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Abstract— Basic results obtained in atom optics, which is a rapidly developing new field of particle optics,
and atom nanolithography, which is one of its practical applications, are presented. Basic methods for creat-
ing elements of atom optics are considered, the main achievements of atom optics-based atom nanolithogra-
phy are presented, and prospects for atom nanolithography development are discussed.
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INTRODUCTION

Nanolithography is an interdisciplinary field of sci-
entific and applied research with the objective of cre-
ating material structures with dimensions from a single
atom to about 100 nm. The creation of structures with
such dimensions is of practical value and fundamental
interest, because structures with dimensions around
10 nm form the bridge between classical and quantum
worlds [1]. The stimulating factor in the development
of nanolithography is the “race” for an increased
number of transistors in the chip described by Moore’s

Minimal chip size, mm
11 -

law (Moore, 1965) (Fig. 1). According to Moore’s law,
the number of transistors in new microchips increases
by a factor of 2 every 18—24 months, which results in
an increase in their functionality and performance and
a decrease in the cost of each transistor.

Methods of optical lithography using far vacuum-
ultraviolet radiation [2, 3] (methods of lithography
using electron and ion beams and X-rays [4—6]) are
being successfully developed. These methods provide
for the creation of nanostructures with a precision of
several nanometers. At the same time, there is a broad
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Fig. 1. According to Moore’s law, the number of transistors in new microchip models increases by a factor of 2 each 18—24
months. The figure shows the minimal size of the Intel chip element as a function of the production year.
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Optics type Wavelength range Applied interaction types
I mm 1 nm 0.1 E 104 m
\llisible light
Photon | Uv EU\{ light with matter
| | X-rays
Atom l l l neutral atoms atom with laser, electric,
[ | and magnetic fields
Neutron neutrons neutron with nucleus
] |
Charged electrons moving electrons and ions with
particles | ions magnetic and electric fields

Fig. 2. Table illustrates (1) different types of photon and particle optics (electron, ion, neutron, and atom optics), (2) wavelength
range corresponding to a particular optics type, and (3) interaction used in the construction of a particular optics type.

search for alternative methods (such as the scanning
nanoprobe method [7], “imprinting” method [8], and
the “self-assembly” of nanostructures [9]). It is in this
context of a search for alternative future methods of
nanolithography that the approaches based on atom-
optics methods discussed below should be considered.

Atom optics formed into a separate physical disci-
pline in the mid-1980s as a result of investigating the
influence of the forces of laser light pressure on the
forward movement of atoms. Atom optics, similar to
electron, ion, and neutron optics, is related to particle
optics (Fig. 2) and considers the problems of the for-
mation and control of ensembles and beams of neutral
atoms and their application. The development of atom
optics [10—13] is closely connected with the develop-
ment of methods of laser cooling and localization of
neutral atoms [14—18]. The laser cooling of atoms and
their spatial localization form atomic ensembles and
beams with given parameters. Laser cooling provides a
decrease in the atomic temperature to about several
pK. At such temperatures the De Broglie wavelength
becomes comparable to the light wavelength and the
wave properties of atoms begin to manifest. The local-
ization of neutral atoms opens up the possibilities of
operating with both single atoms localized with a
nanometer precision [19, 20] and macroscopic
ensembles of cold atoms with high phase density [21].
Based on different configurations of laser light fields
and mechanical micro- and nanostructures (zone
plates, multislit diaphragms, etc.), many atom optics
elements have been created: lenses, mirrors; coherent
atomic beam splitters; atomic interferometers;
waveguides; and finally, an atom laser, which is an ana-
logue to the optical laser. The capabilities of atom
optics are much broader than other types of particle
(electron and neutron) optics due to the internal
structure of the atom. At a temperature close to abso-
lute zero, when the De Broglie wavelength becomes
comparable to the interatomic distance, the behavior
of the atomic ensemble begins to noticeably depend
on the internal quantum characteristic of the atom (its
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spin). The most striking difference between the behav-
ior of fermions and bosons is observed at very low tem-
peratures. For bose particles, a condensation phenom-
enon is observed at ultralow temperatures which was
called Bose—Einstein condensation (BEC). Atoms in
the BEC state form a new type of “coherent matter”
[21]. The magnetic trap keeping BEC atoms is analo-
gous to an optical resonator for photons in an optical
laser. Atoms can be “released” from the magnetic trap
in a certain direction (similarly to photons through a
semitransparent mirror of the optical resonator of a
laser), and they form a coherent directed beam similar
to a laser beam. Such a device is called an atom laser.
The great interest in atom lasers is due to the potential
capability of using coherent atomic beams in high-
precision measuring devices and high technologies
upon the creation of atomic and molecular micro- and
nanostructures [19, 20].

The objective of this survey is to make an introduc-
tion into the quickly developing new type of particle
optics (atom optics) and one of its practical applica-
tions (atom nanolithography). Basic methods for cre-
ating atom optics elements based on matter structures,
static magnetic and electric fields, and laser radiation
are described briefly in Section 2. The main achieve-
ments of atom optics-based atom nanolithography are
presented in Section 3. In the Conclusion, the pros-
pects of developing atom nanolithography are dis-
cussed.

ATOM OPTICS: METHODS
FOR CONSTRUCTING THE BASIC ELEMENTS

Although atom and light optics have similar math-
ematical grounds, their “technical tools” are different.
Light optics is based on the technology of polishing the
surface of a required shape from different reflecting
and transparent materials. In atom optics the main
“technical tools” are electromagnetic fields. The
application of various configurations of static electric
and magnetic fields, laser fields, and matter structures

Nos. 7-8 2009



NANOLITHOGRAPHY WITH ATOM OPTICS

427

S sing < Agp

7\’dB = h/mV

Fig. 3. The surface of a solid as an atom optics element (atom mirror).

(micro- and nanostructures) provided for the con-
struction of basic elements of atom optics that are sim-
ilar to the elements of common optics.

ATOM OPTICS ELEMENTS
BASED ON MATTER STRUCTURES

The simplest element of atom optics is the surface
of a solid. In classical monograph [22], the specular
reflection and diffraction of a molecular beam from
the surface of a solid were considered. The following
two conditions should be satisfied for specular reflec-
tion:

(a) the projection of the average height of the sur-
face irregularity onto the direction of the molecular
beam should be smaller than the De Broglie wave-
length of the molecule (Fig. 3). If 6 is the average
height of the surface irregularities and ¢ is the sliding
angle of the incident beam, this requirement can be
written as

Osin@ < Ayg;

(D

(b) the average time that the molecule spends on
the surface should be short. In this case the quantum
state of the reflected molecule is the same as that of the
incident molecule. Irregularities of well mechanically
polished surfaces are usually around 10~ ¢cm, while
the De Broglie wavelength of the hydrogen molecule
at 300 K is around 10~® ¢cm. Therefore, according to
relation (1), the specular reflection angle should sat-
isfy the condition ¢ < 1073 rad.

