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The technique of optical micro-structuring of metal films based on processes of metal atoms adsorption

on the surface of crystalline substrate and simultaneous controllable photo-stimulated desorption of atoms

by non-uniform laser beam illumination is presented. The experiments were performed for sodium atom

deposition on a sapphire substrate. The sapphire substrate was illuminated through a commercial linear

mire with a pitch of 10 µm by a 440 nm laser beam with 1W/cm2 intensity. This provides the nonuniform

spatial distribution of the illumination intensity over the sapphire surface and optical control of sodium

atom deposition on the sapphire substrate, preventing the nucleation and growth of the granular film in the

illuminated areas. Experiments showed that the mire pattern was well reproduced in the sodium deposits,

thus creating the microstructured metallic film with few tens nm thickness. The novel suggestion to use

nondiffracting optical beams for high contrast microstructuring of surface metal film is presented.
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1. Introduction

Planar micro- and nanophotonic devices are the subject of burgeoning area of re-
search because of the wide usage of applications in optoelectronics and photonics. These
uses include display devices, sensors, optical communication systems, nano-photonic devices,
metamaterials etc.

Among the different technologies to manufacture metallic, semiconductor or organic
nanostructures, top-down technologies are the most prevalent [1,2]. They include molecular
beam epitaxy, mask and interference photolithography, as well as electron beam lithography.

Planar technologies for producing device structures for research in the domain of
metamaterials, photonic crystals and nano-photonics were reviewed in [3-5]. Electron beam
lithography (EBL) remains the most powerful method for the generation of lithographic
patterns in the mentioned domain due to the combination of high precision, better than 50
nm, and programmability. EBL is relevant also as a pattern generator for the masks used in
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deep ultra-violet lithography. In spite of many advantages the EBL technique requires very
expensive equipment and long processing times.

In this respect, bottom-up technologies also have merit. These technologies are based
on self-organized and photoinduced formation of nanostructures [6,7]. However, the resulting
topology is rather irregular.

An attractive possibility for producing metal nanoparticles is light-induced atomic
desorption as a tool for controlling the surface atom density of the adsorbed atoms during
the physical vapor deposition process. Such experiments were started in the 1990’s from
pioneering work [8]. The physics of the process is based on the fact that strong enough
nonuniform illumination diminishes the density of the adsorbed atoms in illuminated areas
below a threshold value necessary for initiation of the nucleation process. Thus, the de-
position pattern reproduces the spatial distribution of the illumination intensity over the
surface. The adsorbtion-desorption experiments were performed with the use of alkali metal
(Na, Rb, Cs) atoms in different works (see [8-13], and references therein) and Zn and Sn
in [14]. The deposition of silver on a silver chloride single crystal and silver adatom absorp-
tion spectrum has been studied in [15]. Analogous experiment with deposition of gold atoms
on the amorphous silica was performed in [16].

The nonuniform light beam can be obtained by mask or interference techniques.
In [11] the nonuniform light beam was obtained by illumination of the substrate through
the cooper wire greed with a pitch of 100 µm. In [13], in order to create a metallic grating,
the spatial profile of a laser beam was modulated with reflection from a Fresnel mirror. The
feasibility of the interference technique to produce surface structures with a pitch of 260 nm
was substantiated in [10].

In this paper we present the results of adsorption and deposition of sodium atoms on
the sapphire substrate and optical control of film deposition with the use of a mire with a
pitch of 10 µm.

We suggest also the use of the non-diffracting beams, particularly Bessel beams for the
formation of micrometer-scale spatially modulated beams. Exposing of the atomic deposits
on the substrate surface with periodically or quasiperiodically spatially modulated non-
diffracting beams is advantageous, since the light intensity distribution is stable in the course
of beam propagation, providing high contrast of the metallic micro- and nanostructured
patterns. The experimental formation of zeroth order Bessel beam by an axicon is presented.

2. Spectroscopy of the adsorbed atoms

The schematic for atom adsorption on the surface of the dielectric material is shown
in Fig.1. Such atoms are commonly called adatoms. In some cases, the structure of the
electronic levels changes dramatically, such that the adatom looses its similarity to the free
atom at all.

