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Fabrication of nano-structural arrays by channeling pulsed atomic beams
through pulsed-laser standing-waves under off-resonant condition
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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
completely off-resonantcondition. This method enables fabrication of vertically heterogeneous
nanostructures such as multilayers with one pulsed laser systen199® American Institute of
Physics[S0003-695(99)03204-0

In recent years, new forms of materials that are madevithin 100 MHz or|(wo— w)/ wo|~107%. The frequency of
from conventional ones but reduced in one dimengid)  the standing-wave laser is also within a few hundred MHz
(i.e., thin film9 or two dimensiong2D) (i.e., thin wireg or  from wy. The predominant channeling effect from the laser
even three dimensiof8D) (i.e., dots or particleshave drawn standing-wave pattern is the induced electric dipole force on
considerable attention in both the material research commubhe atomic beam. The magnitude of the force is inversely
nity and industry. These new material forms not only prom-proportional to the frequency detuning ®g/(wo— )|
ise ever increasingly large scale integration of conventionat-10°. Implementation of such a technique at the present
devices, they also promise new devices since different phygime depends upon the detail atomic spectral information and
ics are expected to be at work when the length scales alori§e availability of suitable cw lasers whose frequencies are
the reduced dimensions are of the order of nanometers®(10 within a few GHz or a few hundred MHz from a usable
m). In particular, nano-particles that are confined in all threedtomic transition frequency. So far only alkali atoms, chro-
dimensions have uniquenesoscopik electronic properties mium, and aluminum have been successfully focused with
and in turn optical and in some cases magnetic propertid@ser-standing wavés:* This is clearly problematic if we are
that differ from those of their bulkmacroscopigor atomic ~ t0 use this technique as a viable means to fabricate nano-
(microscopi¢ counterparts. The unigqueness presumablyarticle arrays or nano-wires based upon needs of materials
comes from the quantum confinement of electrons that is iféSearch.
between those of the bulk and the atoms and most impor- It is desirable that the effectiveness of an atom channel-
tantly can be tailored or “tuned.” iqg method does not depe.nd critically on spectroscopic spe-

Many lithographic techniques have been developed t&ifics of the atom in question so that one can oselaser
fabricate nano-structures. Most involve irradiation of photo-SYStém to fabricate nano-structural arrays of various materi-
resist-covered templates such as Si wafers with photoné‘,'s- T_he spectral dependence can be lifted if one uses laser-
electrons, or ions and then chemical etching to form pattern§t@nding waves at a completetjf-resonantcondition with
with nanometer-scale structures. Subsequent evaporation §f20~ @)/@o|~1. The prices to pay or the problems &t

functional materials onto the patterned templates leads G the same laser intensity, the focusing power is reduced by

desired nano-structures. Chou and coworkers recently deve"i‘—faCtor of 16; (2) one can no longer pre-cool atomic beams

oped a nano-imprinting technique, a nonirradiative method',n the transverse directi¢s) before channeling. The latter

to form patterns on polymer templates or photo-resists beforgf'f:.n causel a co_rrnhple;e lo_ss of ﬁontLast an(él(;ieem chh a pr0|io-
further material processing that leads to desired® 10N USEIESS. The TIrstISSue has been addressed in an earfier

nano-structures. Timp and coworkers and others demon- publication=“ In this communication, we will address the

strated another scheme for a nanometer scale lithography bsecond issue and show how one can fabricate large arrays of

. ; ryano-wires or nano-particles by using microsecond atomic
channeling continuous wavew) atom beams through laser beams throuah pulsed laser-standing waves
standing-wave patterr#s> Without the need of physical gh p 9 '

. in thermal atom traverses through -millimeter
masks, this method has been used to produce 1D and 2D. Since a the . erses fhroug asub_ ©
Wwide laser standing-wave region in less than a microsecond,

nanq-structural arrays over macroscopic scale either d_lrectl e focusing power is easily restored by “squeezing” the
or with photo-resists as a means to further reduce the sizes gt il energy in an otherwise cw laser beam into short

