution of the lattice
temperature and pressure in the target irradiated at the absorbed
fluences of 0.1, 0.2, 0.3, and 0.4 ] cm 2. Most of the laser energy is
deposited within the top Ag layer, leading to a substantially higher
electron temperature in the Ag layer generated by the end of the
laser pulse. Nevertheless, the lattice temperature in the Cu layer
increases faster than in the Ag layer and reaches much higher

11850 | Phys. Chem. Chem. Phys., 2019, 21, 1184611860
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Fig. 4 Ag on Cu (50 nm each, on glass). Scanning electron micrographs
of irradiated spots overlain with EDX line scans. (a) Finc = 1.73 J cm™2,
Faps = 0.16 3 cm ™2, (b) Fine = 1.92 3 cm ™2, Faps = 0.20 J cm ™2, (C) Fine =
2.00Jcm ™2, Fape = 0.22 3 cm 2, (d) Fine = 218 Jcm ™2, Faps = 0.27 Jcm 2,
(€) Fine = 270 J cm™2, Faps = 045 J cm™2, (f) Fpe = 316 J cm™2,
Faps = 0.66 J cm™ N =1, w = 140 + 0.06 um. The x-axes represent
the EDX scan lines. Green triangles: silver, red dots: copper, dashed lines
mark the average values.

maximum values, as can be seen from the left panels of Fig. 5. This
behavior can be explained by more than twice stronger electron—
phonon coupling in Cu as compared to Ag at room temperature
and even larger difference between the two materials in the
electronically excited state due to the stronger contribution of
thermally excited d-band electrons in Cu.®””* The hot electrons in
the Ag layer rapidly equilibrate with the electrons in the Cu layer,
which in turn equilibrate with phonons, leading to the preferential
heating of the Cu layer. A similar effect of sub-surface heating
in femtosecond laser interactions with layered targets has been
predicted in TTM calculations performed for Au-Cr targets®® and
in TTM-MD simulations of Au-Cu’® and Ag-Cu®’ targets. Experi-
mentally, the electronic energy redistribution under conditions of
electron-phonon nonequilibrium has been used to explain the
results of time-resolved pump-probe thermoreflectivity measure-
ments performed for Au-Cr®” and Au-Pt* layered systems.

At the lowest absorbed fluence of 0.1 ] cm ™2, the preferential
subsurface heating and melting of the Cu substrate is apparent
from Fig. 5a, where the Cu layer can be seen to melt within
several picoseconds following the laser excitation, while the
lower part of the Ag layer remains solid up to about 20 ps. The
rapid heating and melting of the top part of the Cu layer leads
to the generation of compressive stresses that drive compres-
sive waves propagating into the overlaying Ag layer and towards
the glass substrate. The complete reflection of the compressive
wave from the top surface of the film and partial reflection from
the substrate (the acoustic impedance of silica glass is less than
half of that of Cu) result in the generation of tensile waves.

This journal is © the Owner Societies 2019
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Fig. 5 Spatial and temporal evolution of lattice temperature T, and pressure P predicted in TTM-MD simulations of Ag on Cu bilayer system irradiated by
a 60 fs laser pulse at (@) Faps = 0.1 3 cM ™2, Finc = 1.4 3 cm™2, (b) Faps = 0.2 3 cM ™2, Fine = 1.9 3 cM™2, (C) Faps = 0.3 3 cM ™2, Finc = 2.3 J cm™2, and
(d) Faps = 0.4 Jcm ™2, Fine = 2.6 J cm~2. The black lines in (a) and (b) represent the solid—liquid interfaces which outline the solid parts of the film. The black
lines are not shown in (c) and (d) where fast homogeneous melting is completed within ~4 ps. The grey regions represent the silica substrate. Regions
with relative atomic density p/po of less than 0.07 are blanked, where pg is the density of Cu at 300 K.
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These waves converge on the interface between the layers and
create tensile stresses sufficient for delamination of the film
into Ag and Cu parts, with the Ag layer further separating into
several parts at a later time. In contrast to the ejection of the Ag
layer in the quasi-one-dimensional TTM-MD simulation per-
formed with a relatively small lateral size of the computational
cell, under experimental conditions of irradiation by a tightly
focused laser beam, the delaminated Ag layer can be expected
to decelerate due to its interaction with the surrounding colder
material at the periphery of the laser spot, leading to the
formation of a Ag bump similar to that observed in Fig. 4a
and b. According to the TTM calculations discussed in the ESI, ¥
the absorbed fluence of 0.1 J em ™2 is realized at about 1.4 ] cm ™2
of incident fluence, which is comparable to the fluence producing
the bump shown in Fig. 4a.