The experimental realization of adsorption was performed with the use of a specially
designed spectroscopic cell. To enhance the adatom absorption, 17 polished sapphire plates
were introduced in the cell that was evacuated and filled with sodium. The cell design
allows independent control of the sapphire plates’ temperature and the sodium vapor density.
The latter was achieved through the variation of the temperature of the metal drop placed
in an appendix attached to the cell. The standard experiment run consists of absorption
spectra registration at the fixed cell temperature and variable temperature of the appendix.
Absorption due to the free sodium vapor was measured in a separate cell with the same
optical length and subtracted. The spectra were obtained with the use of standard “Perkin-
Elmer” spectrometers and are shown in Fig.2.
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Fig. 1. Schematic of adsorbtion of atoms and nanoparticle formation on a
dielectric surface

Fig. 2. Absorption spectra of sodium adatoms on the surface of sapphire kept
at 470 K (narrow curve) and 670 K (broader curve). The spectra were nor-
malized to facilitate the comparison of the broadening due to the temperature
rise

Optical absorption of this system is dominated by a broad structureless band (Fig.2),
somewhat shifted to the red from the position of the characteristic yellow doublet of free
sodium at 589 nm. The absorption cross section of the atom at the maximum σ was found
to be equal to 3 × 10−16 cm2 while the integral of the absorption cross section over the
wavelength corresponds nicely to the oscillator strength of the corresponding transition in
the free atom.

These measurements proved that sodium atoms are adsorbed on the sapphire surface
in atomic form and preserve their identity.
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3. Photodesorption process

The photodesorption process is a very promising tool for direct laser writing of com-
plicated patterns on surfaces. Although an ordinary heating of the substrate by absorbed
radiation can cause thermal desorption of adsorbed species from the illuminated area, non-
thermal mechanisms of desorption attracts much more attention. The reasons for that are
higher spatial resolution, higher selectivity as well as lower inertia of nonthermal process as
compared to thermal ones.

The illumination of the adsorbed atoms on the surface of the substrate can lead to
photon absorption either by the substrate or by the adsorbed species. In the latter case,
electronic excitation of an adatom is transformed into its motion away from the surface.

One particular example of such a process is photodesorption of sodium atoms from
sapphire. Sapphire is transparent to visible light, while the adsorbed sodium atoms, as was
detailed in the previous section, possess a broad absorption band in this spectral range. The
nonthermal nature of sodium photodesorption from sapphire was proved in [14]. More details
of the process were reported in [8]. Fig.3 shows the concept for the desorption experiment
and the registration scheme. Optical methods provide high sensitivity, which allows for sure
registration of the atoms desorbed with different velocities in one laser shot of 10 ns duration.

Fig. 3. Registration of photodesorption via absorption or fluorescence measurements

Fig.4 plots the photodesorption spectrum and contrasts it with the absorption spec-
trum already given in Fig.2. Although the maxima of the two spectra almost coincide, quan-
tum efficiency of desorption diminishes for larger wavelengths and drops to zero at 800 nm.
This threshold corresponds to the photon energy of 1.55 eV. It is in excess of the binding
energy of adatoms Ead=0.7 eV, which was deduced from the temperature dependence of
absorption spectrum.
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Fig. 4. Absorption (1) and photodesorption (2) spectra of individual sodium
atoms adsorbed on the sapphire surface. The ordinate scale is given in arbi-
trary units

4. Estimation of light intensity for controllable film deposition

As was mentioned before, strong enough nonuniform illumination diminishes the
number density of the adsorbed atoms in the illuminated areas below the threshold value
necessary for the initiation of the nucleation process.

Estimations of light beam critical intensity, I required for the elimination of formation
of metallic layer in illuminated area can be performed with the use of the following formula:

I = α
~ω
τσwf

(1)

derived in [17] based on the balance equitation for surface density n of atoms for the
adsorption-desorption process under illumination by nonuniform light at photon energy ~ω.
The other notations in formula (1) are as follows: α is the adhesion coefficient of a metal
atom to the clean substrate admitted to be of the order of 0.01, τ = 1 s is the characteris-
tic time required to form a metal monolayer in the dark spaces, w is the photodesorption
quantum yield measured in [8] to be equal to 0.001 provided the light wavelength is within
absorption band of adsorbed atoms, and f is the critical surface concentration of adsorbed
atoms that gives rise to the nucleation of metallic phase taken to be 0.01 of atomic mono-
layer. Substituting these values and the energy of photon ~ω=2 eV in formula (1) one can
obtain the value of critical intensity 3 W/cm2.

5. Laser control for sodium metallic film deposition

In many cases, it is desirable to pattern granular metal films. Photodesorption of
metal atoms from the surface of transparent dielectric materials may be used to obtain
regular arrays of metal nanoparticles [10]. Illumination of the substrate during physical
vapor deposition reduces the density of the atoms adsorbed on the surface, thus precluding
nucleation and growth of the granular film in the illuminated areas [8,14].

We report here on the results of experiments performed with sodium deposition on
sapphire. The threshold intensity of a cw diode laser operated at the wavelength of 440 nm
was found to be 1 W/cm2 for a deposition rate of 0.02 nm/s. The substrate was illuminated
through the mire with a pitch of 10 µm. The microscopic images of the sodium deposits as
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well as the image of the mire are presented in Fig.5. The deposition takes place at the dark
sites on the cell window. The mire pattern was shown to be well reproduced in the sodium
deposits.