The 5% reflection of the beam of hydrogen mole-
cules from polished bronze for the sliding incidence
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angle ¢ = 10~ rad was observed more than 80 years
ago [23]. The crystal cleavage surfaces are much
smoother. Thermal oscillations of the crystalline lat-
tice are limited by the surface “smoothness” on a level
of 10~% cm. In this case the atomic beam is reflected
specularly for 20—30° angles of incidence. This was
testified in experiments [24] with He atoms and LiF
crystal. The temperature dependence of the specular
reflection angle has a sharp transition from specular to
diffuse reflection of atoms, which testifies to the influ-
ence of thermal oscillations on the “smoothness” of
the crystal surface. Experiments on the reflection of
atoms from the surface of the condensed medium still
attract the attention of researchers. The following
experiments should be pointed out: experiments on
the reflection of “He atoms from the surface of liquid
“He [25] and thermal Cs atoms incident on polished
glass surface [26].

The first experiment on observing the diffraction of
atoms on the crystal cleavage surface acting as a 2D
plane lattice was performed by Stern [27]; the results
of detailed study of this phenomenon were presented
in [28]. The diffraction of atoms on an artificial peri-
odic structure (cuts in a membrane) with a much
larger lattice period was observed in [29].

The effect of the quantum reflection of beams of
4He and *He atoms from the surface of liquid helium
in a vacuum was successfully used for focusing atoms
of concave surface [30], and in [31] the experiment on
focusing He atoms by a zone plate (Fig. 4) was suc-
cessfully performed. In [32] the zone plate-based
microscope was first presented; in this microscope the
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Fig. 4. Schematic diagram of atomic beam focusing by zone plate [31].
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Fig. 5. Schematic diagram on quantum reflection of metastable Ne atoms from a silicon surface [33]. The beam of slow Ne or He
atoms is formed by their acceleration by laser light from the atom trap. Reflected atoms are registered using MCP detector. The
reflection coefficient as a function of the wave vector of an atom wave is shown on the right.

image of a 2D object was created using metastable He
atoms. The obtained resolution was about 1 pm.

The development of the method of laser cooling of
atoms provided for the handling of slow-atom beams
with a rather large De Broglie wavelength. According
to the laws of quantum mechanics, such atoms can
experience reflection from a strong potential drop
independently of its sign. This takes place if the change
of the wave vector of the incident particle exceeds the
initial value of the wave vector on the scale of the De
Broglie wavelength of the particle. In [33] the specular
reflection of Ne atoms from the Si (1, 0, 0) surface was
demonstrated for extremely low atomic velocities (v =
1 mm/s) for which Casimir and van der Waals forces
considerably influence the character of atom reflec-
tion. The reflection coefficient reached 50% (Fig. 5).
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Artificial matter microstructures were also used for
implementing atomic interferometry in Young [34]
and Michelson [35] atomic interferometers.

STATIC ELECTRIC AND MAGNETIC FIELDS
IN THE CONSTRUCTION OF ATOM
OPTICS ELEMENTS

Some elements of atom and molecule optics based
on the interaction between spatially inhomogeneous
magnetic or electric fields and the magnetic or electric
dipole moments of particles have been known and suc-
cessfully used in experimental physics for a long
time [22].

In the presence of a magnetic or electric field, the
position of the atom or molecule shifts and the shift
value depends on the initial quantum state of the par-
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ticle and the field value (Zeeman and Stark effects). In
the adiabatic approximation (fields vary in time and
space rather slowly, and particles move sufficiently
slowly), the internal particle state follows the changes
of the field strength; in other words, particles remain
on the same quantum sublevel as the energy W,
depending on the field strength.

Magnetic Interaction

For the atom or molecule possessing the constant
magnetic moment W, the effective potential energy W
in the external magnetic field with the strength H is

W= —pH = —p .H, ()

where L4 is the projection of p onto the direction of
H. The force F acting on the atom or molecule with
the potential energy Wis

F=-VW=—(0W/0H)VH = u,VH. (3

It follows from (3) that the particle in the inhomo-
geneous magnetic field is influenced by the force
directed along the field strength gradient.

Using an inhomogeneous magnetic field for focus-
ing a beam of molecules emitted at different angles
from the source was proposed in [36—39].

The focusing properties of magnetic lenses depend
on the magnetic sublevels of the atom. This was suc-
cessfully implemented by Ramsey et al. for creating a
hydrogen maser [40]. Hydrogen atoms in the state F'=1,
M = 0 were focused into a small hole in the wall of the
accumulating bulb and were accumulated in it, while
atoms in the lower state F'= 0 were defocused.

The potential energy of an atom in a magnetic field
and therefore, the force acting on the atom are limited
by the Bohr magneton; for magnetic fields available in
laboratory conditions, the focal distance of the mag-
netic lens for thermal atomic beams makes a large
value of around 1 m or more. The development of
methods of laser cooling and deceleration of atomic
beams cardinally changed the situation and provided
the implementation of magnetic lenses with a focal
distance of around 1 cm, which in turn allowed one to
decrease aberrations caused by the non-monochro-
matic character of atomic beams [41]. In [42] in order
to increase the density of the atomic beam used in the
experiment on atom nanolithography, the beam of Cs
atoms was focused into a spot with a diameter of about
45 um using a magnetic lens (Fig. 6).

FElectric Interaction

Because the energy of an atom or molecule in an
electric field depends on the field strength, similarly to
(2) and (3) it can be assumed that the atom (molecule)
possesses the effective dipole moment,

Her = —(dW/dE). “4)
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The force acting on the atom (molecule) in the
inhomogeneous electric field is determined by an
expression similar to (3),

F = ueffVE = “eff(aE/aZ)s (5)

where the direction of the field strength gradient is
chosen along the Z axis.

Paul et al. [43] created focusing fields for a beam of
polar molecules. The electrically focusing the beam of
molecules in a certain (excited) quantum state was
done by Townes, Basov, and Prokhorov to create NH;
maser [44, 45]. Focusing a beam of atoms in the
ground quantum state, in which the dipole moment is
considerably smaller, was studied not long ago. The
axially symmetric electrostatic electric field was used
[46].

Hexapolar electric fields possess focusing proper-
ties and also selectivity with respect to the quantum
state of molecules (., depends on the quantum num-
bers J, K, and M of the molecule). The latter property
was successfully used in experiments on molecular
dynamics with a beam of molecules in a certain quan-
tum state, including experiments on orienting mole-
cules. In [47] focusing Cs atoms in the ground state
into the submillimeter size by a hexagonal electrostatic
field was experimentally studied.

LASER FIELDS IN ATOM OPTICS

The behavior of an atom in a laser field is charac-
terized by the electric dipole interaction. When the
dipole interacts with the light field E = E(r, ?)
described by the operator of dipole interaction

V = —DE, (6)

the atom acquires the induced dipole moment (D).
The induced dipole moment of the atom is deter-
mined, as usual, by the quantum mechanical average

(D) = Tr(pD), (7)
where p is the atomic density matrix. Due to the
induced dipole moment of the atom, the spatially

inhomogeneous light field E(r, 7) creates a dipole radi-
ation force acting on the atom.

According to relation (6), the energy of dipole
interaction of the atom and the light field is deter-
mined as

U= (V) =—-(D)E. (3)
Relation (8) formally coincides with the classical
expression for the energy of the interaction between
the constant dipole and the electric field E. In this
regard, relation (8) can be used to calculate the force
acting on the atom in the light field E. The force acting
on the particle with the constant dipole moment (D) is
determined by the expression

F = VU = V((D)E) = (D)VE, )
where the index i = x, y, z determines the Cartesian
coordinates of the vectors.
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Fig. 6. (Left) Schematic diagram of atom focusing with a magnetic lens and (right) the atomic beam density in the lens focus as

a function of transverse coordinate [42].

