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ABSTRACT

A new method is presented for a single pulse laser patterning of metallic thin films. This process is used to form submicron, variable width
metallic wires. By employing laser desorption of a physisorbed buffer gas, a grating of gold has been patterned on a Ru(100) substrate under
UHV conditions. Upon annealing, the physisorbed layer desorbs and the patterned metallic clusters softly land and strongly attach to the
substrate. This versatile technique can be employed with practically any metallic element or molecular species.

Spatial patterning of thin films on solid surfaces is of great
importance for basic physical sciences and technology. It is
a central element in the microelectronics industry, where
photolithography is the major tool to achieve submicron
features. The development of environmentally more friendly
and less costly patterning techniques is critical for further
pursuing the technology down to the nanometer range.

Laser induced thermal desorption (LITD) technique for
spatial patterning of adsorbates on surfaces is an established
way for coverage grating formation of adsorbates.1-3 It is
based on spatially defined nanosecond time scale heating of
the substrate, which leads to a rapid desorption of the
adsorbate from a solid surface and its ejection to the vacuum.
This method has been extensively used for surface diffusion
studies, following the formation of a coverage grating by
interfering two split beams from a single laser pulse on an
adsorbate covered surface.3-8 The thermal refilling of the
grating troughs is followed in time by recording the high
orders of a linear or second harmonic optical diffraction
signals obtained from the grating patterns.4,6-8 This method
is applicable for relatively weakly bound adsorbates, other-
wise the surface may be damaged by too high laser power.
In general, absorbed laser power density above 10 MW/cm2

should be avoided, to conserve the atomic level structure of
the substrate’s surface. In other words, LITD cannot be used
as a patterning tool of metallic thin films on surfaces due to
their strong binding and the extremely high laser power
needed for their removal.

Recently, Weaver and co-workers have developed a
method for deposition of size controlled metallic clusters via
buffer layer assisted growth (BLAG).9-11 To create clusters,
the metal is evaporated on a physisorbed buffer layer prior

to its deposition on the substrate underneath. The buffer layer
is then slowly removed by thermal annealing, and the clusters
softly land on the surface.10-12

Unlike conventional vapor deposition, small clusters form
already on top of the buffer layer. These small metallic
clusters coalesce as the buffer gas desorbs. The nanometer
range size distribution of the clusters can be controlled by
adjusting the buffer layer thickness.10,11

Avoiding direct contact between a strongly bound adsor-
bate and the surface via a buffer layer is in fact applicable
for patterning purposes, buffer layer assisted laser patterning
(BLALP), as will be discussed below. Since the buffer
material is only weakly bound to the surface, the laser power
needed to desorb it and whatever is on top can be limited to
relatively low laser powers, thus preventing any surface
damage.

To examine the feasibility of the BLALP idea, we have
simulated this process by means of a model system employ-
ing a kinetic Monte Carlo (MC) scheme.12-16 Here, xenon
atoms are used as the physisorbed layer, and potassium as
the metal. A 8×8×1 lattice of potassium atoms was chosen
for this simulation, on top of a 8×8×3 lattice of Xe layers
with periodic boundary conditions, as shown in Figure 1A.
This simulation has been performed using adatom interaction
parameters that were experimentally determined by TPD of
multilayer Xe and K on a Ru(001) surface.6-8,17-20 All
interatomic interactions within the noble gas and the alkali
atoms were modeled using the 6-12 Lennard-Jones pair
potential, while interaction with the Ru metallic substrate
was calculated using Morse potential. Although this ap-
proximate model simulation cannot precisely reproduce
thermal desorption spectra, it is suitable for predicting a
general trend.

Consider a metal film on top of a layer of physisorbed
buffer atoms on a surface as illustrated in Figure 1A. Initially,
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the system consists of an ordered metallic potassium layer
on top of a physisorbed multilayer of xenon on a surface.
We let the system thermally reorganize at 20 K. The long-
range attraction between neighbor K atoms on top of the Xe
layer leads to the formation of two- and three-dimensional
metallic islands already at low temperature,10-14 as demon-
strated in Figure 1B. This behavior seems to be independent
of the buffer layer thickness, but the cluster size does increase
with the potassium density. Except for occasional xenon
atoms local hopping within the layer, the system does not
change significantly after reorganization and cluster forma-
tion have occurred. Increasing the temperature to 60 K results
in desorption of Xe atoms from their multilayer coverage.
Xenon is physisorbed on the substrate, and activation energy
for it’s desorption is around 3.5 kcal/mol.17 However, the
metallic layer on top does not desorb together with the Xe,
rather the metallic clusters penetrate through the buffer layer
during Xe desorption and land on the substrate underneath,
as seen in Figure 1C. The sintering and coalescence of those
clusters during the removal of the buffer material cannot be
reproduced within our Monte Carlo simulation; nevertheless,

this behavior has already been experimentally demonstrated,
as discussed above.9,10

