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ABSTRACT: The mechanism of laser-induced removal of Xe
overlayers from a Si substrate has been investigated employing
MD simulations and evaluated by buffer layer assisted laser
patterning experiments. Two distinct regimes of overlayer
removal are identified in the simulations of a uniform heating
of the Si substrate by a S ns laser pulse: The intensive
evaporation from the surface of the Xe overlayer and the
detachment of the entire Xe overlayer driven by explosive
boiling in the vicinity of the hot substrate. Simulations of
selective heating of only a fraction of the silicon substrate
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suggest that the lateral heat transfer and bonding to the unheated, colder regions of the Xe overlayer is very efficient and
suppresses the separation of a fraction of the overlayer from the substrate. Interaction with surrounding cold Xe is responsible for
significant increase in the substrate temperature required for achieving the spatially selective ablation of the overlayer. The
predictions of the MD simulations are found to be in a qualitative agreement with the results of experimental measurements of the
threshold laser power required for the removal of Xe overlayers of different thickness and the shapes of metallic stripes generated by

buffer-assisted laser patterning.

1. INTRODUCTION

The abrupt ejection of a thin molecular or atomic layer
adjacent to an absorbing substrate rapidly heated by short pulse
laser irradiation is a phenomenon that is used in a variety of
applications, ranging from cleanin§ of semiconductor surfaces
from contaminating nanoparticles"” to laser desorption of large
biomolecules for mass spectrometry analysis.> > We recently
developed a new technique that adopts the concept of laser-
induced ejection of a volatile layer for generation of size-controlled
arrays of metallic clusters or nanowires.’ ? In this technique,
buffer layer assisted laser patterning (BLALP), a buffer layer of
frozen inert gas atoms (e.g, Xe) or volatile molecules
(e.g, CO, and H,0) is deposited on a cooled substrate and is
exposed to metal atoms evaporated from a hot source, leading to
condensation of a thin metal layer or small polyatomic clusters on
the surface of the buffer layer. The multilayered system is then
irradiated by a short, split laser pulse to create interference
pattern on the surface and to selectively ablate stripes of the
volatile buffer layer along with the metal adlayer deposited on it.
This step is followed by a slow thermal annealing to evaporate the
remaining parts of the buffer layer and to soft-land the remaining
stripes of the upper layer on the substrate. Thus, the technique
combines a method for generation of grating-like surface patterns
by laser interference,'”"" with a buffer-assisted method for fabri-
cation and soft-landing of metal clusters.'>"?

With a single, low power laser pulse, the BLALP technique has
been demonstrated to be capable of producing patterns of
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parallel stripes of potassium® and gold nanoclusters,” as well as
continuous gold wires® strongly bound to ruthenium substrates.
A modified version of the BLALP technique that involves laser
patterning of the buffer layer prior to the deposition of the metal
layer has also been recently used to generate smooth metallic
stripes on metallic’ as well as oxide (SiO,/Si(100)) substrates.
The unique advantage of BLALP is the low laser power needed
for patterning, which eliminates damage to the substrate com-
monly observed in direct laser patterning of metallic layers.
The relevance of the laser-driven ejection of a layer of volatile
material from an absorbing substrate for a variety of applications
has motivated a number of experimental'*'” and computational
studies'®** targeted at revealing the fundamental mechanisms
responsible for the layer ejection. The physical picture emerging
from these investigations suggests that fast vaporization (or
explosive boiling) and expansion of a superheated part of the
layer adjacent to the hot substrate provides the driving force for
the ejection of the remaining part of the layer. While the highly
nonequilibrium nature of the explosive vaporization of the inter-
facial layer introduces uncertainty to the analytical description of
this phenomenon, the atomic-level molecular dynamics (MD)
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simulation technique is free from assumptions on the ejection
mechanisms and is particularly suitable for the investigation of
the processes leading to the ejection of the volatile layer. In
particular, MD simulations of the layer lift off from a heated
substrate have been performed for a number of systems, includ-
ing a water ice film deposited on a Au substrate,” ' a generic
two dimensional fluid—substrate system,”” and a liquid Ar film
deposited on a Pt substrate.”>**

In this paper, we report the results of MD simulations of
nanosecond laser heating of a Si substrate covered by a Xe
overlayer. The simulations are designed to provide a better
understanding of the mechanism of the buffer layer ejection in
BLALP and to reveal the factors controlling the shapes of the
surface features created by the laser patterning. The predictions
of the MD simulations are related to the results of experimental
analysis of laser patterning in BLALP.