In atom optics the interaction of a two-level atom
with such practically important monochromatic light
fields as a laser beam and a standing laser wave is of
most interest.

The radiation force acting on the two-level atom in
the laser field, according to basic formula (9), is
reduced to the sum of two forces: the light pressure
force F), and the dipole gradient force F,,,

F=F,+F,, (10)
F, = fiky i T (11)
1+G(r)+(d—kv) /[y
F, = —L4(5-kv) Ve 1)
2 1+G(r)+ (5 -kv)’/y

where G(r) is the dimensionless saturation parameter,

G(r) = %—r—) , I(r) is the laser radiation intensity at the
S

point r, I is the saturation intensity, k is the wave vec-

tor, v is the half-width of the absorption line of the
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atomic transition, and 9 is the detuning of the laser fre-
quency « with respect to the atomic transition fre-
quency o, : & = ® — ®,. The light pressure force F, is
due to the interaction of the induced dipole moment
of the atom with the light field varying on the wave-
length scale (A = 2nt/k). The gradient force F,, is due to
the interaction between the induced dipole moment of
the atom and the light field variation on the field
amplitude scale.

When there is an interaction between the two-level
atom and the laser beam, there is a simple physical
interpretation of two parts of the radiation force using
the language of elementary processes of photon
absorption and emission. The light pressure force
occurs as a result of the stimulated absorption of laser
photon and the subsequent spontaneous photon emis-
sion into one of the modes of the vacuum field. Stim-
ulated photon emission into the same laser mode does
not change the laser field momentum or the momen-
tum of the atom. Because the direction of spontaneous
photon emission is arbitrary, the momentum trans-
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ferred to the atom, averaged over many acts of sponta-
neous emission, is equal to zero. Thus, the light pres-
sure force occurs as a result of the transfer of the pho-
ton momentum to the atom during its stimulated
absorption and subsequent spontaneous photon emis-
sion. The nature of the light pressure force is dissipa-
tive.

If the light field is spatially inhomogeneous, as in
the case of the laser beam, the field is the superposition
of many plane waves propagating within the laser
beam divergence angle. In this relation, in the field of
the inhomogeneous beam, the additional elementary
process responsible for momentum transfer to the
atom is the stimulated absorption by the atom of the
photon from one plane light wave and subsequent
stimulated emission of the photon into another plane
wave of a laser field. Both photons have the same
energy and different propagation directions. As a
result of this process, the gradient force directed along
the laser beam intensity gradient occurs. A gradient
force has a potential character due to its origin.

The action of the light pressure and the gradient
forces on the atom is quite different. The light pressure
force accelerates (decelerates) the atom in the direc-
tion of the wave vector k. The value and direction of
the gradient force depend on the laser beam intensity
gradient and the atom velocity along the laser beam.
Most of the experiments on the control of atomic
motion are based on the use of the gradient and spon-
taneous force. In atom optics the light pressure force is
used for the formation of atomic beams: the improve-
ment of monochromaticity and divergence of atomic
beam [48, 49] and the increase in its phase density
[50]. Gradient force is used for the construction of
atom optics elements: lenses, mirrors, beam splitters,
diffraction gratings, and interferometers [ 10—13].

Atoms and molecules without a static magnetic or
electric dipole moment cannot change their mechan-
ical trajectory in a static magnetic or electric field. In
this case laser fields are used, because the atom pos-
sesses high-frequency polarizability in the quasireso-
nance high-frequency field and, if the laser field inten-
sity is spatially inhomogeneous, the atom is influenced
by the gradient force. For example, the gradient force
in the standing laser wave can cause their channeling if
there is motion at small angles along the wave front
[51, 52], or even trapping cold atoms in a 3D standing
light wave [53, 54]. Gradient force was first used by
Ashkin et al. for focusing an atomic beam [55] and
controlling microparticle motion [56].

ATOM NANOLITHOGRAPHY

In nanolithography neutral atoms possess a certain
advantage over photons and particles (ions and elec-
trons). First, neutral atoms have smaller De Broglie
wavelengths A,; than the light wavelength. Second,
neutral atoms are not subject to Coulomb repulsion.
Third, the methods of laser cooling atoms allow one to
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control the longitudinal and transverse velocities of
atoms, in particular, monochromate and collimate
atomic beams, increasing their phase density. The lat-
ter means that the Helmholtz—Lagrange law and
Liouville’s theorem on volume conservation in the
phase space, which considerably limit the capabilities
of photon and ion optics, are inapplicable for atom
optics. All this allows one to effectively control the key
parameters of atomic beams by laser light, which is
important in creating atomic and molecular nano-
structures using methods of atom optics.

ATOM OPTICAL NANOLITHOGRAPHY

Currently, atom optical nanolithography denotes
methods for creating atomic nanostructures using
laser light. Various laser field configurations are used:
running and standing waves of laser fields, as well as
spatially localized laser fields. Up to now, the most
important results were obtained using standing laser
waves. At the same time, it is assumed that spatially
localized laser fields possess great perspectives in atom
nanolithography. Both types of waves will be consid-
ered briefly below.

STANDING WAVE ATOM MICROLENSES

Atom optical lithography is based on using laser
light in the formation of nanoatructures on the sur-
face; currently, the greatest achievements have been
demonstrated using standing light waves as atom
microlenses. Two basic methods were demonstrated:
(1) the direct deposition of atoms onto the surface;
and (2) lithography using excited (metastable) atoms
and chemically active atoms (alkali elements). Surface
nanolithography was demonstrated in 1D and 2D
cases in the form of regular and more complex struc-
tures. Successful demonstrative experiments were per-
formed for many atoms (metastable atoms of noble
gases, as well as nonmagnetic and magnetic atoms).

Since the first successful experiments [57, 59],
atom optical lithography has became a promising
method for creating surface nanostructures. Basic
achievements in this field [20, 58—64] are briefly con-
sidered below.

The dipole force acting on the atom with the
absorption frequency w, in the inhomogeneous laser
field with the frequency ®; is determined by the spatial
inhomogeneity of the field intensity. In the standing
quasiresonance light wave (y < 6 = ©; — m,, 0 >
YG'/?), the resulting force has the form

F(x) = ~dU(x)/dx = F,,sin kx, (13)
where U(x) is the potential energy of the atom in the
laser field.

A separate atom lens of the standing wave (Fig. 7)
has the spatial dimension from x = —A/4 to x = +1/4.

In the neighborhood of the point x =0, the atom expe-
riences harmonic oscillations with the period T, =
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Fig. 7. Atom lens formed by a standing light wave.

2n M)V, where V=032U(x)/0xY, _ ,and M is the mass
of the atom. Two limiting types of atom lenses of the
standing wave are distinguished. For a “thin lens,” the
spatial shift of the atom when traversing the lens is
small and, after passing through the lens, the atom
moves a considerable distance beyond the laser field to
the substrate. For a “thick lens,” the atom multiply
intersects the optical axis of the lens before leaving the
laser field. Actually, this case is similar a lens with a
refractive index gradient well-known in conventional
light optics. Because a lens with small focal distance is
required for strong focusing, this means that the thick
lens regime, i.e., the regime of atom channeling in the
standing wave, is preferable [52].

