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Fabrication of nano-structural arrays by channeling pulsed atomic beams
through pulsed-laser standing-waves under off-resonant condition

X. D. Zhua)

Department of Physics, University of California at Davis, Davis, California 95616-8766

~Received 11 September 1998; accepted for publication 18 November 1998!

We show that it is feasible to produce one- and two-dimensional nano-structure arrays by passing
microsecond pulsed atomic beams through microsecond laser standing-wave patterns under
completelyoff-resonantcondition. This method enables fabrication of vertically heterogeneous
nanostructures such as multilayers with one pulsed laser system. ©1999 American Institute of
Physics.@S0003-6951~99!03204-0#
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In recent years, new forms of materials that are ma
from conventional ones but reduced in one dimension~1D!
~i.e., thin films! or two dimensions~2D! ~i.e., thin wires! or
even three dimension~3D! ~i.e., dots or particles! have drawn
considerable attention in both the material research com
nity and industry. These new material forms not only pro
ise ever increasingly large scale integration of conventio
devices, they also promise new devices since different ph
ics are expected to be at work when the length scales a
the reduced dimensions are of the order of nanometers (129

m!. In particular, nano-particles that are confined in all th
dimensions have unique~mesoscopic! electronic properties
and in turn optical and in some cases magnetic prope
that differ from those of their bulk~macroscopic! or atomic
~microscopic! counterparts. The uniqueness presuma
comes from the quantum confinement of electrons that i
between those of the bulk and the atoms and most im
tantly can be tailored or ‘‘tuned.’’

Many lithographic techniques have been developed
fabricate nano-structures. Most involve irradiation of pho
resist-covered templates such as Si wafers with phot
electrons, or ions and then chemical etching to form patte
with nanometer-scale structures. Subsequent evaporatio
functional materials onto the patterned templates lead
desired nano-structures. Chou and coworkers recently de
oped a nano-imprinting technique, a nonirradiative meth
to form patterns on polymer templates or photo-resists be
further material processing that leads to desi
nano-structures.1 Timp and coworkers and others demo
strated another scheme for a nanometer scale lithograph
channeling continuous wave~cw! atom beams through lase
standing-wave patterns.2–5 Without the need of physica
masks, this method has been used to produce 1D and
nano-structural arrays over macroscopic scale either dire
or with photo-resists as a means to further reduce the size
nano-structures.2–11 In order to reduce the smearing effe
due to the transverse velocity spread of atomic beams f
spatially extended thermal oven sources, the beams hav
be transversely cooled before channeling.2–4 For laser cool-
ing to be effective, the frequency of the cooling laserv has
to be tuned to a suitable transition frequencyv0 of the atoms

a!Electronic mail: xdzhu@physics.ucdavis.edu
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within 100 MHz or u(v02v)/v0u;1026. The frequency of
the standing-wave laser is also within a few hundred M
from v0 . The predominant channeling effect from the las
standing-wave pattern is the induced electric dipole force
the atomic beam. The magnitude of the force is invers
proportional to the frequency detuning oruv0 /(v02v)u
;106. Implementation of such a technique at the pres
time depends upon the detail atomic spectral information
the availability of suitable cw lasers whose frequencies
within a few GHz or a few hundred MHz from a usab
atomic transition frequency. So far only alkali atoms, ch
mium, and aluminum have been successfully focused w
laser-standing waves.2–4 This is clearly problematic if we are
to use this technique as a viable means to fabricate na
particle arrays or nano-wires based upon needs of mate
research.

It is desirable that the effectiveness of an atom chann
ing method does not depend critically on spectroscopic s
cifics of the atom in question so that one can useone laser
system to fabricate nano-structural arrays of various mat
als. The spectral dependence can be lifted if one uses la
standing waves at a completelyoff-resonantcondition with
u(v02v)/v0u;1. The prices to pay or the problems are~1!
at the same laser intensity, the focusing power is reduced
a factor of 106; ~2! one can no longer pre-cool atomic beam
in the transverse direction~s! before channeling. The latte
can cause a complete loss of contrast and deem such a p
sition useless. The first issue has been addressed in an e
publication.12 In this communication, we will address th
second issue and show how one can fabricate large arra
nano-wires or nano-particles by using microsecond ato
beams through pulsed laser-standing waves.