2. COMPUTATIONAL METHOD

The MD simulations are performed for systems consisting of
a Xe layer deposited on a Si substrate. The substrate is
represented by a slab that has a diamond lattice structure and
consists of 5408 Si atoms arranged in eight (001) atomic planes
oriented parallel to the surface of the slab. The lateral (parallel
to the surface) dimensions of the computational system are
142 A x 71 A and periodic boundary conditions are applied in the
lateral directions. The Xe buffer layer has a face centered cubic
(fcc) structure with (001) planes oriented parallel to the surface
of the Si slab. The Xe layers of various thickness, from 16 to 40
monolayers, are used in the simulations. Each monolayer
consists of 484 atoms, with the total number of Xe atoms in
the layer ranging from 7744 to 19360. The lateral dimensions of
the computational system correspond to 26 X 13 diamond lattice
unit cells for the Si substrate and 22 X 11 fcc unit cells for the
Xe overlayer. Each system is thoroughly equilibrated at a
temperature of 20 K prior to the beginning of the laser heating.
The equilibration results in the formation of a semicoherent
interface between the partially dimerized Si (001) face and the Xe
overlayer. The MD equations of motion are integrated with the
Nordsieck fifth order predictor-corrector algorithm® with an
integration time step of S fs.

The laser heating of the Si substrate is implemented by
applying temperature control to the top four atomic layers of
the Si slab while keeping the bottom four atomic layers rigid. The
temperature of the Si surface is maintained with the Berendsen
thermostat method.”® Two heating regimes are explored in the
simulations.

In the first regime, the Si substrate is uniformly heated and the
temperature evolution at the Si surface replicates the numerical
solution of the one-dimensional heat conduction equation with a
source term describing the irradiation by a S ns laser pulse. The
heat conduction equation is solved for the Si substrate with
constant room temperature values of heat capacity, C, = 710
J/(kg K), density, p = 2320 kg/m>, thermal conductivity, k = 150
W/(m K), and heat diffusion coefficient, D = k/(pC,) = 9.1 X
10~° m?/s.2” An estimation of the amount of thermal energy
required for complete vaporization of the Xe overlayers indicates
that it is below 1% of the total energy deposited by the laser
pulses. Thus, the effect of the heat transfer to the Xe overlayer on
the evolution of the surface temperature of the Si substrate is
neglected in the solution of the heat diffusion equation. The
parameters of the source term are chosen for laser wavelength of

337 nm (optical absorption coefficient of Siis 1.12 x 10° cm ™",

ref 27) and the Gaussian temporal profile of the laser pulse. The
peak intensities of the Gaussian laser pulses are reached at the
time of 5 ns from the beginning of the simulations. The
wavelength used in the simulations is shorter than the 532 nm
used in the experimental part of the work (see section 3) and has
a factor of 170 larger absorption coefficient. As a result, the
heating rate of the silicon substrate is faster and, more impor-
tantly, the temperature gradient generated in the surface region
of the Si substrate by the laser energy deposition is much steeper.
The steeper temperature gradient results in a faster cooling,
thus limiting the time of the active heat transfer that can con-
tribute to the overlayer removal to less than 20 ns and allowing us
to explore different regimes of the overlayer ejection in MD
simulations.

The second heating regime is designed to explore the effect of
the spatial localization of the laser energy deposition. In this case,
the heating is applied to a stripe of the Si substrate, the heated
part of the computation cell is maintained at a designated
constant temperature for the entire duration of the simulation,
20 ns, and the surface temperature outside the heated stripe
is maintained at 0 K (it is found that keeping the temperature of
the surface outside the heated stripes at 20 K does not affect the
results of the simulations). This heating regime roughly mimics
the conditions realized in BLALP, albeit at a much smaller
lateral scale.

The interatomic interactions are described by a combination
of Stillinger—Weber (SW) and Lennard-Jones (LJ) potentials.
The SW potential with the original set of parameters suggested in
ref 28 is used for Si—Si interactions. The Xe—Xe and Si—Xe
interactions are described by the L] potential. The parameters
Oxe_xe =4.05 Aand ex, x. =2.1kJ/mol, suggested in ref 29, are
chosen for Xe—Xe, with the potential cutoff of 2.50 used in the
simulations. The potential predicts the binding energy of 3.3 &
0.1 keal/mol for a surface atom on a (001) face of a Xe crystal,
which is close to the value of evaporation energy obtained in
multilayer Xe desorption experiments,®® 3.6 kcal/mol. The
parameters for Si—Xe interaction, 0g;_x. = 3.9 A and &g;_x. =
1.6 kJ/mol, were fitted in ref 31 to the sum of the van der Waals
radii of Si and Xe and to the experimental adsorption energy of
Xe on Si(100)-2 X 1 surface, respectively. While being relatively
simple, the SW and L] interatomic potentials provide a good
quantitative description of the thermodynamic properties of Si
and Xe relevant to the conditions of the simulations. In particular,
the heat of vaporization of Xe and the equilibrium melting
temperature of Si are both within 5% of the experimental values.
An additional bonus is that the 4phase diagram of Lennard-Jones
system is well established, > providing us with the thermo-
dynamic parameters necessary for interpretation of the results. In
particular, the critical temperature, T, of L] Xe is estimated to be
310 K for the potential used in this work.**

3. EXPERIMENTAL SETUP

The experimental setup has been described in detail else-
where.”* Briefly, a standard ultrahigh vacuum chamber at a base
pressure of 5 x 10~ '° mbar, equipped with Ne™ sputter gun for
sample cleaning and a quadrupole mass spectrometer (QMS, VG
$X-200) for exposure and coverage determination and calibra-
tion, is used in the experiments. In addition, separate Au, Ag, or
Ti deposition sources are attached, with in situ quartz micro-
balance detector for flux calibration measurements. A native
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oxide SiO,/Si(100) sample is attached via copper rods to a
closed cycle helium cryostat (APD) capable of cooling the
sample down to 25 K and a heating capability up to 800 K.*°