In a real experiment, the size of the focused spot
and, therefore, the size of the nanostructure on the
surface depends on a number of additional physical
factors. The atomic beam has finite divergence, and
atoms of the beam entering the lens of the standing
wave at different angles intersect the optical axis at dif-
ferent points. If the transverse coordinate of the atom
|x| > A/8, the harmonic approximation is not valid and
spherical aberrations occur. Chromatic and diffraction
aberrations also make a noticeable contribution into
the size of the created nanostructure. Of all the factors
mentioned above (which influence the focal spot size),
the finite divergence of the atomic beam dominates.
The influence of this factor is reduced by the transverse
collimation of the atomic beam [65]. A spherical aber-
ration results in the pedestal of non-focused atoms;
however, its influence on the structure size is insignifi-
cant. One of the methods for reducing the pedestal is
using an additional mechanical mask with the light
wave period situated in such a way that only atoms near
the axis of the atom lens (Jx|] < A/8) could pass through
it. In the approximation of a thin lens broad velocity,
the distribution of the atomic beam results in large
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chromatic aberrations. However, in the channeling
regime (thin lens), even for the velocity distribution
width Av/v = 1, the role of chromatic aberrations is
strongly suppressed. There are methods for improving
the monochromaticity of atomic beams, such as using
supersonic beams or beams cooled in the longitudinal
direction. However, using these rather complex meth-
ods for focusing atoms does not yield a noticeable gain
in the channeling regime.

The small transverse size of an atom lens (~A/4)
also results in the noticeable influence of diffraction
aberrations. For atoms with a velocity of around 200
m/s, the wavelength is about 0.01 nm; this results in
the diffraction limit of atom focusing ~A/40.

Atoms also experience a transverse velocity and
spatial broadening due to processes of the spontaneous
re-emission of laser photons. However, this effect can
be reduced to an experimentally acceptable value by
choosing a sufficiently large frequency detuning.

In addition to the considered effects of the atomic
nanostructures broadening due to the atom trajectory
deviating from the ideal one, physical and chemical
processes on the surface also result in the nanostruc-
ture sizes broadening [66, 67]. In [68—70] the role of
these effects in nanostructure formation was analyzed.

Nanostructures can be created on the surface using
optical methods in two ways: direct deposition nano-
lithography and resist nanolithography.

Direct Deposition Nanolithography

The method of the direct deposition of laser-
focused atomic beams was convincingly demonstrated
in experiments [57—63] with a grid of “photonic
lenses” formed by standing waves. This configuration
of the light field allows one to obtain a large number of
periodic nanostructures. Many atoms with corre-
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Fig. 8. Schematic diagram of direct deposition nanolithography: two laser beams perform transverse cooling of the atomic beam
(collimation). The standing light wave forms cylindrical photonic lenses for atom focusing. Atoms are deposited on the surface in
parallel lines due to focusing in the nodes of the standing wave forming the periodic grid of nanostructures.

sponding quantum transitions are potentially applica-
ble for atomic nanofabrication. Quantum transitions
should have a wavelength of available continuous
lasers.

A typical schematic diagram of experiments appli-
cable for many atoms is shown in Fig. 8. An atomic
beam from a thermal source has a too large a diver-
gence for being focused into a nanometer scale even
after passing through collimating apertures. The fun-
damental capability of atom optics (the capability of
decreasing the transverse velocity (temperature) of
atoms via their transverse cooling (collimation)) is
used for reducing the divergence; this capability was
first demonstrated for a beam of sodium atoms [65].
This way, the barrier inherent for light optics due to the
Helmholtz—Lagrange law is overcome in atom optics.
The highly collimated atomic beam then passes
through the high-intensity standing wave with the fre-
quency shifted toward the blue region by several hun-
dreds of MHz with respect to the atomic resonance,
which pulls atoms into the nodes of the standing wave
due to the gradient force, i.e., into the region of mini-
mum potential energy of the atom in the light field. In
the case of atoms with the magnetic structure (J # 0),
it is necessary to control the population of magnetic
sublevels providing the population of the state |M| = J
by optical pumping with circularly polarized light.

The first experiment according to the schematic
diagram shown in Fig. 8 was carried out with sodium
atoms [57], which were deposited in the form of a grid
of nanolines onto the silicon substrate. The grid period
was A/2 =294.5 nm, where A is the wavelength of a dye
laser tuned to the transition 328, ,(F=2) — 33P; ,(F =
3)D, of the 589 nm Na line with a saturation intensity
of 6.3 mW/cm? and a natural width of 10 MHz. The
obtained grids are unstable in air and were studied in
vacuum using light. The created grid was first regis-
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tered by the diffraction of laser radiation with a shorter
wavelength and then studied using the method of
scanning tunnel microscopy. Nanoline grids of Cs
atoms were created using the same method [58].

Soon after that, the most convincing experiments
on direct deposition nanolithography were carried out
with Cr atoms [59, 64]. The advantage of using Cr
atoms is that, after nanostructures are manufactured
in vacuum, they can be kept in air due to the formation
of a very thin oxide film (of around 1 nm). This allows
them to be investigated in air using atomic force
microscopy. Transverse cooling of the atomic beam
using the method of gradient polarization was used in
an experiment; this cooling allowed one to obtain a
collimated beam with a divergence of order of just
0.1 mrad. Figure 9a shows chromium nanostructures
in the form of lines. The width of nanolines at half-
maximum was 50 nm, and their height was 28 nm. The
height of nanolines depended on the exposure time,
which was about 10 min in experiment.

The background coating that occurs is, in particu-
lar, due to the isotopes of Cr atoms, which were not in
resonance with laser radiation.

If two mutually perpendicular interfering standing
waves are used, a 2D grid of “photonic microlenses”
can be formed and a 2D nanostructure on the surface
can be obtained (Fig. 9b) [72, 79]. This method was
also used to obtain nanostructures with the smallest
size (just 15 nm) [75].

These pioneering experiments were the basis of
subsequent experiments with other field configura-
tions and different atoms and substrates.

A standing light wave is ideal for obtaining 1D-
periodic structures (grid of lines) and 2D-periodic
structures (a grid of dots). The grid period (A/2) can be
controlled by changing the wavelength. The period
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Fig. 9. Image of chromium nanostructures obtained by focusing of (a) 1D and (b) 2D system of photonic lenses. The period of
chromium lines and dots is A/2 = 213 nm. The images were obtained using atomic force microscopy [72, 79].

A/8 can be obtained by changing the polarization in
the standing wave (for example, using two counter-
directed running waves with orthogonal linear polar-
ization) [71]. For such polarization the optical poten-
tial due to the complex interaction of all magnetic sub-
levels of a Cr atom in the ground state with polarized
light changes in space with the period A/8 = 53.2 nm.
However, this is achieved with a simultaneous reduc-
tion in the modulation depth of the obtained grid of
atom lines.

The interference of three laser beams intersecting
at an angle of 120° can be used. In this case the 2D pic-
ture has hexagonal symmetry, which can be addition-
ally controlled by frequency detuning A of the field
with respect to the atomic resonance in order to pull
atoms either to nodes (A > 0) or antinodes (A < 0) of
the interference pattern [76]. In another experiment
five laser beams intersecting at an angle of 72° were
used to create a decagonal quasiperiodic structure of
32Cr atoms on an area of 0.2 x 0.2 mm [77].