- _11 i . B B - .
nano-structureS.** In order _to reduce the smearing effect bunches with a time duration close to the atom transit time.
due to the transverse velocity spread of atomic beams fronilhe squeezing is accomplished by using a microsecond

spatially extended thermal oven source_s, the beams have E)lesed laser. A proposed experimental setup is shown in Fig.
pe transversely cooled before channeﬁn@For laser cool- 112 A microsecond pulsed atomic beam is produced by laser
ing to be effective, the frequency of the cooling lasehas  ,pation of a material target with a nanosecond or preferably
to be tuned to a suitable transition frequengyof the atoms  icrosecond optical pulse. The target is placed at a distance
Sy from the optical standing wave region. The ablation laser

dElectronic mail: xdzhu@physics.ucdavis.edu beam is focused on the target to a small diametet,0fAn
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FIG. 1. Proposed experimental arrangement to fabricate nano-wire or nano-

particle arrays on a substrate by focusing a transversetpoledpulsed  FIG. 2. Calculated atomic density profiler nano-wir¢ near the center of
atomic beam with 20Qus laser standing waves. The pulsed atomic beam isthe substratéas shown in Fig. lover an area of 5850 nm. We have used
produced by ablation with Ls laser pulsesM: spherical reflectorA: ap- a constant longitudinal velocity . in the calculation.

erture with a diameted, .

aperture of diameted, is placed in the atomic beam path m, v, a’, ;=dsy/v , are the mass, the longitudinal veloc-
(along z-direction right before the standing wave region so ity, the optical polarizability(in MKS unit), and the transit
that only normally incident portion of the atom plume is time of the atom, respectively, is the vacuum permittivity.
channeled through. The atomic beam is afterward incidenty and A are the peak intensity and the wavelength of the
upon a substrate placed at a short disté®icom the stand-  Standing-wave laser, respectively. From the center of the
ing wave region. For channeling, we propose to use a200- source target witly;=0, we have
laser pulse and focus it with a cylindrical lens along
y-direction to a small waistlg,, in front of the aperture and 167l o7 [ @' A
reflect the beam from the opposite side with a spherical re-  y;o=a;(Sy+S;)— —(—) Slsir{TaiSO
flector. The reflected and the incident beams form a mu ,CA \ €
standing-wave pattern that channels the atomic beam. The
arrivals of the pulsed atomic beam and the pulsed opticaFrom Eq.(2), we find that atoms emitted from the center
standing wave are easily synchronized. We can also use&f the source target form a periodic array of nano-
portion of the same microsecond laser to simultaneouslyires on the substrate at a distanceS;
form a standing wave along the orthogonal directiogn  ~(N/4w)/[16m] g7 /mv CN\(a'/€p)]. When under or criti-
direction or two additional standing waves that are 120°cally focused, thexth maximum of the atom density appears
apart in thex—y plane to make nano-particle arrays with precisely aty§’5)=(n)\/2)(1+ S,/Sy) and the periodicity is
square or triangular lattice. (NM2)(1+S,/Sy). We numerically calculate the nano-wire
Without any transverse cooling however, it is not obvi- profile using S,=500 nm, S;=1 mm, dgy=40 um, and
ous that the atom density distribution fabricated by such a=1000 nm. The profile near the center of the aperture on
laser standing-wave channeling method would still have feathe substrate is shown in Fig. 2 over @880 nm area on the
tures of nanostructure? It is important to note that the substrate. The full-width-at-half-maximuiFWHM) is less
smearing effect due to the Maxwellian velocity distribution than 4 nm. If we use two standing-wave patterns that are
in the transverse direction is becaude the width of the orthogonal to each other, the calculated atom density profile
standing-wave region is finite so that an atom may traversehanges from a nanowire as shown in Fig. 2 to a nano-
horizontally a distance much larger than tens of nanometergarticle with a nominal width of 4 nm. In Fig. 3, we show the
inside the standing-wave region and thus the atom lens effeciano-wire profiles at different locations on the substrate. The
is severely distorted;2) the beam source is extended in the FWHM of the density maximum remains less than 4 nm over
transverse directide). By controlling these two factors, we an area of 1 mm diameter. Beyond the distance 6D.63
show it feasible to obtain nano-wire or nano-particle arraysnm from the center of the aperture, the width of the atom
without the benefit of transverse cooling. density peak decreases quickly. At this distance, the dis-
We restrict our consideration to the case where there iplacement of the atom in the standing-wave region is
only one standing-wave pattern alogglirection. Leta; be  rdgyw/Sy=60 nm and is significantly larger than a few na-
the emission angle of an atom in thiez plane from a point nometers. With the laser wavelength\at 1000 nm, it is not
on the source target atcoordinatey;. The range of the beneficial to reduce the width of the standing-wave region
emission angle is determined s /S,. To eliminate the much below 4Qum, as the length of the confocal region over
first cause of the smearing effect, we require that the width ofvhich the beam waist remains roughly the same as the mini-
the standing-wave region is small, such that the maximunmum dgy=40 um will be reduced to less than 1 mm. Since
lateral displacement of the atom inside the standing-wavéhe smearing effect does not depend on the wavelength of the
regiond,dsy/2S, is less than a few tens nanometers. In thisstanding-wave laser, it is feasible to increase the density of
case, the atom arrives on the substrate at the resultant nano-wire array without changing the size of the
wires by using shorter wavelengths.
4—7T(y-+ @Sy) We can control the second cause of the smearing effect
AT by controlling the effective size of the source target. From a