Since a thermal atom traverses through a sub-millime
wide laser standing-wave region in less than a microseco
the focusing power is easily restored by ‘‘squeezing’’ t
optical energy in an otherwise cw laser beam into sh
bunches with a time duration close to the atom transit tim
The squeezing is accomplished by using a microsec
pulsed laser. A proposed experimental setup is shown in
1.12 A microsecond pulsed atomic beam is produced by la
ablation of a material target with a nanosecond or prefera
microsecond optical pulse. The target is placed at a dista
S0 from the optical standing wave region. The ablation la
beam is focused on the target to a small diameter ofd0 . An
© 1999 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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aperture of diameterdA is placed in the atomic beam pa
~alongz-direction! right before the standing wave region s
that only normally incident portion of the atom plume
channeled through. The atomic beam is afterward incid
upon a substrate placed at a short distanceS1 from the stand-
ing wave region. For channeling, we propose to use a 200ms
laser pulse and focus it with a cylindrical lens alo
y-direction to a small waistdsw in front of the aperture and
reflect the beam from the opposite side with a spherical
flector. The reflected and the incident beams form
standing-wave pattern that channels the atomic beam.
arrivals of the pulsed atomic beam and the pulsed opt
standing wave are easily synchronized. We can also u
portion of the same microsecond laser to simultaneou
form a standing wave along the orthogonal direction~x-
direction! or two additional standing waves that are 12
apart in thex2y plane to make nano-particle arrays wi
square or triangular lattice.

Without any transverse cooling however, it is not ob
ous that the atom density distribution fabricated by suc
laser standing-wave channeling method would still have f
tures of nanostructure.2–4 It is important to note that the
smearing effect due to the Maxwellian velocity distributio
in the transverse direction is because~1! the width of the
standing-wave region is finite so that an atom may trave
horizontally a distance much larger than tens of nanome
inside the standing-wave region and thus the atom lens e
is severely distorted;~2! the beam source is extended in t
transverse direction~s!. By controlling these two factors, w
show it feasible to obtain nano-wire or nano-particle arra
without the benefit of transverse cooling.

We restrict our consideration to the case where ther
only one standing-wave pattern alongy-direction. Leta i be
the emission angle of an atom in they2z plane from a point
on the source target aty-coordinateyi . The range of the
emission angle is determined bydA /S0 . To eliminate the
first cause of the smearing effect, we require that the width
the standing-wave region is small, such that the maxim
lateral displacement of the atom inside the standing-w
regiondAdSW/2S0 is less than a few tens nanometers. In t
case, the atom arrives on the substrate at

yf5yi1a i~S01S1!2
16pI 0t i

mv l cl
S a8

e0
D S1sinF4p

l
~yi1a iS0!G ,

~1!

FIG. 1. Proposed experimental arrangement to fabricate nano-wire or n
particle arrays on a substrate by focusing a transverselyuncooledpulsed
atomic beam with 200ms laser standing waves. The pulsed atomic beam
produced by ablation with 1ms laser pulses.M: spherical reflector.A: ap-
erture with a diameterdA .
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m, v l , a8, t i5dSW/v l are the mass, the longitudinal veloc
ity, the optical polarizability~in MKS unit!, and the transit
time of the atom, respectively.e0 is the vacuum permittivity.
I 0 and l are the peak intensity and the wavelength of t
standing-wave laser, respectively. From the center of
source target withyi50, we have

yf 05a i~S01S1!2
16pI 0t i

mv l cl
S a8

e0
D S1sinF4p

l
a iS0G . ~2!

From Eq. ~2!, we find that atoms emitted from the cent
of the source target form a periodic array of nan
wires on the substrate at a distanceS1

'(l/4p)/@16pI 0t i /mv l cl(a8/e0)#. When under or criti-
cally focused, thenth maximum of the atom density appea
precisely atyf 0

(n)5(nl/2)(11S1 /S0) and the periodicity is
(l/2)(11S1 /S0). We numerically calculate the nano-wir
profile using S05500 nm, S151 mm, dSW540 mm, and
l51000 nm. The profile near the center of the aperture
the substrate is shown in Fig. 2 over a 50350 nm area on the
substrate. The full-width-at-half-maximum~FWHM! is less
than 4 nm. If we use two standing-wave patterns that
orthogonal to each other, the calculated atom density pro
changes from a nanowire as shown in Fig. 2 to a na
particle with a nominal width of 4 nm. In Fig. 3, we show th
nano-wire profiles at different locations on the substrate. T
FWHM of the density maximum remains less than 4 nm o
an area of 1 mm diameter. Beyond the distance ofr 50.63
mm from the center of the aperture, the width of the ato
density peak decreases quickly. At this distance, the
placement of the atom in the standing-wave region
rdSW/S0560 nm and is significantly larger than a few n
nometers. With the laser wavelength atl51000 nm, it is not
beneficial to reduce the width of the standing-wave reg
much below 40mm, as the length of the confocal region ov
which the beam waist remains roughly the same as the m
mum dSW540 mm will be reduced to less than 1 mm. Sinc
the smearing effect does not depend on the wavelength o
standing-wave laser, it is feasible to increase the densit
the resultant nano-wire array without changing the size of
wires by using shorter wavelengths.