At an absorbed fluence of 0.2 ] cm ™2 (~1.9 ] cm 2 incident
fluence), the temperature of Ag film is brought near the critical
temperature (estimated as 3380 K for FBD EAM Ag), leading to
an explosive decomposition and removal of the Ag film, Fig. 5b.
The temperature of the top part of the Cu layer also approaches
the critical temperature (estimated as 5767 K for FBD EAM Cu)
for a short time, but the decomposition of the Cu layer is
suppressed by the pressure generated by the expanding plume
produced by the explosive decomposition of the Ag layer. The
ejection of the top Ag layer reveals the underlying Cu layer that
can be expected to remain on the substrate. This scenario can
be related to the experimentally observed breaching of Ag
microbump, Fig. 4c, at a fluence similar to that used in the
simulation.

At a higher absorbed fluence of 0.3 J em™* (~2.3 ] cm >
incident fluence, Fig. 5c), the pressure from the Ag layer
undergoing the phase explosion can no longer suppress the
separation of the Cu layer from the substrate. The temperature
of the Cu layer at the time of its separation from the substrate
(appearance of a white low-density region near the substrate at
~250 ps) remains close to the critical temperature, and the
separation is driven by pressure from vapor released at the Cu-
substrate interface. Nevertheless, the Cu layer retains its integ-
rity during the simulation, suggesting that, similarly to the Ag
layer in the simulation performed at F,ps = 0.1 ] cm™2, the
deceleration due to the interaction of the layer with the
surrounding colder material, as well as the Ag vapor pressure
from above, can prevent the ejection of the layer and lead to the
formation of a Cu microbump and/or frozen nanojet similar to
those shown in Fig. 4d and e.

Finally, at an absorbed fluence of 0.4 J cm™ > (~2.6 ] cm™>
incident fluence, Fig. 5d), both Ag and Cu layers undergo an
explosive decomposition into vapor and liquid droplets, lead-
ing to the complete removal of the bilayer film from the
substrate. While the decomposition of the Cu layer into the
mixture of vapor and small liquid droplets is difficult to see
from the temperature and pressure contour plots shown in
Fig. 5, it is apparent in the corresponding density plot shown in
Fig. 6d discussed below. The fluence required for the complete
film removal predicted in the simulations is in a good quanti-
tative agreement with the experimentally measured threshold
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fluence for Cu bump breaching, Fi,. ~ 2.8 J cm ™~ (Fig. 1) and
the formation of a hole in the bilayer film (Fig. 4f).

In order to facilitate the connection between the computa-
tional predictions and the experimental EDX line scans, the
density and composition profiles calculated for systems
obtained by the end of the TTM-MD simulations are plotted,
along with the density contour plots, in Fig. 6. The system is
divided into layers with thickness of 1 nm along depth, and the
normalized density p/p, is calculated by dividing the local
density in each layer by the density of solid Cu at 300 K. The
regions where p/p, is less than ~0.1 can be regarded as regions
where only vapor and small clusters of atoms are present.
The density and composition profiles in the right panels of
Fig. 6 are plotted in blue and red colours, respectively, and are
calculated for the last moment of time shown in the contour
plots in the left panels of Fig. 6.

Below the threshold for the Ag layer breaching/removal,
where the ejection of the Ag film from the centre of the laser
spot is expected to be suppressed by the interaction with
surrounding colder regions, the EDX data mainly register Ag
atoms but also detect a small fraction of Cu, Fig. 4b. As can be
seen from the right panel of Fig. 6a, the mixing between the two
layers is very limited at this fluence, and the Cu signal in Fig. 4b
is likely to be related to thinning of the Ag layer at the centre of
the laser spot during the microbump formation, which may
allow the X-ray radiation to detect the underlying Cu layer.
Above the Ag breaching threshold, as shown in the right panel
of Fig. 6b, the concentration of Ag mixed with the underlying
Cu layer decreases from 20 at% at a depth of 55 nm to zero at
60 nm, resulting in an average of about 10 at% Ag in the surface
region of remaining target, which agrees well with the results of
experimental measurements (Fig. 4c and d). Further increase in
the laser fluence does not result in a substantial increase in the
amount of Ag diffusing into the Cu layer, Fig. 6¢c, although an
additional deposition of Ag from the expanding plume is likely
to occur at a later time and to result in an increased concen-
tration of Ag that can be seen in Fig. 4e. Finally, above the Cu
breaching threshold, the whole system is disintegrated, as
reflected by the rapid drop in density in the contour plot and
the low values of density in the mixing region shown in Fig. 6d.
The material undergoing an explosive decomposition into
vapor and small liquid droplets (on the timescale beyond the
time of the simulation) is expected to be completely ablated
away, resulting in the complete breaching of the film in the
central part of the laser spot (Fig. 4f). At the periphery of the
laser spot, where the local fluence corresponds to the threshold
for removal of the Ag layer only, the Cu layer with residual
Ag can be seen.