(1)  pointy; away from the center of the target, E@) gives rise
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3200 T T A the deposition yield, it is best to use ablation pulses with the
T as00 g 0375 mm 1 longest possible duratiqn. The latter is limited tq4, si_nce_
= ; 025 mm | 0.50 mm for most el_emental solids and alloys the thermal diffusion
s 2400 - 0125 mm | « ] lengths during Jus are around um. For a 1us laser pulse
’ag I ! ] focused down to a diameter df;=5 um, we only need a
: 2000 [ 0.0 mm 1 single-pulse energy of 0.1 mJ to heat up the source target by
Fg : ! ] 3000 K. The 1us ablation laser pulses may be obtained by
g w0r 0.625 mm ] slicing a portion of the standing-wave laser pulses electro-
2 Lok ! ] optically.
g [ We now discuss further the usefulness and limitation of
T 800 ] such a technique. Since the useful area with nano-structural
g i arrays produced with this technique is only 1 fa a time,
< 400 ] it may be problematic to use it for large-scale high-yield

fabrication. Usilg a 5 kHz microsecond laser and an ablation
deposition rate of 0.01 monolayers per pulse, we expect to
make 50 monolayers per second per square millimeter. This
position (nm) will present a severe limit to large-scale yield fabrication. At
FIG. 3. Calculated atomic density profiles as a function of the distance awa;[/hls pomt., It seems mor? Sl.'"t.ed for mechanlstlc mvestlgatlon
from the center of the substrate. The profiles are shifted from one anothe‘?f collective, as well as individual behaviors of nano-wire or
for clarity. Beyondr =0.625 mm, the width of the nanowire broadens dras- Nano-particle arrays. For this purpose, this technique comple-
tically. ments currene-beam lithographic techniques. Another pos-
sible limitation is that there is always a layer of uniformly
deposited materials in between sharp nanostructures due to

to a similar nano-wire distribution on the substrate but the : .
; ; (n) 12\, (n)_,,(n) aberration of the laser standing wave as atom lenses. How-
maxima are now shifted fromyiy to™ yi’=yiq

y.S,/S,. Sincey, varies from—do/2 to + dy/2, the nano ever if the desired mesoscopic properties of nano-wire or
i1 . i 0] 0o/ &, -

wire profiles shown in Figs. 2 and 3 are broadened bynano—partlcle arrays are distinctly different from the macro-

doS,/S,. Using S,=500 mm andS,=1 mm, we need to scopic properties of the bulk-like materials deposited in be-
01 . - 1 ’