The complexity of atomic structures depends on
the configuration of the light field created by the
superposition of many laser beams. Complex configu-
rations can be created by holographic reconstruction
of'the light field [78]. Using the holographic method is
quite promising due to the high angular and spectral
selectivity of the holographic “mirror.” In particular,
holograms for two different wavelengths can be kept,
which fundamentally allows one to create a field for
two different atoms in one setup with different light
field configurations.

It is also important for practical purposes to obtain
3D structures. This field has not been well developed
yet; nonetheless, obtaining 3D structures using a com-
bination of Cr atoms and the matrix material MgF,
was successfully demonstrated [79]. In this experiment
S2Cr atoms resonantly interacted with the standing
light wave, which provided the modulated (with
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respect to concentration in the transverse direction)
doping of MgF, by Cr atoms, while MgF, was depos-
ited without any noticeable influence of laser radiation
(large laser frequency detuning). It can be expected
that a combination of atoms of groups III and V with
laser fields at two corresponding resonance frequen-
cies would allow heterostructures modulated in the
transverse direction to be obtained, which is of interest
for metamaterial design.

Next was the beam of magnetic Fe atoms, which
was more complex for the experiment [80, 81]. Radia-
tion with a shorter wavelength (A = 372 nm) is neces-
sary for resonant excitation. Moreover, it is difficult to
achieve laser cooling for such atoms, because they do
not possess an ideally closed cyclic transition. With a
probability of 1/243, the excited Fe atom returns to the
metastable state rather than the initial state and loses
resonance with radiation. Nonetheless, grids of nano-
lines with widths of 50 nm and regular periods of 186
nm were successfully obtained in the experiments.
Such ultraregular ferromagnetic nanogrids can be used
in experiments on spintronics and experiments with
nanomagnetics. Using lasers with shorter wavelengths
would allow one to perform experiments on nanofab-
rication with other magnetic atoms (**Ni 323.4 nm,
¥Co 240.5 nm).

Successful experiments were also performed with
atoms of the rare-earth element Yb [82]. Prospects of
experiments with potentially important 2’Al (309.4 nm),
®Ga (294.4 nm), '">'3In (325.7 nm) atoms, which
require continuous lasers in a poorly mastered UV
region, were considered [78].

So far, only the several simplest configurations of
the type of standing light waves and their combinations
were used for nanofabrication; therefore, a broad field
is left for future studies.
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Resist Nanolithography

Resist is used in conventional lithography, specifi-
cally, a photoresist sensitive to UV (or VUV) radiation.
This method can be used for nanolithography with a
light mask. The light mask creates a spatially inhomo-
geneous distribution of excited (metastable) or chem-
ically active atoms which modify the resist. Further
etching of the exposed resist is performed using stan-
dard lithography methods. For this approach in nano-
fabrication, substrates of any materials which can be
etched, including such important magnetic materials
as Ni and Fe, are applicable. In atom optics, methods
of resist nanofabrication using excited metastable
atoms of noble gases (He*, Ne*, and Ar*) and chem-
ically active alkali atoms (Na, are Cs) were demon-
strated.

Metastable Atoms of Noble Gases

The first resist used in nanolithography was a self-
organized monolayer (with a thickness of 1.5 nm) of
dodecane ethiole on a gold-covered substrate [71].
Molecules of a highly ordered monolayer form the
hydrophobic surface, which protects the substrate
from chemical etching in a water solution. Metastable
atoms with high internal energies (up to 20 eV for He*)
or chemically active atoms destroy the local ordering
of organic molecules and provide subsequent local
etching. This technology, based on the light mask of
atom excitation, was demonstrated for the standing
wave [72]. Nanostructures 65 nm in size, determined
by the wave nature of atoms, were obtained in the
experiments [73].

Instead of the local destruction of the resist film of
self-organized molecules, the destruction in the film
of background oil molecules on the resist surface can
be used; these molecules are deposited on the substrate
when the chamber is pumped out using an oil pump.
The spatial structure of the local destruction of this
background film that is created can be transferred to the
substrate for subsequent etching using an ion beam [74].

Chemically active atoms of alkali elements. Alkali
atoms can be focused by the gradient force of the light
field of both continuous and pulsed lasers and modify
surfaces on a nanometer scale using their high chemi-
cal activity.

NEAR-FIELD ATOM MICROLENSES

Atom optics based on running and standing laser
fields has a number of constraints of both fundamental
and technical characters which occur due to the spa-
tial “non-localization” of laser fields. The “non-local-
ization” of the laser field results in the “non-localiza-
tion” of atom optics elements. The consequence of
this is the imperfection of atom optics elements: the
aberrations of atom lenses, low diffraction efficiency
of atom waves, constraints on the contrast of interfer-
ence bands in atom interferometers, and so on.
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It is clear from general physical considerations that
using spatially localized atom—field interaction
potentials is preferable for constructing atom optics
elements, in particular, atom lenses. Three types of
sufficiently well spatially localized laser fields are cur-
rently known: (a) the surface light wave, which is
formed in the case of total internal light reflection
(1D light localization); (b) the light field formed at
light diffraction on structures smaller than the light
wavelength (2D light localization); and (c) the light
field localized in partially open waveguides (the “pho-
ton dot” and “photon hole” (3D light localization)).
The two latter types of laser nanofields are used in
atom lithography.

BETHE HOLE-BASED ATOM LENS

The most well known example of 2D light localiza-
tion is based on the application of the Bethe hole, a hole
in a thin conducting screen with a diameter smaller than
the wavelength of incident radiation [84—87]. The pos-
sibility of using such a nanolocalized field for the prob-
lems of focusing atomic beams was studied in [88—91].
It was shown [89—91] that a set of near-field micro-
lenses can be used for creating micro- and nanostruc-
tures on the surfaces.

The idea of a single near-field atom lens based on
Bethe hole is shown in Fig. 10. Laser light illuminates
the conducting screen with a hole whose diameter is
smaller than the light wavelength. The field on the
upper side of the screen consists of the running wave
and the near-field component. The latter has the fol-
lowing specific features important for creation of an
atom lens: (1) the value of the near-field component in
the neighborhood of the hole has an order of magni-
tude of the incident field; (2) the near-field compo-
nent damps beyond the screen on a characteristic
length of order of the hole size; and (3) the near-field
component possesses axial symmetry in the plane par-
allel to the screen, and its value changes approximately
proportionally to the squared distance from the hole
axis. The exact formal solution to the problem of the
diffraction of a plane wave on a circular aperture in an
infinitely thin metal plane was obtained in a number of
papers [84—87]. Figure 10a shows the near-field light
distribution (red curves).

An analysis of near-field atom focusing showed
[89—91] that effective focusing can be achieved for a
relatively slow atomic beam. If the velocity of atoms is
high, the small interaction time limits the focusing
capabilities of the lens, while, for the low velocity, the
diffraction limits the focal size of the atomic beam.
The size of the minimal focal spot is determined by a
number of factors, including: (a) spherical aberra-
tions, (b) chromatic aberrations, (c¢) the diffraction of
atoms on the aperture, (d) the finite divergence of the
incident atomic beam, (e) inter-atomic interaction
when there is sufficiently high density, and (f) sponta-
neous emission. Taking into account the above factors,
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Fig. 10. (a) Idea of a single near-field atom lens; (b) near-zone light field distribution.
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Fig. 11. Schematic diagram of obtaining spatially localized light nanofield inside a plane waveguide near nanoholes and atom

focusing by such nanofields.

the focal size of the focused atomic beam makes 0.1 of
the optical wavelength.