In order to perform the laser ablation and patterning measure-
ments, a p-polarized Nd:YAG pulsed laser working at the second
harmonic wavelength was employed (4 = 532 nm, $ ns pulse
duration). The laser power absorbed by the silicon substrate was
kept lower than 18 MW/cm” to avoid surface damage. In
interpretation of the experimental results, we assume complete
thermalization between the Si substrate and the thin (~2.5 nm
thick) SiO, layer, with no influence of the oxide layer on the heat
flow toward the adsorbates. Details of the Xe template formation
via laser induced thermal desorption (LITD) and its character-
ization are given elsewhere.®” "> After patterning the physi-
sorbed Xe, a 12 £ 1 nm thick layer of metal, typically Au or Ag,
was deposited on the entire sample. Subsequently, a second
uniform pulse strikes the surface, ablating the stripes of the Xe
buffer layer remaining on the substrate together with the
deposited metal film/clusters and leaving behind the strongly
bound metal stripes that are in direct contact with the SiO,
surface.” A 2 & 1 nm thick layer of Ti was deposited on top of the
SiO, prior to the metal grating formation. The Ti adhesion layer
was found to have no significant effect on the optical properties of
the substrate®® and was necessary to ensure the formation of
stable and smooth metallic (Au or Ag) stripes on the SiO,/
Si(100) substrate.”” %

4. RESULTS AND DISCUSSION

4.1. MD Simulations of Uniform Laser Heating. In the first
series of MD simulations, the Si substrates are uniformly heated
by S ns laser pulses and the simulations are performed for various
values of laser power and three systems where the Xe layers are
16, 32, and 40 monolayer (ML) thick. Two regimes of atomic
ejection have been identified in the simulations and are illustrated
in Figure 1 for the 16 ML system.

The first regime is realized at low laser powers and corre-
sponds to the intensive evaporation of the Xe overlayer. The
mechanism of Xe atoms ejection in this regime is illustrated in
Figure 1A, where snapshots from a simulation performed at
12 MW/cm? are shown. The heat transfer from the Si substrate
to the Xe overlayer results in a gradual heating of the overlayer.
By the time of 5.6 ns after the onset of the laser heating (this time
corresponds to 0.6 ns after the peak intensity of the laser pulse,
see section 2), the temperature of the overlayer is sufficiently high
for the onset of melting at the Si—Xe interface and at the free
surface of the Xe overlayer. The melting and boiling tempera-
tures of Xe are close to each other (experimental values are 161
and 166 K, respectively*') and the surface melting coincides with
the beginning of active evaporation. As the temperature of the
overlayer continues to increase, the evaporation intensifies (e.g.,
snapshot for 9.4 ns in Figure 1A) and results in the complete
removal of the overlayer after ~15 ns. Note that although the
maximum temperature of the Si substrate reaches the value of
485 K at ~6.5 ns, the average temperature of the overlayer does
not exceed the level of 204 K, which is ~35% below the critical
temperature of the model Xe, 311 K.

A qualitative change in the mechanism of removal of the Xe
layer occurs as the laser power exceeds a certain threshold value:
It changes from the continuous surface evaporation to the
detachment of the entire Xe layer driven by the explosive boiling
of a part of the Xe layer adjacent to the Si substrate. This is

5.6ns 94 ns 15.0ns

Distance (A)

4.6ns 6.2ns 6.4ns

Figure 1. Snapshots taken from MD simulations of laser-induced
removal of a Xe overlayer from Si(100) surface. The simulations are
performed for 16 ML thick overlayer and laser powers of 12 MW/cm?
(panel A) and 16 MW/cm” (panel B). The Xe atoms in the snapshots
are colored blue, the Si atoms are colored red (see text for detailed
description of the Si slab dynamics). The simulations in A and B
illustrate the two modes of atomic ejection: Continuous evaporation
of the overlayer (A) and explosive boiling of the interfacial region leading
to the collective ejection (detachment) of the entire layer (B).

illustrated in Figure 1B, where the results are shown for a laser
power of 16 MW/cm”. Similar to the case of lower laser power
discussed above, the heat transfer from the Si substrate results in
melting and surface evaporation of Xe. The difference, however,
is that the temperature of the part of the Xe layers adjacent to the
Si substrate reaches the level of ~0.93T, resulting in the onset of
explosive boiling of the overheated material. The explosive
release of vapor phase generates pressure that drives the upper
part of the overlayer away from the substrate, as shown in the
snapshot for 6.4 ns in Figure 1B. The sharp increase in the vapor
nucleation rate in a narrow temperature interval around 0.9T has
been predicted theoretically based on the classical nucleation
theory” * and confirmed in earlier MD simulations.* In
particular, it has been shown that the incubation period for the
onset of the homogeneous boiling of the Lennard-Jones fluid
drops from more than a nanosecond down to picoseconds as the
temperature increases by ~1% at the threshold for the explosive
boiling.* Analysis of the simulations illustrated in Figure 1
reveals that the maximum temperature of the Si surface and
the adjacent three layers of the Xe overlayer are T &~ 485 K
and T A 204 K (0.65 T.) at 12 MW/cm” and T9™ ~ 650 K
and T2 2 290 K (0.93 T,) at 16 MW/cm”.