We can control the second cause of the smearing ef
by controlling the effective size of the source target. From
point yi away from the center of the target, Eq.~1! gives rise

o-

s
FIG. 2. Calculated atomic density profile~or nano-wire! near the center of
the substrate~as shown in Fig. 1! over an area of 50350 nm. We have used
a constant longitudinal velocityv l in the calculation.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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to a similar nano-wire distribution on the substrate but
maxima are now shifted fromyf 0

(n) to12 yf
(n)5yf 0

(n)

2yiS1 /S0 . Sinceyi varies from2d0/2 to 1d0/2, the nano-
wire profiles shown in Figs. 2 and 3 are broadened
d0S1 /S0 . Using S05500 mm andS151 mm, we need to
limit the diameter of the laser ablation area on the sou
target tod055 mm in order to limit the broadening to unde
10 nm. This is achievable with atomic beams produced
laser ablation methods.

We next consider the standing-wave laser system and
ablation laser system that optimize the effectiveness
yield of such a nano-fabrication method.

Microsecond laser system for forming standing-wa
patterns: This deals with the fact that the ablation-produc
atomic beam has a thermal longitudinal velocity distributio
With the target distanceS05500 mm from the standing
wave region and a Maxwellian distribution of the longitud
nal velocity centered atv l 57.43104 cm/sec, the tempora
width of the ablation-produced atomic beam is roughly 2
ms. It is thus desirable to use a pulsed laser system wi
duration aroundtSW5250 ms and a single-pulse energy u
to 100 and 200 mJ.12 Such a system will be adequate
channel atoms or molecules of most solid materials. It sho
be possible to operate such a laser system at a repetition
as high as tens of kHz to boost the deposition yield. Beca
the pulse duration of the standing-wave laser is of hundr
of microseconds, we can shape the temporal envelope o
pulse electro-optically such thatI 0t i /v l 5I 0dSW/v l

2 in Eq.
~2! and in turn the focusing power is made a constant for
entire beam. As a result the thermal longitudinal veloc
distribution will not further smear out the contrast.

Microsecond laser system for laser ablation: To boost

FIG. 3. Calculated atomic density profiles as a function of the distance a
from the center of the substrate. The profiles are shifted from one ano
for clarity. Beyondr 50.625 mm, the width of the nanowire broadens dra
tically.
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the deposition yield, it is best to use ablation pulses with
longest possible duration. The latter is limited to 1ms, since
for most elemental solids and alloys the thermal diffusi
lengths during 1ms are around 5mm. For a 1ms laser pulse
focused down to a diameter ofd055 mm, we only need a
single-pulse energy of 0.1 mJ to heat up the source targe
3000 K. The 1ms ablation laser pulses may be obtained
slicing a portion of the standing-wave laser pulses elec
optically.

We now discuss further the usefulness and limitation
such a technique. Since the useful area with nano-struct
arrays produced with this technique is only 1 mm2 at a time,
it may be problematic to use it for large-scale high-yie
fabrication. Using a 5 kHz microsecond laser and an ablati
deposition rate of 0.01 monolayers per pulse, we expec
make 50 monolayers per second per square millimeter. T
will present a severe limit to large-scale yield fabrication.
this point, it seems more suited for mechanistic investigat
of collective, as well as individual behaviors of nano-wire
nano-particle arrays. For this purpose, this technique com
ments currente-beam lithographic techniques. Another po
sible limitation is that there is always a layer of uniform
deposited materials in between sharp nanostructures du
aberration of the laser standing wave as atom lenses. H
ever if the desired mesoscopic properties of nano-wire
nano-particle arrays are distinctly different from the mac
scopic properties of the bulk-like materials deposited in
tween, these ‘‘background’’ materials should not affect t
performance or the characterization of the nanostructura
rays.
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