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Nanostructured materials and devices will play an important role in a variety of future technologies,
including magnetics. We describe a method for nanostructure fabrication based on the use of laser
light to focus neutral atoms. The method uses neither a mask nor a resist, but relies on the direct
deposition of atoms to form permanent structures. Since the atomic de Broglie wavelength is of
picometer order, the size of structures produced is not significantly limited by diffraction, as in
optical lithography. Lines as narrow as 38 nm full width at half maximum spaced by 213 nm have
been produced and we have demonstrated the production of a two-dimensional array of dots. The
highly parallel process of nanostructure formation and the intrinsic accuracy of the optical
wavelength that determines structure spacing suggest a number of interesting applications, including
calibration standards for various types of microscopy, lithography, and micromeasurement systems.
Possible magnetic applications include the production of arrays of magnetic elements, laterally
structured giant magnetoresistive devices, and the patterning of magnetic media.
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I. INTRODUCTION

The fabrication and use of nanostructures, both as to
to further our understanding of physical principles and
provide novel functionality in devices, continues to expa
unabated. Nanostructures are generally understood to po
at least one dimension on the nanometer scale, more t
cally below 100 nm. Frequently, the near atomic scale of
dimension gives rise to unique properties to be explored
exploited. While this definition includes the area of thin-fil
research, such work is usually not discussed as nanostru
science. However, multilayer structures of thin films are
cluded within the definition. This general area of resea
has also been referred to as nanotechnology.

While far more work has been performed on the ele
tronic characteristics of small structures, a growing body
research concerns the fabrication and properties of magn
nanostructures. A great deal of current research is focuse
giant magnetoresistive~GMR! devices generally involving
multilayer structures.1 One recent article reports the fabrica
tion of a GMR device consisting of a series of GM
multilayer structures with all three dimensions in the nan
meter range.2 Another reports the use of a wedge-shap
nanostructure to systematically study exchange-coup
magnetic layers.3 Others concentrate on fabricating arrays
isolated magnetic elements to study their interactions4–7

magnetic properties,8,9 or magnetic quantum tunneling.10 Ap-
plications include improved MFM tips11 and high-density
magnetic storage.12

The production of one-dimensional nanostructures
generally done with molecular beam epitaxy and/or spu
deposition. Structures with two and three dimensions in
nanometer range require a patterning technique, such as
tical or electron-beam lithography. Optical lithography, wh
convenient because of its wide usage and ability to patt
large areas in parallel, is limited because of the diffraction
light to feature sizes of about 180 nm, i.e., just at the up
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limit of the nanoscale regime. As a result, electron-beam li
thography, which has an insignificant diffraction limit, has
generally been the method of choice for fabricating higher
dimensional nanostructures. Features as small as 20 nm c
be fabricated with relative ease, and in some special case
features as small as 1–2 nm have been achieved.13 Further
progress has been made recently by replacing the electro
beam with a scanning tunneling microscopy~STM! tip.14

Despite its popularity and potential for high resolution, there
are drawbacks associated with electron-beam lithograph
Because patterns are formed by scanning a finely focuse
beam, structures are generated serially across a substra
There is also an inherent trade-off between speed and res
lution. Since electrons mutually repel each other, high reso
lution can only be achieved at the expense of beam curren
Thus the beam must be scanned relatively slowly across th
surface in order to fully expose the resist. Besides introduc
ing problems like sample drift, proximity effects, and stitch-
ing errors, this limits the complexity of the pattern to be
fabricated: a large array of very small features can require a
exposure of many hours, a length of time that rapidly be
comes impractical.

II. LASER FOCUSING OF ATOMS

Neutral atom focusing is a completely different approach
to nanostructure fabrication. While still in its infancy, it al-
ready addresses several of the stumbling blocks of prese
methods. The diffraction limit is insignificant, as it is for
electron beams, since the de Broglie wavelength of the atom
is typically in the picometer range. Unlike electrons, how-
ever, the atoms are electrically neutral, so there is no spac
charge repulsion limiting the flux in finely focused regions.
Furthermore, the focusing scheme can be made massive
parallel, allowing large areas to be patterned rapidly. In ad
dition, the focusing schemes generally make use of highl
stable optical wavelengths, so highly accurate patterns can b
produced over relatively large areas without stitching errors
Still another advantage is that the process can be impleille,

mented in a direct-write manner, eliminating the need for a
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physical mask and subsequent processing. Though, so far
direct application to the fabrication of magnetic nanostru
tures has been carried out, it appears that many of the
advantages could prove useful for such applications.