The detachment of the overlayer due to the explosive boiling
at the Si—Xe interface has been observed for systems with
different Xe layer thickness. The time to reach the onset of the
explosive boiling and the laser power threshold for the transition
from the evaporation mode to the overlayer detachment both
increase with increasing thickness of the Xe layer. This is
demonstrated in Figure 2, where snapshots from simulations
performed for overlayers of three different thicknesses are shown
at the onset of explosive boiling and overlayer detachment from
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the substrate. For the same laser power of 16 MW/cm’, the time
required to heat up the interfacial part of the Xe overlayer to
~0.9T. (average temperature is calculated for 3 ML adjacent to
the Si substrate) increases from ~6 ns (Figure 2A) up to ~7 ns
(Figure 2C) as the thickness of the overlayer increases from 16
to 40 ML.

The thickness dependence of the onset of the explosive boiling
in the interfacial region can be explained by the larger total heat
capacity of the thicker layers. When the heat flowing through the
Si—Xe interface is distributed over a thicker layer, the time
required for bringing the temperature of the interfacial region of
the Xe overlayer to the threshold temperature for the explosive
boiling is longer, as observed in Figure 2. The time required for
the thermal equilibration within the overlayer also increases with
thickness, leading to the generation of a temperature gradient
within the overlayer. Indeed, one can see that the upper part of
the 40 ML overlayer shown in Figure 2C still remains in the
crystal form while the region adjacent to the Si substrate already
experiences the explosive boiling. The observation of the uneven
temperature distribution in thick overlayers is consistent with
earlier computational results reported for water overlayers on a
hot metal surface.'”*° These studies and the results illustrated in
Figure 2 indicate that both the threshold laser power and the time
needed to approach the onset of the interfacial boiling reach a
saturation with further increase of the overlayer thickness.

The upper parts of the Xe overlayers ejected in the high laser
power regime are stabilized by the periodic boundary condi-
tions and retain their flat layered shapes for the duration of the

»
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Figure 2. Snapshots from MD simulations of laser-induced removal of
Xe overlayers from Si(100) surface. The simulations are performed with
the same laser power of 16 MW/ cm? and three thicknesses of the Xe
overlayer: 16 ML (A), 32 ML (B), and 40 ML (C). Atoms in the
snapshots are colored in the same way as in Figure 1.

simulations, e.g., Figure 3. Moreover, while the initial heating
results in a significant expansion of the ejected Xe slab (from
~100 to ~140 A in the case shown in Figure 3) the thickness of
the slab shrinks again and the density increases with time as the
slab cools down due to the extensive evaporation from the top
and bottom surfaces of the Xe slab. Note that under experimental
conditions, a thin melted film accelerated away from the sub-
strate by the explosive boiling is likely to promptly lose its
stability and decompose into individual liquid droplets.

More insight into the energy exchange between the Si
substrate and the Xe overlayer can be gained by monitoring
the average temperature of Xe atoms during the laser heating
process. This evolving temperature, averaged over the entire Xe
layer, is compared to that of the Si substrate in Figure 4. There is
an incubation time of ~3 ns (somewhat longer for the thicker
overlayers) for the beginning of an active heat transfer from the
substrate to the Xe slab. This incubation time suggests that the
rate of the interfacial energy transfer is slow at low substrate
temperatures and has a strong temperature dependence. When
the temperature of the Xe slab reaches the melting temperature
(at ~5 ns for 16 ML slab and ~5.5 ns for the thicker ones), the
transformation of thermal energy into the latent heat of melting
modifies the Xe temperature profiles. In the case of the homo-
geneously heated 16 ML film, melting of the entire layer takes
relatively short time and results in a dip in the temperature profile
at ~$ ns. The temperature gradients established in the thicker
films result in a more gradual melting process and the corre-
sponding decrease in the rates of the temperature rise.

The onset of the explosive boiling in the interfacial region of
the Xe overlayer is reflected in sharp drop of the average tem-
perature of the slab. This is due to the transfer of the thermal
energy to the heat of explosive vaporization. This drop is more
pronounced for the thinner overlayer since the vaporization
affects a larger fraction of the overlayer. The explosive boiling
pushes the overlayer away from the substrate and drastically
decreases the heat transfer from the hot substrate to the ejected
part of the overlayer. The active evaporation from the ejected Xe
layers continues to cool them for the remaining part of the
simulation, up to 20 ns. Although the 16 ML Xe slab reaches the
highest temperature in the MD simulations, Figure 4, it also cools
down faster than the 32 and 40 ML Xe slabs. Similar behavior,
related to the larger heat capacity and less effective evaporative
cooling of the thicker slabs, was observed in simulations of water
and Ar layers of various thicknesses ejected from hot metal
substrates.'”***>** An observation of the size dependence of the
internal temperature of clusters generated in MD simulations of