PHOTON DOT- AND PHOTON
HOLE-BASED ATOM LENS

The most important disadvantage of the field local-
ized near a single hole as an atom microlens is the fact
that this field is inseparably connected with the field of
the accompanying standing wave. If the atom moves in
this region, spontaneous decay is possible; in many
cases this decay is undesirable for atom lithography.
New types of spatially localized laser fields with charac-
teristic spatial sizes in a nanometer scale which were
free from the above disadvantage were studied [90—92].

The schematic diagram of obtaining such spatially
localized light nanofield is shown in Fig. 11. Two plane
conducting screens with a distance between the planes
on the of order or smaller than the light wavelength
form a plane 2D waveguide for laser radiation input
into it. It is known that, for a waveguide consisting of
two parallel ideally conducting planes, there are solu-
tions to Maxwell equations which admit radiation
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propagation in the waveguide for an arbitrarily small
thickness d, including a thickness much smaller than
the radiation wavelength.

If two small coaxial holes with the radius a are
formed in a conducting screen and the hole diameters
are much smaller than the input radiation wavelength
(a <€ ), the radiation practically does not leave these
holes; however, near each hole the field inside and
beyond the waveguide is strongly modified. Near the
holes the field decreases in the region with the charac-
teristic spatial size of order of the hole diameter, i.e.,
considerably smaller than the radiation wavelength.
The volume of this region is ¥ <€ A3. The field modifi-
cation near the holes depends on the polarization of
the laser field inside the waveguide. The energy density
distribution for the radiation with the electric field
vector perpendicular to the waveguide plane is shown
in Fig. 12. Such a modified field distribution near the
holes was called the “photon hole” [90]. It can be seen
that the characteristic size of the photon hole is deter-
mined by the hole size and the waveguide thickness.

Figure 13 shows the field intensity distribution near
the holes of the plane waveguide and inside the
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Fig. 12. Field intensity distribution near the hole in the plane waveguide and inside the plane waveguide for the case when the
electric field vector of laser radiation is perpendicular to the waveguide plane: “photon hole.” Trajectories of atoms focused by the

nanofield are shown schematically.
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Fig. 13. Field intensity distribution near the hole in the plane waveguide and inside the plane waveguide for the case when the
electric field vector of laser radiation is parallel to the waveguide plane: “photon dot.” Trajectories of atoms focused by the

nanofield are shown schematically.

waveguide when the electric field vector of laser radia-
tion is parallel to the waveguide plane, the waveguide
thickness is equal to one half of the wavelength, and
the hole radius @ = A /2. It can be seen from the figure
that the field drops rather fast beyond the waveguide in
a direction perpendicular to the waveguide plane and
has a maximum in the middle of the waveguide; i.c.,
the “photon dot” is formed. The characteristic volume
of this photon dot is also smaller than A>. Sharp peaks
of field intensity near the aperture edge occur due to
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the assumption of the infinite conductivity of the
waveguide walls. The field intensity maximum is two
times larger than the maximum in the case of one hole,
which is due to the structural interference of the fields
scattered by the holes. This circumstance provides the
application of lower laser fields, unlike the case of a
single hole.

The photon dot and photon hole can be used for
focusing atomic beams by the gradient force which is
proportional to the electric field intensity [90, 92].

2009



438

Source of atoms

Atomic beam

2D
magneto-
optical
trap

nanohole

V. /4

substrate on
coordinate holder

Fig. 14. Schematic diagram of atom optical nanopen for
drawing atomic structures.

ATOM NANOPEN LITHOGRAPHY

The transportation of atoms in a hollow fiber
waveguide [93] and their nanoaperture near-field
focusing [88] underlies the idea of the atom optical
“pen” shown in Fig. 14. A hollow fiber or screen with
a nanoaperture can be controlled in the transverse
direction using a cantilever; this was successfully used
for nanofabrication using the direct deposition
method [94]. The atomic pen can potentially be a uni-
versal method of “nano-drawing” [94, 96], although
there are obvious constraints on the performance of
such nanofabrication due to slow scanning. Laser
cooling, collimation, and concentration of the atomic
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Fig. 15. Nanostructure of Cr atoms in the form of a band
with variable height created using the atom optical nan-
open.

beam can be achieved in a narrowing (“horn"-type)
hollow optical waveguide [95], which considerably
increases the atomic pen efficiency. Figure 15 shows
one of the nanostructures from Cr atoms created using
the atom nanopen [96]. The width of the formed
nanostructures at half-maximum is 170 nm.

In principle, scanning the atomic De Broglie wave
by laser light can be done along with mechanical
nanoscanning. Such an atomic scanner was experi-
mentally demonstrated [97].

The advantages of nanolithography using atom
nanopen were used in [98] for the creation of ultrasensi-
tive surface mass detectors. More than 2000 mechanical
microresonators monolithically integrated into
CMOS-type electric circuit were created from Al
atoms using the atom nanopen on a silicon plate with
a diameter of 10 cm (Fig. 16). The minimal size of a
microresonator element was about 200 nm. This is an
example of successfully combining two nanolitho-
graphic technologies: photolithography for the cre-
ation of a CMOS circuit and atom nanopen for the
creation of microresonators.

ATOM PINHOLE CAMERA

In spite of the presence of multiple proposals for
focusing atomic beams and multiple experimental
atom lenses being achieved, the problem regarding the
construction of nanoobjects of an arbitrary shape has
not yet been solved. The main complexity is the cre-
ation of atom—electromagnetic field interaction
potential with properties close to those of the “ideal”
lens for atoms (with minimal chromatic aberration
and compensated astigmatism, which provides atomic
beam focusing into a diffractionally limited spot).

In [96] a new approach to constructing object
images in atom optics based on the idea of the pinhole
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camera, which is well-known in light optics, was first
experimentally achieved. The pinhole camera is also
used in modern experimental physics when it is diffi-
cult to create a focusing potential for a certain type of
particles [99].

It is well known from light optics that a pinhole
camera is capable of producing a high-quality image of
an object. The two basic questions arising when con-
sideration a particular type of pinhole camera are as
follows: (1) what is the optimal hole size for achieving
maximal resolution? and (2) what is the expected res-
olution in this case? In order to answer these ques-
tions, it is necessary to perform a detailed study based
on the diffraction theory. However, the basic idea of
the pinhole camera optics can be obtained from qual-
itative physical considerations. It is clear that a large
diaphragm for the given distance to the image plane
does not provide a high-quality image. At the same
time, if the hole is too small, the wave diffraction also
prevents the image from being constructed. The stan-
dard approach upon obtaining the image using a pin-
hole camera is to construct the image of a point object
at infinity. In this case the plane wave is incident on the
screen with the hole of the radius .S, and the spot with
the radius r is formed at the distance f (focal distance
of the pinhole camera). The best pinhole camera is
one that produces the smallest spot. If the hole in the
screen is large, the spot represents the geometrical
shadow of the hole and the image radius is equal to the
hole radius. If the hole decreases, the image spot for-
mation should be described by a Fresnel or Fraunhofer
diffraction. For a circular hole, the spot radius in this
case is r~ 0.6 1A(f/s). Thus, the spot radius is approxi-
mately equal to the sum of the geometric shadow and
the diffraction spot,

R = S+0,61A(f/s). (14)

The smallest size is achieved when geometric optics
and the diffraction theory yield the same results, i.e., if
the following condition is satisfied: S?> ~ 0.61Af. The
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consideration based on the diffraction theory demon-
strates that the pinhole camera resolution can be even
better than the geometrical one [100]. An exact calcu-
lation demonstrates that the effective wave concentra-
tion at the optimal distance is smaller than the hole
diameter by a factor of 3, and the optimal hole is larger
than half of the Fresnel zone and smaller than the total
first zone.