Next we have repeated the same initial conditions as
illustrated in Figure 1B, but now the effect of a sudden
temperature jump to 300 K due to a 10 ns laser heating of
the surface, has been simulated.1-5,21 This procedure results
in a very fast heating of the xenon atoms and their desorption
in the nanosecond time scale. Slow heating of the system
induced Xe desorption from the upper layer solely. In
contrast, the high surface temperature induced by the pulsed
laser heating leads to ablation of the entire Xenon layer. The
high momentum and kinetic energy of the fast desorbing and
heavy Xe atoms colliding with the metallic clusters deposited
on top enhance their ejection to the vacuum, as shown in
Figure 1D. The ablation of the physisorbed atoms prevents
deposition of chemical species on top of the buffer material
within the pulsed heated region (grating troughs), including
metallic clusters, on the substrate.

Based on the MC simulations described above, one can
use the laser desorption process to imprint structure in the
metallic film on top of a physisorbed buffer layer, as

Figure 1. Monte Carlo simulation of multilayer xenon desorption from a surface, with metal deposited on top. The dark balls represent K
atoms, and the light gray ones represent Xe atoms. (A) Initial situation, at 20 K; (B) thermal reorganization leads to metallic cluster
formation on top of the buffer layer; (C) slow desorption of the Xe atoms by heating the surface to 60 K, and “soft landing” of the metallic
clusters; (D) fast ablation of the Xe atoms and ejection of the metal deposited on top, by instantaneously increasing the surface temperature
from 20 to 300 K.21
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schematically shown in Figure 2. For demonstration, we have
deposited and formed a grating from a thin film of gold about
30 nm thick on top of a xenon buffer layer under UHV
conditions, over a Ru(001) surface that was cleaned and
prepared by standard procedures.6-8,17 Deposition of multi-
layer xenon was performed at sample temperature of 20 K.
Metallic gold (99.99% pure) was evaporated by heating a
tungsten filament wrapped around a 1.0 mm diameter gold
wire. Deposition rates were determined by a quartz mi-
crobalance device placed at the sample position. Pulsed laser
patterning was performed by interfering a split beam of a
10 ns p-polarized Nd:YAG laser at its fundamental wave-
length of 1064 nm on the sample surface. 25% of the laser
power at the sample surface is actually absorbed and creates
a periodic spatial sinusoidal temperature profile. This surface
temperature profile generates a coverage grating of the xenon
buffer layer and therefore also of the metal deposited on top,
see Figure 2C. Finally, thermal annealing of the sample above
100 K leads to slow desorption of the remaining xenon, and
subsequently to a soft and vertical landing of the already
patterned metal on the substrate (Figure 2D).

The formation of the grating could be in situ verified by
optical linear diffraction from the Xe and the gold grating
on the surface. A diffraction spectrum obtained from the gold
coverage grating after the patterning process has terminated
is presented in Figure 3. A p-polarized 5mJ cw HeNe laser
operated at an angle of 50° with respect to the normal to the
surface has been used for the optical linear diffraction
measurements. The diffracted beams were intense enough
to be seen by the naked eye. The conditions for grating
formation atλ ) 1064 nm and the angle between the two
split beams of 7.6° dictate a grating period of 4.0µm,
therefore the angle between the diffracted peaks is of 17°.

AFM images that were recorded ex-situ in air, after
removing the sample out of the vacuum chamber, are

presented in Figure 4. All the measurements were performed
using the AFM tapping mode with a TESP tip, using a DI
3100 Nanoscope instrument. The gold stripes (bright lines,
20-40 nm thick) consist of high density nanometer sized
gold clusters. These metallic lines extend to the entire laser
beam dimensions, namely 6 mm long. Optimal conditions
for grating formation vary according to the specific gold-
to-Xe layer thickness ratio. Typically, for a 20 nm thick gold
layer, best results are obtained on top of 60 ML Xe. We
found no upper limit for the xenon layer thickness; however,
the cluster size deposited on the surface depends on the buffer
layer thickness.10 Annealing the gold grating in air up to 600
K has not smeared out its structure, while in vacuum small
clusters diffuse already at 400 K. Apparently, oxidation of
the substrate following exposure to air significantly stabilized
the clusters.