* 1500—
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Figure 3. Snapshots from simulations performed for a system with 32 ML thick Xe overlayer irradiated at a laser power of 16 MW/cm®. Atoms in the
snapshots are colored in the same way as in Figure 1. At the ablation onset, 7 ns, the Xe overlayer expands up to 140 A. At 10 ns, its thickness is ~120 A
and, at the end of the MD simulation, at 20 ns, the thickness of the overlayer is back to its initial value of ~100 A, already 700 nm away from the surface.
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Figure 4. Temperature profiles of the Si surface (black) and Xe over-
layers of various thicknesses, 16 ML (blue), 32 ML (green), and 40 ML
(red), in simulations performed at laser power of 16 MW/cm”. The
temperature of the Si surface is controlled by the solution of the one-
dimensional heat diffusion equation describing the redistribution of the
deposited laser energy within the substrate. The temperature of the Xe
overlayers is calculated from the average kinetic energies of all Xe atoms,
including the evaporated ones. The dashed line shows the temporal
profile of the Gaussian laser pulse. The temperature profiles shown in
the inset are calculated for a 3 ML thick slice of the Xe overlayer adjacent
to the Si surface up to time of the ablation and detachment of the
overlayer from the surface (>7 ns).

laser ablation of molecular targets (larger clusters have higher
internal temperature) was also explained by slower evaporative
cooling of the larger clusters.***’

An important observation in the simulations discussed above
is the slow rate of the energy transfer from the Si substrate heated
by the 16 MW/cm” laser pulse up to ~650 K and the Xe film that
heats up to only less than half of that temperature on the
nanosecond time scale. The maximum surface temperature is
way above the standard desorption temperature (57 K) observed
in temperature-programmed desorption (TPD) experiments of
Xe from solid surfaces, typically performed at slow heating rates
of about 2 K/s and under ultrahigh vacuum conditions.>*>>**
This large difference can be attributed to the difference in the
substrate heating rates. Indeed, Xe multilayers ablate from
ruthenium surfaces at ~350 K when the heating is induced by
S ns pulse irradiation at A = 532 nm and absorbed laser power of
2.5 MW/cm”, while the resistive heating (~2 K/s) results in
multilayer desorption at 57 K.** Similarly, the vast difference
between the desorption temperature in nanosecond pulsed laser
desorption (heating rate of 10° K/s) and standard TPD (2 K/s)
was observed in MD simulations of water desorption from
metallic surfaces.®® The lack of equilibration between the Si
substrate and Xe overlayer on the nanosecond time scale can be
attributed to the pronounced difference in the vibrational proper-
ties of the two materials. The Debye temperatures are 64 K for Xe
and 645 K for Si.>" The order of magnitude difference in the
Debye temperature reflects the large mismatch in the phonon
spectra of the two materials that hampers the thermal energy
transfer and leads to a high thermal boundary resistance.*> >*

The fast cooling of the Si surface due to the thermal conduction
in the substrate is competing with the slow energy transfer to the
volatile overlayer in the nanosecond laser heating experiments.
As a result, the high maximum substrate temperatures are
required in order to reach the thermodynamic conditions for
ablation of the overlayer.

Another manifestation of the weak coupling between the Si
substrate and the Xe overlayer is the presence of Xe atoms on the
Si surface even at temperatures above the ablation threshold, e.g,,
snapshots for 6.4 ns in Figure 1B and for 7.2 ns in Figure 2. The
coverage of the Si surface by Xe is defined by the balance between
the adsorption of atoms evaporating from the departing Xe layer
and colliding with the Si surface and the thermal desorption due
to the energy transfer from the hot Si surface. As the Xe slab
moves further away from the substrate and the density of Xe
atoms near the substrate decreases, this balance tilts toward
desorption and eventually results in the formation of Xe-free Si
substrate.

Once the thermal energy is transferred from the heated Si
substrate to the Xe layer, the question arises how rapid is the heat
flow and redistribution within the Xe overlayer. This question
can be addressed by calculating the temperature profiles within
the Xe overlayer at different times during the simulations. The
temperature profiles are calculated by dividing the Xe overlayer
into 1.4 nm thick slices (correspond to 3 ML of Xe in the initial
system) and evaluating the temperature of each slice from the
average kinetic energy of the atoms. Analysis of the temperature
profiles indicates that temperature gradients develop along the z-
direction away from the substrate and the difference between the
temperatures of the top and bottom parts of the Xe overlayers is
increasing with increasing thickness of the overlayers.