The focusing of neutral atoms is achieved by configurin
electromagnetic fields in such a way as to exert forces
neutral atoms toward an axis. The study of the motion
atoms in electromagnetic fields is a major component of t
new field of atom optics,15 which treats the manipulation of
atoms by devices that serve as lenses, mirrors, beamsplitt
and gratings in analogy with light optics. To date, most of th
configurations used for focusing atoms have involved the u
of laser fields in which the frequency of the laser is tune
very close to an atomic resonance. Some work has be
done, however, on the focusing of atoms in a hexapole ma
netic field.16 Laser fields provide an especially good medium
for generating the necessary fields for high-resolution focu
ing of atoms because gradients can be generated o
optical-wavelength distances, and tuning near resonance
greatly enhance the interaction. In particular, making use o
laser standing wave allows for massively parallel focusing
atoms in an array of lenses that is spaced with interferomet
precision across a substrate~see Fig. 1!.

In the presence of a near-resonant laser field, two typ
of radiation forces are present, the spontaneous force and
dipole force. The spontaneous force is simply the light pre
sure, i.e., the transfer of momentum that results when
atom absorbs a photon from the direction of the light sour
and reradiates a photon in an arbitrary direction. After
number of such interactions a beam of neutral atoms will
deflected away from the light source. The dipole force can
thought of as resulting from the interaction between an o
cillating electric dipole induced in the atom and any spati
gradient that might be present in the oscillating laser elect
field. Over the past 15 years, methods have evolved to u
these forces, separately or in combination, to cool and trap17

and also focus,18 atom beams.
The first application of laser focusing of atoms to con

trolled deposition involved observing the ‘‘shadow’’ of a
resonant laser beam traversing a beam of sodium atoms
positing onto a surface.19 This was followed by observation
of optical diffraction from a grating of sodium atoms gener
ated by focusing the atoms with the dipole force generated
the nodes of a standing wave passing across the surface
substrate.20 These experiments demonstrated the essen

FIG. 1. Schematic of laser-focused atomic deposition process.
principle of laser focused atomic deposition but, because t

6080 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996

Downloaded¬01¬Jul¬2002¬to¬129.6.97.18.¬Redistribution¬subject¬
, no
c-
se

g
on
of
he

ers,
e
se
d
en
g-

s-
ver
can
f a
of
ric

es
the
s-
an
ce
a
be
be
s-
al
ric
se
,

-

de-

-
in
of a
tial

deposited atom was sodium, it was difficult to proceed wi
nanostructure fabrication, or carry out quantitative studies
the process. Sodium was chosen because it was easy to m
an atomic beam and easy to tune a laser near the str
resonance at 589 nm. The first permanent laser-focus
structures were fabricated using a chromium atomic bea
taking advantage of the atomic resonance at 425 nm.21 This
work has been followed recently by creation of structures
aluminum.22 Because the use of a hard, fine-grained mater
such as chromium opens the possibility for precise fabric
tion and perhaps transfer of the patterns to other materia
and because of the relevance of chromium to magnetic m
terials, we discuss the results of the chromium research
some detail.

III. CHROMIUM EXPERIMENT

A schematic of the experimental arrangement21 is shown
in Fig. 2. In this experiment, Cr atoms effuse from a molec
lar beam epitaxy~MBE!-type evaporator, modified to pro-
duce a point source of atoms. They pass through a reg
where the beam is collimated optically, and then through
second, standing wave region where they are focused to fo
a pattern on a Si substrate. The optical standing wave, po
tioned immediately above the Si substrate, is formed by t
reflection of a laser beam from a mirror in direct contact wit
the substrate. The laser wavelength used is 425.55 nm~in
vacuum!, which corresponds to the energy difference b
tween the Cr7S3 ground state and the