.y : . tween, these “background” materials should not affect the
limit the diameter of the laser ablation area on the source o

_ . - . performance or the characterization of the nanostructural ar-
target tody=5 wm in order to limit the broadening to under

10 nm. This is achievable with atomic beams produced b);ays.

laser ablation methods. Acknowledgment is made to the donors of the Petroleum

We next consider the standing-wave laser system and thResearch Fund, administered by the ACS, for partial support
a.blat|on laser system th_at optimize the effectiveness angs this research.
yield of such a nano-fabrication method.
Microsecond laser system for forming standing-wave
patterns This deals with the fact that the ablation-produced 'S v, Chou P.R. K 4P, I Renst Scianae85 (1998
H H H H : : : LY. ou, P. K. Krauss, an . J. Renstrom, SCi .
at(_)mlc beam has a thermal_longltudlnal velocity d|str|b_ut|on. 2G. L. Timp, R. E. Behringer, D. M. Tennant, and J. E. Cunningham, Phys.
With the_target dlstancé‘:o—_ 500_mr_n fr_om the standl_ng-_ Rev. Lett.69, 1636 (1992.
wave region and a Maxwellian distribution of the longitudi- 3J.J. McClelland, R. E. Sholten, E. C. Palm, and R. J. Celotta, ScRé®e
nal velocity centered at , =7.4x10* cm/sec, the temporal 4277\/2/19&3-6 o M. Gil 45 A Lee OOt Lof0. 2535
width of the ablation-produced atomic beam is roughly 250 (;goq cloowan, . M. Gler, and . A. Lee, UpL Le&
us. It is thus desirable to use a pulsed laser system with @rth. schultz, U. Drodofsky, B. Brezger, J. Stuhler, S. Nowak, T. Pfau, and
duration aroundrgy,= 250 us and a single-pulse energy up ,J- Miynek, Proc. SPIE2995 80 (1997. _
to 100 and 200 m¥ Such a system will be adequate to i;nK'BBf{Q?QZ%&"ggi’,fe”t'ss' G. Timp, and R. E. Behringer, J. Opt. Soc.
channel'atoms or molecules of most solid materials. It'sfhould7R. Gupta: 3. J. McClelland, Z. J. Jabbour, and R. J. Celotta, Appl. Phys.
be possible to operate such a laser system at a repetition rat@ett. 67, 1378(1995.
as high as tens of kHz to boost the deposition yield. BecauséJ. H. Thywissen, K. S. Johnson, R. Younkin, N. H. Dekker, K. K. Berg-
; Sy ; gren, A. P. Chu, and M. Prentiss, J. Vac. Sci. Techndl5B2093(1997).

the pulse duration of the standlng wave laser Is of hundred%R. Younkin, K. K. Berggren, K. S. Johnson, M. Prentiss, D. C. Ralph, and
of m|croseconds,. we can shape the temporal enz\/glope of theg m. whitesides, Appl. Phys. Letz1, 1261(1997).
pulse electro-optically such thégr /v, =1odsw/vy in EQ.  1°K. K. Berggren, A. Bard, J. L. Wilbur, J. D. Gillaspy, A. G. Helg, J. J.
(2) and in turn the focusing power is made a constant for the Mc_CIeIIand_, S. L. Rolston, W. D. Phillips, M. Prentiss, and G. M. Whi-
entire beam. As a result the thermal longitudinal velocity,,!®5196S: Scienc26s, 1255(1995.

L ., 113, J. McClelland, R. Gupta, R. J. Celotta, and G. A. Porkolab, Appl. Phys.
distribution will not further smear out the contrast. B: Lasers Opt66, 95 (1998.

Microsecond laser system for laser ablatioho boost  2X. D. Zhu, Opt. Lett.22, 1890(1997.

-80 -40 0 40 80 120 160 200

Downloaded 23 Oct 2003 to 169.237.43.223. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