An example of the evolving temperature distribution in the Xe
overlayer is shown in Figure S for a simulation performed for a
system with 40 ML thick Xe overlayer irradiated at a laser power
of 16 MW/cm? At 3 ns from the onset of the laser pulse
(Figure SA), the temperature of the Si surface is 245 K but the
transfer of the thermal energy to the Xe overlayer has been very
limited and the temperature of the overlayer remains below 50 K
throughout the depth of the overlayer. At S ns (Figure SB), the Si
surface temperature is already at 545 K, which is ~100 K lower
than its peak value. By this time, the thermal energy flow from the
Si surface has increased the temperature of the bottom part of the
Xe overlayer above 100 K, while the upper layers are still below
80 K. At 6.4 ns (Figure SC), the temperature of the Si surface is
practically at its peak value of 645 K (see Figure 4). The
temperature in the ~6.5 nm part of the Xe overlayer exceeds
the melting temperature, leading to the melting of the lower part
of the overlayer. The bottom slice of the Xe slab is reaching the
temperature of 224 K (0.72T.), which is still below the threshold
for the onset of explosive boiling. The temperature for the onset
of the explosive boiling (~0.9T. or 280 K) is reached only by
~7 ns (see inset in Figure 4), leading to the fast release of the vapor
phase and lift off (or ablation) of the overlayer. A postablation
snapshot at 7.2 ns (Figure SD) reveals melting of most of the Xe
overlayer, with only a small region in the top part of the overlayer
retaining its crystal structure. Note that the explosive boiling of
the region adjacent to the Si substrate provides an efficient
cooling mechanism. As a result, the maximum temperature in the
Xe overlayer shifts a few nanometers up from the bottom surface
of the ejected overlayer.

4.2. MD Simulations of Localized Laser Heating. In order to
investigate the effect of the spatial localization of the laser energy
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Figure 5. Snapshots and temperature profiles (shown by color code to the left of the corresponding snapshots) for MD simulation performed for a
system with 40 ML thick Xe overlayer irradiated at a laser power of 16 MW/cm”. The temperature is calculated for 1.4 nm slices of the system outlined by
the horizontal black lines. The snapshots and temperature distributions are shown for 3 ns (A), S ns (B), 6.4 ns (C), and 7.2 ns (D) after the start of the
simulation. Atoms in the snapshots are colored in the same way as in Figure 1.
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Figure 6. The dependence of the surface temperature required for
complete ablation of a part of the Xe overlayer located above the heated
stripe of the Si substrate within the time of ~10 ns. Combinations of the
temperature and minimum heating duration required for the ablation are
shown for stripes with the widths of 20, 30, and 60% of the computa-
tional cell. Longer heating duration at lower temperatures results in
similar ablation profile. An additional point is shown for the smallest
stripe of 10% of the computational cell, where no ablation is observed
within 20 ns at a temperature of the strip of 1800 K. The snapshots taken

at the end of the corresponding simulations are shown in the plot.

deposition, realized in laser interference experiments, we per-
formed a separate set of MD simulations where the heating is
laterally confined to a fraction of the Si surface. In each of these
simulations, the temperature control is applied to a stripe of the
Si substrate in the middle of the computational system. The
temperature of the stripe is maintained constant over the entire
20 ns simulation time, with the rest of the Si substrate kept at 0 K.
The simulations are performed for heated regions that are 10, 20,
30, and 60% of the total width of the computational cell, which
corresponds to 14, 28, 47, and 85 A, respectively.

The results of the simulations suggest that, in order to reach
the complete ablation of a fraction of the Xe overlayer located
above the heated area of the Si substrate within the duration of
the simulations (20 ns), the temperature of the heated stripes
should be substantially higher than the maximum temperature of
the Si surface reached in the simulations of homogeneous pulsed
heating discussed in the previous section. Moreover, decreasing
the size of the heated stripe results in a substantial increase in the
temperature of the heated stripe (laser power) and/or the
heating duration required for the complete spatially selective
ablation, Figure 6. The heating of 30% and 20% of the surface
requires a minimum of 8.4 and 9 ns at temperatures of 1400 and
1600 K, respectively. The heating of 10% or less of the substrate
does not result in desorption of Xe within 20 ns even at a
temperature of 1800 K that exceeds the melting temperature of
the SW silicon (1677 K).>>°

The high temperature required for the spatially selective
ablation of the overlayer can be explained by (1) the efficient
lateral heat exchange from the heated part of the Xe area to the
surrounding colder Xe regions and (2) the stabilizing effect of the
colder regions that hold the heated part of the Xe overlayer in
place and prevent its separation from the Si substrate. The latter
effect makes the intense and continuous evaporation of Xe atoms
to be the only mechanism of the overlayer removal in the range of
the simulation parameters considered in this work. Unlike the
laterally uniform heating, where above a certain laser power
(surface temperature) a lift off of the overlayer driven by the
explosive boiling takes over, the evaporation mechanism is
responsible for the selective overlayer removal (patterning) even
at temperatures approaching the threshold for substrate melting/
damage, e.g., Figure 7. We would like to note that a transition to
the regime of explosive boiling has been observed in simulations
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Figure 7. Snapshots from a simulation of selective ablation of a 16 ML
Xe overlayer. A 30% part of the Si surface is kept at a fixed temperature
of 1400 K for 20 ns, the entire duration of the MD simulation. The
snapshots are for 0.4 ns (A), 0.8 ns (B), 4 ns (C), and 8.8 ns (D) of
heating. Atoms in the snapshots are colored in the same way as in

Figure 1.

of localized heating performed at higher temperatures, in the
range of 4000—5000 K for a heated area of 25% (not shown). In
these simulations, the generation and expansion of vapor bubbles
above the heated parts of the substrate resulted in the ejection of
large Xe droplets. The localized heating in these simulations also
produced a substantial damage to the Si substrate.