7P4 excited state, and
the spacing between nodes of the resulting standing wave
just half that wavelength, or 212.78 nm. If the correct com
bination of laser beam size, intensity, wavelength, and po
tion above the substrate is used, the standing wave acts a
array of cylindrical lenses to focus the atoms to form lines o
the substrate.21

The dipole force is not strong, so the lenses describ
above are best thought of as weak immersion lenses. In or
for their effect to be enough to bring the atoms into a fin

FIG. 2. Schematic of laser-focused atomic deposition apparatus, show
dye laser, acousto-optic modulator~AOM!, miscellaneous optics~including
quarter-wave plates, denoted byl/4!, vacuum chamber, Cr source, deposi
tion substrate, and sample holder.
hefocus, the incident atom beam must be highly collimated,
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possessing little transverse velocity. To achieve this, a co
mation region is used, in which counterpropagating las
beams transverse to the atom beam are tuned to a freque
just below that of the resonant transition. In this proces
photons are absorbed only if the transverse velocity of t
atoms is large enough to Doppler shift the photon into res
nance with the atom. In that case, the atoms will experien
a momentum change that moves them closer to an idea
collimated beam. This collimation or laser cooling proces
which is sometimes referred to as ‘‘optical molasses,’’ h
been studied in great depth in one, two, and three dimensi
in relation to laser cooling and trapping of atoms.23 Using a
variant of the basic process, which makes use of polarizat
gradients in the laser beams,24 an atom beam collimation of
the order of one part in 7000 is achieved.

IV. CHROMIUM RESULTS

Using the apparatus schematically shown in Fig.
samples were fabricated with Cr lines covering an area of
to 1 mm30.40 mm. Figure 3 shows an atomic force micro
scope~AFM! topograph of one of these samples. The line
are spaced by half the laser wavelength, 212.78 nm. T
average height of the lines in Fig. 3 is 861 nm,25 and the full
width at half maximum~FWHM! is 3861 nm, uncorrected
for AFM tip shape~which could have an influence in this
size range!. The evaporation time, using a modest Cr ove
was 10 min. Although the AFM cannot distinguish betwee
bare Si and Cr, we infer that there is a thickness of Cr in t
valleys between the lines in this sample, based on measu
ments of the total atomic flux. We estimate this backgrou
to be 1064 nm thick. A complete understanding of the back
ground is still to be established, however significant cont
butions include 16% of other isotopes of Cr that do not i
teract with the laser, about 10% Cr atoms that decay into
metastable5D level and no longer interact with the laser, an
a possible high-velocity tail in the laser-cooled transver
velocity distribution.

In addition to the one-dimensional array of lines show

FIG. 3. Atomic force microscope image of Cr lines formed by laser-focus
atomic deposition. The lines in this image have a height of 861 nm.
in Fig. 3, a two-dimensional array has also been created26
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Figure 4 shows an AFM topograph of a section of a two
dimensional array of Cr ‘‘dots’’ made by first optically col-
limating in two dimensions and then using two standin
waves positioned at right angles to each other. These d
cover an area of approximately 100mm3200 mm on the
sample, have a FWHM of 80610 nm, and have a height of
1361 nm.

While the extension of the laser focusing process to tw
dimensions may seem straightforward, there are some sub
ties that must be understood. When two standing waves t
are temporally coherent~e.g., originating from the same la-
ser! are superimposed upon each other at right angles,
resulting intensity pattern will, in general, depend on th
relative temporal phase. However, for the special situation
orthogonal linear polarizations~one parallel to the substrate,
the other perpendicular!, this dependence is eliminated, al
lowing the laser focusing to be carried out without stabilizin
the relative phase of the standing waves.

V. METASTABLE RARE GASES

Although the bulk of the work on laser focusing of at
oms has been done with ‘‘direct-write’’ materials such a
sodium, chromium, and aluminum, a new possibility ha
been suggested that makes use of metastable rare gase
exposure a lithographic resist.27 The potential for this ap-
proach lies in the combination of lithography’s ability to
work with a wide range of materials with the atom optic
advantages of high resolution, parallel fabrication, and lo
substrate damage. Metastable rare gases are both acces
to laser manipulation techniques, and they also have inter
energy of up to 20 eV, sufficient to chemically alter a resis
yet not damage a substrate.