An atom pinhole camera possesses a chromatic
aberration. This follows from the dependence of the
optimal focal distance on the wavelength, £, = 5%/ p.
In particle optics lenses based on electromagnetic
interaction potentials, there is a quadratic dependence
of the chromatic aberration on the particle velocity. In
the pinhole camera, because of the linear dependence
of the optimal focal distance on the atom velocity, the
chromatic aberration is linear with respect to the atom
velocity; i.e., this type of aberration is less significant.
The pinhole camera is free from linear distortion aber-
rations and possesses insignificant astigmatism.

The earlier consideration assumed that, in a pin-
hole camera, the screen with the hole is infinitely thin.
In a real experiment, the screen thickness is finite and,
for a sufficiently small hole size, the action of van der
Waals forces begins to manifest itself. An analysis
shows that van der Waals forces impose additional
constraints on the minimal nanohole size a,,;,,,

S>amin:52§z£1—ls
N Ey

where C; is the van der Waals coefficient, d is the
screen thickness, and £ is the kinetic energy of atoms.
For example, for Cs atoms and the silicon screen
with a thickness of 50 nm, the minimal hole radius
is @y, =5.8 nm.

5)

It follows from this examination of the pinhole
camera that achieving this requires the application of
a nanometer hole diameter in the nanometer-thick
screen. The atom pinhole camera built in [101] was
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Fig. 17. (a) Photo of the membrane with nanoholes for atom pinhole camera: (1) membrane holder in the form of a disc with a
diameter of 3 mm and a thickness of 200 pm with a 0.5 x 0.5-mm window at the center; (2) membrane from Si;N,4 with a thickness
of 50 nm. The white square marks the field with nanoholes [101]. (b) Electron image of part of the membrane with nanoholes 120

nm in diameter.

nanostructure

N\

nanohole

substrate

Fig. 18. Schematic diagram of an atom pinhole camera. Atoms passed through the holes in the mask form (similarly to light
optics) a “glowing object” with the given geometry. An atom nanostructure whose shape is a reduced copy of the mask is created

on the substrate using the nanohole.

constructed using nanometer-thick membranes in
which nanoholes were manufactured using a focused
ion beam [103]. This method makes it possible to cre-
ate nanoholes with a diameter of up to several nanom-
eters. For producing nanoholes for pinhole camera,
membranes manufactured by Ted Pella Inc. were used.
The membranes were made up of an ultrathin film
from silicon nitride with a thickness of 50 nm situated
on asilicon plate with a diameter of 3 mm and a thick-
ness of 0.2 mm. Figure 17 shows the membrane image
(obtained using a scanning electron microscope) (a)
and nanoholes (b) in this membrane. The nanohole
diameter is equal to d = 120 nm.

The schematic diagram of the pinhole camera
achieved in experiment [101] is shown in Fig. 18. It
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includes the atomic beam, the mask, the membrane
with nanoholes, and the substrate on which nano-
structures were created. Atoms that passed through the
hole in the mask form, similarly to optics, the “glow-
ing object” with the given geometry. The parameters of
the pinhole camera were chosen from the consider-
ations of obtaining maximal resolution and the possi-
bility of constructing of a large array of nanostructures
on the surface. If thermal atomic beams with typical de
Broglie wavelengths of around 10~2 nm and a nano-
hole with a diameter of 20 nm are used, the optimal
focal distance is f, # 10—20 um. This determined the
choice of the distance between the nanohole and the
substrate on which nanostructures were created (/ =
Jopv)- For the given value of /, the distance from the
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Fig. 19. Atom nanolithography of identical nanostructures using an atom pinhole camera. (a) Left column shows electron images
of membranes with nanoholes with diameters of (1) 200 nm, (2) 100 nm, and (3) 50 nm. (b) Middle column shows images of
created nanostructures from In atoms on the silicon surface. (c¢) Right column shows the enlarged images of one nanostructure

from the middle column [101].

nanohole to the mask determines the “reduction
force” of the atom pinhole camera N= L/l and, there-
fore, the mask size.

The fundamental difference between the atom pin-
hole camera and the optical pinhole camera is the
constraint on the maximal atomic density available in
experiment. It is well known that it does not exceed
10'° atoms/cm? for effusion atomic beams. This con-
straint, in turn, results in the constraints on the forma-
tion time of nanostructures and their height.

The above considerations show that the optimal
distance from the nanohole to the mask is in the range
L =1-10 cm. The reduction force of the pinhole cam-
era N = L/I in this case is 10°—10* In this pinhole
camera geometry, the characteristic size of the mask is
in the micrometer range and the characteristic size of
the created structures is in the nanometer range; i.e.,
the atom pinhole camera provides the transformation
of micro-objects into nano-objects. Another impor-
tant consequence of the “dimensional geometry” of
the atom pinhole camera is the possibility of using a
large number of nanoholes (instead of only one) in one
device. In this case each nanohole creates its image
which does not intersect neighboring images; i.e., it is
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possible to achieve a “parallel atom pinhole camera.”
A parallel atom pinhole camera creates broad oppor-
tunities for the simultaneous creation of a large num-
ber of identical nanostructures. It should be noted
that, even for a considerable number of nanoholes (up
to 10°), aberrations of inclined beams (which begin to
manifest themselves for edge nanoholes) do not
strongly limit the resolution of the parallel atom pin-
hole camera.

A parallel atom pinhole camera with above param-
eters [101] was used to create nanostructures from In,
Cr, and Ag atoms on a silicon surface. The time that a
series of nanostructures was created on one substrate
was determined by the atomic beam intensity and the
required value of the nanostructure height. The char-
acteristic exposure time in the experiment made 7 ~
10 min for nanostructures with a height of # ~ 25 nm.

Figure 19 shows the images of nanostructures cre-
ated using the parallel atom pinhole camera. Nano-
structures were visualized using an atomic force
microscope. The mask was a thin metal screen (in
which the grid consisted of slits with a width of
250 um, a length of 5 mm, and a period of 1 mm) was
manufactured by laser cutting. Three different mem-
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Fig. 20. Influence of the nanohole size on the resolution of the atom pinhole camera. (a) Electron image of the membrane with
nanoholes of different diameters: d = 80, 250, and 360 nm; (b) images of nanostructures created from In atoms on the silicon

surface using nanoholes of membrane (a) [101].

branes with different nanohole diameters were used:
d, =200 nm, d, = 100 nm, and d; = 50 nm (column
(a) in Fig. 19). The images of nanostructures obtained
using these membranes are shown in columns (b) and
(c) in Fig. 19. Column (b) shows the survey images of
a large number of nanostructures. Column (c) shows
the detailed images of one of the nanostructures from
column (b). It can be seen in Fig.19 that the position
of nanostructures on the silicon substrate repeats the
geometry of nanoholes in the membrane. In order to
underline this fact, in membrane no. 1 (Fig. 19.1a)
nanoholes were situated in regular staggered order 5 x 5.
As a result, nanostructures obtained using membrane
no. 1 are also situated in regular staggered order. In
membranes nos. 2 (Fig. 19.2a) and 3 (Fig. 19.3a), part
of the nanoholes are absent. The position of nano-
structures on substrates nos. 2 and 3 completely corre-
sponds to the position of nanoholes in the applied mem-
branes: the absence of nanoholes results in an absence of
nanostructures (shown by arrows in the figure).