4.3. Fractional Ablation Experiments. In order to establish
correlations between the results of the MD simulations and
experimental observations, a series of measurements aimed at
establishing the threshold laser power for removal of Xe over-
layer were performed. The scheme for the experimental mea-
surements was based on generation of Xe coverage grating on a
Si0,/Si(100) surface, as explained in detail in Section 3 and refs
9, 11, and 35. First-order optical diffraction was generated and
recorded from the resulting Xe coverage grating when continu-
ously irradiated by a S mW continuous wave HeNe laser.
A second, uniform laser pulse was then applied at gradually higher
power in order to determine the minimum laser power that leads
to the removal of the modulated Xe coverage grating, resulting in
instantaneous removal of the optical diffraction signal.

In order to check the effect of the layer thickness on the
ablation threshold, the same procedure was applied to Xe over-
layers, 80 and 160 ML thick. The ablating laser power was
gradually increased from 6.6 to 16.7 MW/cm”. Laser powers of
13.8 and 16.7 MW/cm® were found necessary for reaching
complete ablation of 80 and 160 ML of Xe, respectively, as
demonstrated in Figure 8. These values of laser power corre-
spond to (calculated) surface peak temperatures of 202 K at 13.8
MW/cm? and 244 K for 16.7 MW/cm?>. Thus, in agreement with
the predictions of MD simulations, the minimum power required
for overlayer removal is indeed sensitive to the Xe layer thickness
and increases with increasing thickness.

The substantial difference between the surface temperature at
the threshold for the Xe overlayer removal predicted in the
simulations and estimated for the experimental conditions can be
explained by the difference in the laser energy deposition in the Si
substrate. At the excitation wavelength used in the experiments,
A = 532 nm, Si absorption coefficient is & = 6730 cm ' and the
corresponding optical penetration depth is L, = 1/a = 1.5 X
10~* cm. This value is 170 times larger than the penetration
depth L, = 897 X 10”7 cm at the wavelength used in MD
simulations, 4 = 337 nm. The effect of deeper optical penetration
under the experimental conditions is 2-fold. On one hand, it
results in a lower energy density absorbed at the surface region
which reduces the maximum surface temperature. On the other

100 - I\./-w—--l\.
80 4 '\
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Figure 8. Laser ablation of Xe coverage grating. Ratio of the first-order
optical diffraction intensity, recorded after and before the second
(uniform) pulse is applied to the Xe-covered silicon substrate, is plotted
vs power of the second pulse. The curves represent series of experiments
performed for 80 ML (black) and 160 ML (red) Xe layers. In both cases,
the power of the laser used for the grating formation was maintained at
13.8 MW/cm?,

hand, it generates smaller temperature gradients within the Si
substrate and creates the conditions for much slower cooling of
the surface. These two consequences of longer penetration depth
have opposite effects on the removal of the Xe overlayer, thus
providing a hint for explaining why, despite the large difference in
the maximum surface temperatures, the power threshold values
for the overlayer removal are similar in the simulations and
experiments. The difference in the temperature profiles gener-
ated at the surface of clean (without Xe overlayer) Si substrate by
irradiation at the two laser wavelengths is illustrated in Figure 9.
The slower cooling of the Si surface in the case of 532 nm
irradiation allows for a longer time of thermal energy transfer to
the Xe overlayer. We note that the peak temperature predicted
for the grating formation conditions in both simulations (at A =
337) and experiments (at A = 532 nm) are significantly higher
than the Xe multilayer peak desorption temperature obtained by
standard (slow heating rate, 2 K/s) TPD measurements, 57 K
(ref 35).

We cannot quantitatively compare the laser power thresholds
obtained for partial ablation in the MD simulations to that
determined experimentally. This is due to the size of the ablated
area in the MD simulation being only 14—48 A wide for the
10—60% fractional heating. These limited sizes (dictated by the
computationally demanding nature of atomic-level modeling)
are 3 orders of magnitude narrower than the experimental stripes,
resulting in significantly more efficient lateral heat redistribution
within the Xe overlayer. We do predict however, that the wide
ablated area in the experiment is well represented by the explo-
sive boiling mechanism discussed in section 4.1. Indeed, the
effect of the cooling by heat transfer to the surrounding cold
regions that is so effective in the narrow troughs used in the MD
simulations are expected to be negligible under experimental
conditions. Nevertheless, it may be instructive to relate, at a
qualitative level, the shapes of the Xe troughs obtained in
experiments and in MD simulations.

Experimentally, one can imprint the profile of the modulated
Xe coverage (grating) by exposing the Xe pattern to 12—15 nm
thick layer of Ag, deposited in vacuum. Following the second
uniform laser pulse, Ag stripes are left behind as explained in
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Figure 9. The surface temperature profiles predicted by solving one-
dimensional heat conduction equation for clean (without Xe overlayer)
Si substrate irradiated by a S ns laser pulse. The results are shown for
the followin; values of laser wavelength and laser power: 337 nm and
12 MW/cm* (red curve) and 532 nm and 16.7 MW/cm? (black curve).