3.2.2 Cuon Ag double layer. Similar to the Ag on Cu bilayer
discussed above, the top Cu layer deposited on a Ag layer
exhibits a slightly higher modification threshold as compared
to single-layer Cu films due to the additional cooling channel
provided by the Ag layer (Fig. 1 and 7a). In contrast to the Ag on
Cu case, the top Cu layer is largely ablated without exhibiting
the bump formation, leaving behind a Ag layer with Cu concen-
tration around 25 at% (Fig. 7c and d). This can be explained by
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Fig. 6 Spatial and temporal evolution of local density p normalized to the density of Cu at 300 K, po (left panels) and the distribution of normalized
density and the elemental composition in the mixing regions at the end of simulations (right panels) shown for the simulations illustrated by Fig. 5. In the
left panels, the regions where the normalized density is below 0.07 are blanked, the grey regions represent the silica substrate, and the black lines
correspond to solid-liquid interfaces that outline the solid parts. In the right panel of (a), the grey areas show the regions of zero density, where the
composition cannot be defined.
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a significantly lower effective depth of the laser energy deposi-
tion and stronger electron-phonon coupling in Cu as compared
to Ag, which leads to the faster thermalization of the excited
electrons and confinement of the deposited laser energy within
the top part of the Cu layer. Indeed, the confinement of the
deposited energy within the top part of the Cu layer can be
clearly seen in the temperature contour plots in Fig. 8a and b.
While the initial temperature evolution during the first 30 ps
after the laser pulse is strongly affected by the dynamic relaxa-
tion of the laser induced pressure (the propagation of the
compressive and tensile components of the pressure wave
produce strong transient heating and cooling of the material,
respectively’®®°), the strong gradient of the deposited energy
is apparent from the temperature differences between the
layers spalled from the Cu layer by the unloading/tensile wave
(Fig. 8). The confinement of the deposited energy in the
top part of the Cu layer is likely to result in a fast cooling of
the transient foamy liquid structure formed between the
spalled layer and the remaining target, as predicted in large-
scale TTM-MD simulations.®* The cooling and rapid solidifica-
tion of this transient foamy structure is likely to be responsible
for the characteristic rough morphology of the periphery of
the (partially) ablated Cu layer in Fig. 7b-f. The strong localiza-
tion of the energy deposition in the top part of the Cu layer
may also be related to the presence of a substantial amount
of Cu, in excess of 20 at%, revealed by the EDX analysis at
relatively high laser fluences, in the regimes of microbump
formation (Fig. 7d and e), and even within the remnant bump

Fig. 7 CuonAg (50 nm each, on glass). Scanning electron micrographs of
irradiated spots overlain with EDX line scans. (a) Finc = 0.48 J cm™2,
Faps = 0.03J cm™2, (b) Fine = 0.67 J cm™2, Fapg = 0.04 I cm™2, (0) Fine =
1053 cm™2, Faps = 0.09 3 cm 2, (d) Finc = 1.63J cm™2, Faps = 021 I cm ™2,
(€) Fine = 241 3 cm™2, Faps = 052 3 cm™2, (f) Fine = 2.81 3 cm ™2,
0.73Jcm 2 N =1, w = 1.40 + 0.06 um. The x-axes represent the EDX scan
lines. Green triangles: silver, red dots: copper, the dashed lines mark the
average values.

Faps =
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material at fluences resulting in the breaching of the micro-
bump (Fig. 7{).

The large difference in threshold fluences for microbump
formation, microbump breaching, and nanojet formation of Cu
on Ag films in comparison to the Cu on Ag modification (Fig. 1)
can be related to the fact that a large fraction of the laser energy
goes into the heating, explosive decomposition and expulsion
of the top part of the Cu layer, as can be seen from the results of
TTM-MD simulations performed at all laser fluences, Fig. 8 and
9. The recoil pressure exerted by the ablation of the top part of
the Cu layer can further suppress the formation of the micro-
bump and nanojet in the underlaying Ag layer. While the quasi-
one-dimensional TTM-MD simulations cannot fully capture the
three-dimensional dynamics of the microbump and nanojet
formation, the threshold fluences observed in the experiments
(Fig. 1 and 7) are in a reasonable agreement with the computa-
tional predictions. At an absorbed fluence of 0.1 J] cm™?, the
spalled Cu layers are stabilized by lateral periodic boundary
conditions applied in the TTM-MD simulations. In experiments,
however, the thin spalled layers with strongly confined thermal
energy will eventually lose their integrity,”® producing the rough
surface morphology, similar to that in Fig. 7c, through decom-
position and rapid solidification. The absorbed fluence of
0.2 J cm ™2 is close to the conditions for partial spallation of the
Ag layer, as can be seen from the transient appearance of voids
(low density region) within the Ag layer in the density contour plot
in Fig. 9b. The partial spallation can be related to the microbump
formation at Fps = 0.21 J cm™ > (Fig. 7d). An explosive disintegra-
tion of the Ag layer heated up to the critical temperature is
predicted in the TTM-MD simulations for an absorbed fluence
of 0.4 ] em ™2, Fig. 8d and 9d, which is comparable to the film
breaching threshold of F,,s = 0.59 ] ecm™? (Fig. 1b).