The ability of metastable atoms to act as a writing too
on a resist has been demonstrated using self-assemb
monolayers ~SAMs! of alkanethiolates on gold-coated
silicon.27 The SAM coating acts as a very thin resist, pre

edFIG. 4. Atomic force microscope image of a two-dimensional array forme
by laser-focused atomic deposition of Cr.
. venting etching of the gold when it is placed in an aqueous

6081Celotta et al.

to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/japo/japcr.jsp



y
re-
ts

-
c-
ta-
ask
r
ics
d,
an
st
of

e-
he
e
ss
p-

a-
e
e
red
ir
c-
ic

s
-
-
y
-

.

.

.

,

i.
solution of ferricyanide. In regions where metastables ha
been allowed to strike the surface, the SAM is damage
allowing the etch to penetrate.

So far, an upper bound of around 100 nm has been
for the resolution of this process by examining the edg
roughness of a physical mask. The methods of laser mani
lation have yet to be applied; however, work is ongoing, an
several possibilities exist, using either 1.083mm light on the
He (23S→23P) transition or 811 nm light on the Ar
(1s5→2p9) transition. Metastable Ar opens a particularly
interesting additional possibility in that it is possible to
quench the metastable state using laser light at 764 or 8
nm. This allows the spatially selective removal of metastab
atoms from the beam as an alternative to focusing~see Fig.
5!, suggesting the possibility of significantly less backgroun
exposure. Preliminary estimates indicate that this quench
approach may result in features as small as 10 nm, thou
more work needs to be done to investigate this.

VI. FUTURE RESEARCH

We have only begun to investigate the application o
atom optics to the manipulation of atoms as they impact
surface. There are a large number of possibilities that cou
lead to exciting new fabrication techniques. Given the cu
rent circumstances, a few areas for future improvement c
be discussed, though many more may become apparen
the field develops.

Feature size is one area where improvement can be
ticipated. Currently features as small as 38 nm FWHM ha
been created, but calculations of the focusing process, b
semiclassical28 and fully quantum,29 predict that features as
small as 10 nm should be attainable. This reduction in fe
ture size will most probably arise from an improvement i
the atomic source: reduction of the velocity spread, and s
higher levels of collimation, appear to be the improvemen
that will help the most in this case.

The ability to create more complex patterns is als
highly desirable if the process is to become useful for gene
nanostructure fabrication. To this end, arrays of complex p
terns can be created by using the current two-dimensio
process, perhaps with higher resolution, and simply scann
the substrate during deposition. In this way patterns can

FIG. 5. Schematic of metastable rare gas lithography concept.
‘‘painted’’ within the unit cell of the standing wave, and
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these patterns will be repeated with very high accurac
across the substrate. Still more general patterns could be c
ated by designing a more complicated optical field that pu
the atoms exactly where they are required.

Another avenue for exploration is the possibility of ex
tending the process to other atomic species. While nanostru
tures of other materials can be produced by using the me
stable rare gas process discussed above or using Cr as a m
for reactive ion etching, it is also of interest to ask what othe
materials could be used directly. The essential characterist
are that the atomic species be relatively easily evaporate
and that there be a resonance transition accessible to
available laser wavelength. The resonance transition mu
have as its lower state one that has a significant population
atoms, either naturally or prepared~as in the case of meta-
stable atoms!. The full range of materials has not yet been
explored, however it appears that many of the metallic sp
cies that might be of interest have resonant transitions in t
ultraviolet, in the range from 200 to 300 nm. At present thes
wavelengths are difficult, though not impossible, to acce
with a laser. Nevertheless, laser technology is improving ra
idly, and it is likely that in the future these atoms will be-
come accessible.

The application of these new techniques to the fabric
tion of magnetic nanostructures remains in the realm of th
future. However, the unique capabilities inherent in thes
new techniques offer several advantages when compa
with other lithographic methods, and the length scale of the
applicability is an interesting one from a magnetic perspe
tive. We plan to explore the use of this method for magnet
nanostructure fabrication in the near future.
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