Fig. 5. (a) microscopic image of the sodium deposits on sapphire substrate
obtained via physical vapor deposition under simultaneous laser illumination
through the mire with 10 µm periodicity shown in (b)

Further reduction of the pitch can be achieved with an interference technique [10].
More promising is the use of non-diffracting beams providing high contrast of the metallic
micro- and nanostructured patterns.

6. Prospects of the use of non-diffracting beams

Non-diffracting optics is a very active area of research in the field of optical beams and
their applications. The diffraction-free beams have a feature of conserving their transverse
intensity distribution during propagation in free space [18,19]. The simplest diffraction free
beams can be formed by superposition of plane waves, whose wave vectors lie on the cone.
The zeroth order Bessel beam is a particular case of diffraction-free beams. The profile of
the Bessel beam is a set of concentric rings. The envelope of intensity profile of Bessel
beam decreases inversely proportional to the radial distance [18]. A number of practical
ways to generate Bessel beams have been suggested, including the use of ring apertures
[18], Fabry-Perot interferometers [20], programmable phase modulators based on the phase-
imprinting technique [21], holographic diffractive elements [22] and nonlinear generation of
conical emission [23]. One of the ways to form Bessel beams is the use of optical element –
axicon [24]. Bessel beams have numerous applications, for example, for optical manipulation
of micro-sized objects, optical tweezers (see [25] and references therein), formation of Bessel
like photonic lattices in photorefractive materials [26] etc.

6.1. Formation of Bessel beam by an axicon

Bessel beam formation by an axicon used in our experiments is shown schematically
in Fig.6. The laser source was the Thorlabs HRP-170 single mode He-Ne laser at 633 nm
operation wavelength, with 17 mW power and beam diameter of 0.7 mm. The linearly
polarized Gaussian beam was expanded by confocal lenses (Fig.6a). The Gaussian beam
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after passing through the axicon (Del Mar Photonics AX-BK-7-175) with aperture cone angle
175◦, was transformed to the Bessel beam (Fig.6b). The convergence angle of the beams
behind the axicon was adjusted by moving the output lens of the beam expander back or
forth, thus varying the convergence angle within ∼4–2◦, which in turn changes the spacing
between the concentric rings in the range of 10–20 µm. The distance along Z axis where
the converging beams are overlapped and form the Bessel beam (Fig.1a,c) was measured
Zmax ∼10 cm. The spacing between the concentric rings, measured by beam profiler, shows
their equidistant disposition, except for a few central rings. The period of annular structure
shown in the Fig.6b was measured by beam profiler Thorlabs BP109-VIS and was 10 µm for
certain position of output lens of beam expander. The beams become divergent behind the
overlapping zone Zmax, forming a ring pattern (Fig.6c).

Fig. 6. (a) Experimental scheme illustrating the formation of Bessel beam by
an axicon. (b) Fragment of transverse intensity distribution of Bessel beam
formed by an axicon with aperture cone angle 175◦ in the overlapping zone of
the beams. The number of rings reaches up to 500. (c) Ring pattern at the
distance of 2 m behind the overlapping zone, where the beams become diver-
gent

A Bessel beam can be formed similarly for a 100 mW cw 532 nm laser beam, which
is suitable for deposition control in Na and Rb atomic vapor cells.

Exposing of the atomic deposits on the substrate surface with periodically or quasiperi-
odically modulated non-diffracting beams is advantageous, since the light intensity distribu-
tion is stable in the course of beam propagation [18], providing high contrast of the metallic
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micro- and nanostructured pattern. These experiments are in progress and will be published
elsewhere.

The technique developed for exposing of the atomic deposits by Bessel beams can be
extended to other types of nondiffracting beams such as Airy [27], first order Bessel [28] and
Mathieu and Weber [29] beams.

7. Conclusion

The technique of optical shaping of surface metallic micro- and nanostructures based
on metal atom adsorption processes on the surface of crystalline substrate and simultaneous
controllable photostimulated desorption of atoms by nonuniform laser beam illumination
is presented. The experiments were performed for sodium atom deposition on a sapphire
substrate. The absorption spectra of adatoms, as well as desorbed atoms are measured.
The manufacturing of a micrometer-scale metal grid was performed with the use of a mire
with 10 µm pitch. The novel suggestion to use nondiffracting Bessel optical beams for high
contrast microstructuring of surface metal film and the formation of zeroth order Bessel beam
by an axicon are presented.

The suggested techniques open new possibilities for the laser structuring of the metal
films with micrometric resolution. The structured metal films have a number of applications
in fast and sensitive photo-detection [30], high performance photovoltaics [31], subwavelength
metal gratings and polarizers [32], surface enhanced Raman scattering [33], surface second
harmonic generation [34-37] etc.
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