The presented nanostructure images demonstrate
that their shape repeats the mask topology: an individ-
ual nanostructure consists of parallel bands formed by
In atoms at the same distance of *400 nm from each
other.

The influence of the diameter of the applied nano-
hole on the resolution of the atom pinhole camera is
shown in Fig. 20; in this figure, the results of nano-
lithography with holes of a different diameter (Fig. 20a)
are shown. It can be seen from the figure that the posi-
tion of nanostructures on the substrate corresponds to
the position of nanoholes in the membrane of the pin-
hole camera. Nanostructures created using holes with
different diameters differ in band width A and nano-
structure height 4. The dependence of the band width
on the nanohole diameter agrees with the optics of the
pinhole camera, the corresponding band widths are
A, = 160 nm, A, = 340 nm, and A; = 450 nm. The
nanostructure heights are 4, = 9 nm for holes with the
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diameter d, = 80 nm, 4, = 12 nm for the hole with the
diameter d, =250 nm, and /45 = 17 nm for the hole with
the diameter d; = 360 nm. The nanostructure height,
depending on the nanohole diameter of the atom pin-
hole camera, is determined by three processes: (1) the
decrease in the atomic beam intensity near the sub-
strate surface with the decreasing nanohole diameter;
(2) the decrease in the beam intensity due to the
adsorption of part of the atoms on the walls of the
nanohole channel in the membrane, resulting in a
reduced size after some time; (3) the dependence of
the atom pinhole camera resolution on van der Waals
forces.

To investigating the limiting parameters of nano-
lithography using the atom pinhole camera, measure-
ments concerning the creation of nanostructures using
a nanohole with a diameter of 20 nm were performed.
In this case the pinhole camera operation conditions
in the wave optics regime are achieved. The influence
that atomic de Broglie wave diffraction has on the
nanohole parameters and the van der Waals forces
become important. A mask consisting of slits with dif-
ferent widths in a metal foil (Fig. 21a) was used in the
experiment. The nanostructure obtained in this geom-
etry of the atom pinhole camera is shown in Fig. 21b.
The minimal element size in the created nanostruc-
ture is equal to 30 nm; it is formed by atoms that passed
through the 40-um-wide slit in the mask. The height
of this nanostructure element does not exceed 0.6 nm.

The results obtained using the parallel atom pin-
hole camera demonstrate the possibility of creating
nanostructures which can be identical or differ with
respect to geometric dimensions depending on the
type of the applied membrane. The shape and geomet-
ric dimensions of nanostructures are determined by
the topology of the applied mask and the size of nano-
holes in the membrane. In this case it is possible to
control not only the planar dimensions of nanostruc-
ture elements, but also their heights. This circum-
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(a)
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Fig. 21. Creation of nanostructures with a minimal element size of 30 nm: (a) photo of the applied mask and (b) image of the

nanostructure from In atoms on the silicon surface [101].

nanoholes
{(d =30 nm) \SO
e ==

Fig. 22. Image of a segment of track membrane used for atom nanolithography in scanning electron microscope [102]: (a) view

from above and (b) transverse cleavage of the membrane.

stance opens capabilities for creating nanostructures
with complex 3D geometry, because the nanostructure
shape is determined by the geometry of holes forming
the mask and the height of separate nanostructure ele-
ments is determined by the diameter of these holes.

The atom pinhole camera was used to demonstrate
the possibility of mass producing identical nanostruc-
tures with about 1 million nanostructures per one dep-
osition [96]. In [96] the pinhole camera was created
using nanoholes manufactured in track membranes.
In track membranes the area with nanoholes can
occupy up to several square meters for a rather high
hole density (up to 3 x 107 cm~2). This allows one to
create identical nanostructures on substrates with
large surface areas. In [96] track membranes were
manufactured from 5-pum-thick polyethylenetereph-
thalate film irradiated by a beam of accelerated kryp-
ton ions with an energy of 253 MeV. Each ion passing
through the film leaves a deformation track caused by
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the violation of the chemical bonds between atoms of
the film material. Then the film was exposed to ultra-
violet radiation from one side only, and after that it was
chemically etched. The use of the surface-active sub-
stance made it possible to obtain nanopores with sharp
size reduction toward the surface that was not exposed
to UV radiation [102]. This approach provides the for-
mation of through channels with a minimal input hole
diameter of up to 50 nm in the film (Fig. 22). The
obtained output channel hole has a characteristic
diameter of up to several microns, which allows one to
decrease the influence of van der Waals forces on atom
trajectories in the atom pinhole camera. Figure 23
shows the image of one of 10 million nanostructures
on the glass surface created from Cr atoms using the
pinhole camera based on track membranes and the
mask in the form of a cross.

The method for creating nanostructures using the
atom pinhole camera is related to the category of nan-
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Fig. 23. Atomic force microscopy of images of one nano-
structure (out of several million) from Cr atoms created on
the glass surface. Nanostructures were created using the
pinhole camera based on track membranes. A mask in the
form of a cross was used [96].

olithography methods using masks. In conventional
nanolithography methods that use masks, mask ele-
ments should have dimensions in the nanometer
range. Due to the nanometer mask scale, their manu-
facture is a complex technical task. One of the advan-
tages of using an atom pinhole camera for nanolithog-
raphy is its capability of creating images with very large
object size reduction (up to 10 thousand times). This
makes it possible to use masks in the micrometer range
whose production does not present technological dif-
ficulties.

Note the other important advantages of nano-
lithography: (1) this method provides the creation of
nanostructures with characteristic sizes of up to 20 nm;
(2) nanostructures can have an arbitrary predeter-
mined shape; (3) the size and shape of nanostructures
is determined by easily controllable parameters; (4) it
is possible to create a large number of identical nano-
structures; (5) a wide choice of nanostructure material
is available (atoms, molecules, clusters, and biomole-
cules); (6) this method does not require the use of
chemically selective etching; and (7) in the course of
creating nanostructures, the substrate surface is not
destroyed.

CONCLUSIONS

Up until now, important fundamental studies in the
field of manipulation with free neutral atoms using the
methods of atom optics have been performed and
methods for constructing basic optical elements on
matter structures, static electric and magnetic fields,
and laser fields have been developed. Based on these
methods, approaches providing the high-precision
control of the motion of atoms as they approach the
surface have been developed; this resulted in the devel-

NANOTECHNOLOGIES IN RUSSIA Vol. 4

BALYKIN, MELENT’EV

opment of one practically important direction for
atom optics: atom nanolithography.

Currently, optical lithography using far VUV radia-
tion, lithography with electron and ion beams, and X-
rays is being developed. These methods are capable of
creating nanostructures with a resolution up to several
nm. At the same time, a wide search for alternative
methods, such as the scanning nanoprobe method, the
“imprinting” method, and nanostructure “self-
assembly” is being carried out. It is among these alter-
native future nanolithography methods that the
approaches discussed in this survey should be consid-
ered.
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