Laser patterning using interfering beams enables us to
modify the interference pattern, accordingly to the Bragg
law: ω ) λ/2 sinφ. The grating periodω is proportional to
the laser wavelengthλ and depends on the incident angleφ

between the two interfering beams with respect to the surface
normal. In addition, however, and unique to the BLALP
method, the laser power provides an extra degree of freedom
for the determination of metallic line widths.

In Figure 4, the effects of angle of incidence and of the
laser power density on the resulting gold gratings are
demonstrated. Using Nd:YAG laser at its fundamental
wavelength of 1064 nm, 300 nm line width could readily be
achieved, within a period of 750 nm, as shown in Figure
4D.

A unique aspect of the patterning procedure described here
relies on the exponential dependence of the buffer layer
desorption rate (ablation) on substrate temperature. Higher
overall laser power density (power sum of the two split
beams) transforms into higher surface temperature at the
constructive interference zone on the sample. As demon-
strated in Figure 4A and 4B, this results in wider desorbing
stripes and the effective narrowing of the resulting gold line-

Figure 2. Schematic view of the buffer layer assisted laser
patterning (BLALP) procedure. (A) Multilayer of a physisorbed
buffer layer, (B) metal film deposited on top of the buffer layer,
(C) spatial grating of the buffer together with the metal film via
LITD, and (D) removal of the buffer material by slow thermal
annealing and “soft-landing” of the remaining adsorbate on the
substrate.

Figure 3. Optical linear diffraction spectrum, for a coverage grating
consists of 20 nm thick, 2µm wide gold stripes separated by 4.0
µm grating period. Incident angle of the He-Ne laser used for
detection was 50° with respect to the normal to the surface.

Nano Lett., Vol. 4, No. 8, 2004 1435



pattern. By increasing the laser power from 2 MW/cm2 to 4
MW/cm2, at the same period of 4.0µm, the gold stripes
shrink from 2.8µm to less than 1.4µm. The outcome is
that one can create features that are much smaller than the
desorbing laser wavelength. In fact, within a given period,
the width of a patterned feature can be reduced by an order
of magnitude if the interfering laser power is increased by
the same amount. The grating formation simulated for CO2

as the buffer layer material is shown in Figure 5A, using
experimental thermal desorption parameters of multilayer
CO2 desorption from a Ru (001) surface.18 By increasing
the absorbed laser power to 8 MW/cm2, the metallic stripes
shrink to less than 400 nm, retaining the same period of 4.0

µm. This is demonstrated experimentally in Figure 5B, where
30 nm of gold were deposited on top of 100 ML of CO2

buffer layer on a Ru(001) surface at 20 K. This image
demonstrates for the first time how buffer materials other
than Xe can be utilized while operating BLALP. This
emphasizes the versatility of the method as it can be
employed at liquid nitrogen (multilayer CO2 desorb only at
100 K), rather than liquid helium temperatures, a significant
economical factor.

In conclusion, we present a new method for a single pulse,
macroscopic scale laser patterning of metallic thin film to
form variable width metallic lines that potentially may be
reduced to the nanometer range. This is a parallel “writing”

Figure 4. AFM images, measured ex-situ in Air, at room temperature. (A) 30×30 µm image of 40 nm height 2.8µm wide gold stripes
(bright lines) within a period of 4.0µm, obtained at laser power density of 2 MW/cm2; (B) within same period, 40 nm thick 1.4µm wide
gold stripes (laser power of 4 MW/cm2); (C) 20×20 µm image of 2µm period, 700 nm wide and 20 nm thick gold stripes (laser power of
4 MW/cm2); (D) 10 × 10 µm image of a 740 nm period, 300 nm wide and 10 nm thick gold pattern (laser power of 4 MW/cm2).
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procedure, at the size of a laser beam. The metal is patterned
via a weakly bound buffer layer, thus eliminating the need
for high laser powers, avoiding substrate laser damage.
Conventional mask as used in industrial photolithography
can be employed by the BLALP methodology as preliminary
results suggest. This may open the possibility for patterning
complex structures of metallic clusters. Procedures that avoid
the clusters formation yet retaining the advantages of the
BLALP method are underway.
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Figure 5. CO2 buffer layer for laser patterning of metallic gold.
(A) LITD simulation, using experimental desorption parameters of
CO2 from Ru(001), at the indicated laser power densities. (B) AFM
image of 30 nm thick and 400 nm wide gold stripes within a period
of 4.0 µm, prepared on top of 100 ML CO2 buffer layer.
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