4. Summary

The mechanisms of the single-pulse femtosecond laser induced
formation of microbumps and nanojets on single and double
layer Ag/Cu films deposited on a glass substrate were investi-
gated experimentally and with atomistic simulations. The
modification of surface morphology was evaluated by a combi-
nation of optical and scanning electron microscopy, whereas
the average composition in the top parts of the laser-modified
films was probed with the energy dispersive X-ray spectroscopy.
The thresholds for the onset of irreversible morphological
changes, formation of microbumps and frozen nanojets, and
film breaching were evaluated for all systems. The interpreta-
tion of the experimental observations is assisted by TTM-MD
simulations performed for the same systems and providing
detailed information on the channels of energy redistribution
and laser-induced phase transformations. The connection
between the simulations and experiments is facilitated by
conversion of the incident laser fluence to the absorbed one
based on a series of TTM simulations accounting for the
electron temperature dependence of the reflectivity and optical
absorption coefficient.
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Fig. 8 Spatial and temporal evolution of lattice temperature T, and pressure P predicted in the TTM-MD simulations of Cu on Ag bilayer system irradiated

by a 60 fs laser pulse at (@) Faps = 0.1J cM™2, Fine = 1.1 I cm™2, (b) Faps = 0.2 3 cM™2, Fine = 1.6 I cmM™2, (C) Faps = 0.3 I cM™2, Finc = 1.9 J cm™2, and

(d) Faps = 0.4 Jcm ™2, Fine = 2.2 J cm™2. The black lines in (a) and (b) represent the solid-liquid interfaces which outline the solid parts. The black lines are

not shown in (c) and (d) where fast homogeneous melting is complete within ~4 ps. The grey regions represent the silica substrate. Regions with relative

atomic density p/po of less than 0.07 are blanked, where pg is the density of Cu at 300 K.
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For one-component single-layer 50 nm-thick films, it was
found that a reproducible deterministic generation of intact
microbumps is not possible for Ag films, where only cracked
and breached microbumps are observed. Intact Cu micro-
bumps can only be realized in a very narrow range of fluences,
within about 10% above the bump formation threshold. Frozen
nanojets are observed for neither Ag nor Cu films under the
irradiation conditions used in this study.

In the case of bilayers, the threshold fluences for the film
modification were found to be higher than the ones for the
single-layer systems. This observation is attributed to the
energy redistribution from the top layer exposed to the laser
irradiation to the underlying layer. As demonstrated by TTM-
MD simulations, the energy redistribution is particularly effec-
tive in the case of the Ag on Cu bilayer, where the stronger
electron-phonon coupling of Cu results in the energy channel-
ling from the top Ag layer to the underlying Cu layer during the
time period of electron-phonon nonequilibrium that follows
the laser excitation of electrons in the Ag layer. The hot electrons
of the Ag layer rapidly equilibrate with the electrons in the Cu
layer, which in turn equilibrate with phonons leading to the
preferential heating of the Cu layer. The dynamic relaxation of
compressive stresses generated by the rapid heating of the Cu
layer drives the partial spallation of the Ag layer and the formation
of a Ag microbump at fluences exceeding the threshold for
complete melting of the bilayer system. Further fluence increase
leads to the complete removal of the top Ag layer and formation of
a microbump and a nanojet from the underlying Cu layer. The
latter process is assisted by the release of vapor at the substrate—
Cu interface due to the strong superheating of the molten
Cu layer.

In the case of Cu on Ag, a significantly lower effective depth
of the laser energy deposition and stronger electron-phonon
coupling of Cu as compared to Ag lead to faster thermalization
of the excited electrons and confinement of the deposited laser
energy within the top part of the Cu layer. This energy confine-
ment results in partial spallation of the Cu layer below the bump
formation threshold, leaving behind a characteristic frozen foamy
surface morphology explained by the rapid cooling conditions
created in this system. The surface structures formed at higher
fluences mainly consist of Ag but still contain about 20 at% of Cu.

Overall, in all systems the generation of microbumps and
nanojets is found to occur in the molten state and is driven by
the dynamic relaxation of the laser-induced stresses, as well as
the release of vapor at the interface with the substrate at high
fluences, when the molten material is strongly superheated.
The resistance from the colder material at the periphery of
the laser spot to the ejection of spalled layers, as well as the
rapid solidification of the transient molten structures are
largely defining the final shapes of the laser-generated surface
structures.
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