Figure 10. The results of laser patterning experiments (panels A and B)
and MD simulations of selective ablation of a Xe overlayer (panel C).
The laser patterning experiments are demonstrated via a 12 nm thick Ag
film deposited on top of modulated Xe film on Ti/SiO, surface. The
interfering laser was operated at a wavelength of 532 nm and laser power
of 13.0 MW/cm?. Panel B shows an AFM line scan taken along the black
line shown in the top-right part of the image in panel A. A snapshot from
the MD simulations of the selective heating (60% heated, see text) to
1000 K is shown in panel C, with width of the trough(s) revealing the
level of steepness obtained at the edges of the ablated Xe stripes.

more detail in the Experimental Section and refs 6 and 57.
A demonstration of such a lift-oft experiment for a Ag/Ti/SiO,/
Si system is presented in Figure 10. We have previously dem-
onstrated®”>” that by tuning the ablation laser power, one can
determine and control the fractional Xe layer width or the
fraction of Xe layer to be ablated. The wider part of the sinusoidal
heating profile exceeds the ablation threshold as the laser power
increases. At 13.0 MW/cm?, the power used in the experiment
illustrated in Figure 10, 55% of the Xe layer has ablated.

The profiles of Xe troughs obtained experimentally and in the
MD simulations of the selective heating have been qualitatively
compared and appreciated via the width “S” in Figure 10C
obtained from the MD simulations and by the edge of the
experimental Ag profiles. The ablated Xe area in the simulations
(60% of the slab) models the empty trough “mold” where the

metal atoms are deposited in the experiment. The slopes of the
metal-line edge are expected to roughly correspond to the
steepness of the Xe template trough profiles. Experimental “S”
of about 50 nm is obtained from interference of two laser beams
at 532 nm, while in the MD model a Xe “S” edge of 30 A was
obtained from 60% heated area. The simulated value of “S” is not
expected to change in a significant way if we would have extended
the lateral dimensions of the Xe slab. Due to the significant
difference in length scales between the MD simulations and
experiments, the comparison between the two is limited to
qualitative level.

5. CONCLUSIONS

The physical mechanisms of laser-induced selective removal of
aXe overlayer from a Si substrate are investigated in series of MD
simulations and related to the results of experimental analysis of
surface features generated in a recently developed buffer layer
assisted laser patterning technique. The results of the simulations
performed for Si substrates uniformly heated by S ns laser pulses
reveal two regimes of atomic ejection. At low laser powers and
small thicknesses of the Xe overlayer, a gradual heat transfer from
the substrate heats up the overlayer, leading to the intensive
evaporation of the overlayer. At higher laser powers, the con-
tinuous surface evaporation changes into the detachment of the
entire Xe layer driven by the explosive boiling of a part of the Xe
layer adjacent to the Si substrate. In this second regime, the heat
transfer from the substrate results in the temperature gradient
established within the overlayer. The temperature of the hot part
of the overlayer adjacent to the substrate eventually reaches the
limit of thermodynamic stability of the overheated fluid (~0.9T.)
and triggers the explosive boiling in the interfacial region. The
explosive release of vapor phase generates pressure that drives
the upper (and colder) part of the overlayer away from the
substrate. The time of the onset of the explosive boiling and the
laser power threshold for the transition from the evaporation
regime to the explosive boiling and detachment of the overlayer
both increase as the thickness of the Xe layer increases from 16 to
40 ML. The regime of the explosive boiling and detachment of
the overlayer is preferable for high-quality patterning in the
BLALP technique as it is likely to be more effective (compared to
the evaporation) in clean removal of the metal film residing on
the overlayer.®’

The large mismatch in the phonon spectra of the substrate (Si)
and overlayer (Xe) materials is responsible for low rates of the
heat flow from the substrate to the overlayer. As a result, the
temperature at the two sides of the Si—Xe interface remains very
different at the nanosecond time scale, with the maximum
temperature in the Xe overlayer being less than half of that of
the Si substrate. In the simulations of the selective heating of a
stripe of the silicon substrate, the lateral heat transfer to the
colder regions of the Xe overlayer and the stabilizing effect of
bonding to the colder regions that hold the heated part of the Xe
overlayer in place and prevent its separation from the Si substrate
are identified as two factors that substantially increase the
substrate temperature required for achieving the spatially selec-
tive ablation of the overlayer.

The predictions of the MD simulations are related to the
experimental measurements that establish the threshold laser
power for removal of Xe overlayers of different thickness. In
agreement with computational results, the peak substrate tem-
peratures at the thresholds for the overlayer removal are found to
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be substantially higher than the overlayer desorption tempera-
ture measured in slow heating rate TPD experiments. The
maximum temperatures in experiments are smaller than those
in the simulations due to the smaller simulated laser absorption
depth which leads to the faster cooling of the Si surface following
laser excitation.

Despite the difference in the length scales, the MD simulations
provide important qualitative information and atomic level
insight into the formation of experimentally observed shapes of
metallic stripes generated by BLALP.
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