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Laser-focused nanofabrication: Beating of two atomic resonances
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We deposit a laser-collimated chromium beam onto a substrate through a laser standiri§\Wave
tuned above the atomic resonance at either of the®#@o transitions’S;— ’PJ at 427.600 nm or
'S;—"P§ at 425.553 nm. In both of these cases, the resulting pattern on the surface consists of
nanolines with a period of that of the SW. We extend the range of periods accessible to laser-focused
atom deposition by superimposing the structures grown at both these resonances. The resulting
beating pattern exhibits a period of 44:46.04um as determined with a polarizing optical
microscope. This structure provides a link between nanoscopic and macroscopic worlds and could
potentially become a calibration standard for length metrology. 22 American Institute of
Physics. [DOI: 10.1063/1.1485104

Atoms from an atom beam, when they interact with aalso make use of théS;—’P$ (J=3—3) transition at
far-off-resonant laser standing-wa{@W), experience a spa- 427.600 nm. After demonstrating laser-focused nanofabrica-
tially varying potential with a period of that of the SW. tion at both these resonances separately, we fabricate a beat-
Depending on whether the laser frequency is tuned above dng pattern with a measured period of 44#®.04um by
below an atomic resonance, the potential minima are eithesubsequent depositions onto the same pad on the substrate.
located in the troughs or crests of the light intensity, respec-  For the experiment presented here, laser light tunable
tively. As the atoms pass through a potential minimum in thearound 425 nm was obtained by frequency doubling the out-
SW, they experience a focusing action similar to what lightput of a titanium-doped sapphire laser in an external en-
experiences in a lens. A laser SW can therefore be used teancement doubling cavity. The chromium beam was pro-
focus an atom beam into an array of lines or dots. A substratguced from a high-temperature effusion cell held at 1900 K.
can then be placed into the modulated atom beam and, by sowas subsequently collimated by means of laser codtitu
doing, nanostructures can be grown. reduce the transverse velocity spread of the atoms. The full

The first demonstration of this use of light for direct width at half maximun{FWHM) divergence angle following
writing with atoms was done by Timpt al? who reported |aser collimation of the atom beam was 0.5-0.6 mrad for
experiments with neutral sodium atoms. Subsequently, Mcdepositions al=3—3 and 0.2—0.3 mrad for those &t 3
Clelland et al*> produced chromium nanostructures. Later,—412 This laser-collimated beam was deposited through a
Guptaet al* demonstrated that a square lattice of equidisiaser SW, which was tuned 200 MHz above the involved
tantly spaced features can be produced by superimposingtomic transition by an acousto-optical modulator, onto a
two laser SWs at a normal angle. Drodofskyal® fabri-  glass substrate coated with a 100 nm thick layer of indium
cated nanostructures with a hexagonal symmetry by crossingh oxide (ITO). In spite of the fact that its surface is some-
three laser beams at mutual angles of 120°. Also, alumiiumyhat granular, ITO was chosen because of its conductivity
directly, and cesiur,via lithography with a self-assembled (required for eventual electron microscopy stutliasd op-
monolayer as the resist, were used for making nanolinegjcal transparency. Three patches of chromium nanolines
More complicated periodic patterns may be written by mov-yith an approximate size of 1.5 mm across and 0.5 mm
ing the substrate or by using more complex laser field patyjong the lines were grown onto the substrate. The first and
terns. The latter approach has been adopted recently. Gupdacond depositions were carried out at fhe3—3 andJ
et al,’> when working with two counter-propagating laser —3_, 4 transitions, respectively, and lasted for 7 rtgorre-
beams with mutually orthogonal linear polarizations, fabri-snonding to an average film thickness of roughly 3 rifine
cated lines with a period 0f/8. Brezgeret al extended this  third patch is a result of subsequent depositions at the two
polarization-gradient approach to two dimensions. respective transitions. The deposition time was 7 min for

In this letter, we describe an experiment with a chro-gach transition. The laser SW was created upon retroreflec-
mium beam that is focused in a one-dimensional laser SW 195 of a Gaussian laser beam from ianvacuomirror. This
form periodic nanolines. In addition to t&;—Py (J=3  |aser heam was focused to @4intensity radius of approxi-
—4) transition of the dominant isotop&Cr at a vacuum mately 100um and contained a power of 28 mW for
wavelength of 425.553 nm that has been employed in aljenositions au=3—-3 and 152 mW for those atl=3
atom-optical experiments with chromium so faf®®we 4 13q polarization of the SW beam was linear and nor-
mal to the substrate surface, which was located at the center
3Electronic mail: ejurdik@sci.kun.nl of the SW beam and was parallel to it to within 0.2 mrad.

0003-6951/2002/80(23)/4443/3/$19.00 4443 © 2002 American Institute of Physics
Downloaded 12 Jun 2008 to 131.174.40.167. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



4444 Appl. Phys. Lett., Vol. 80, No. 23, 10 June 2002 Jurdik et al.

:
£
!

:
;
-
.
:
s
:
¢
:

e

FIG. 1. AFM scans of laser-focused Cr nanolines on an ITO substrate. -

Depositions carried out at th=3—3 (a) and J=3—4 (b) transitions.
Insets: Profiles averaged overni2n along the lines.

During depositions the vacuum pressure was abouf Ha
(10”7 mbar).

Atomic force microscopd AFM) images of the struc-
tures grown atJ=3—3 andJ=3—4 are shown in Figs.
1(a) and 1b), respectively. Although the surface appears
fairly rough because of ITO grains, periodic modulation due
to laser-focused chromium is clearly present. In order to obg . » Superimposed depositions at the3—3 andJ=3—4 transitions.
tain the structure profile, the raw AFM data were averageda), (o) AFM scans at the nearly out-of-phaé® and nearly in-phaséb)
over 2 um along the lines. These profiles are shown in the'egions. Insets irta), (b): Profiles averaged over 2m along the lines(c)
insets of Fig. 1. The FWHM structure widifmeasured OPice TIoscope rmage biaie n ansnision Tre sample was lces
above the baCkgI‘OUI)IdS 70—-80 nm for the depOSItlon at prof”e a\/eraged over 0.3 mm a|0ng the lines.
=3—3 and 35-40 nm for that at=3—4. The difference
in the.widths(a factor_of 2 is commensurate with the differ- shown in Fig. 3. It is seen thd{) follows the expected
ence in the FWHM dlverg_e_nce angles of the atom beam_ foBependencda(go)ocsinz(&p).
the two respective depositions. This result can be explained " \yie determined the average beating perlods follows.
by analogy with optical imagery: the image size of a distantgirst, the relative uncertainty oA across the whole 1.5
object scales linearly with the divergence of the light enter-« o 5 mm chromium patch was evaluated to 0.05%. Second,
ing the imaging systert: the distance 26 was determined to 11561 um by making

The structures from Figs.(d) and Xb) exhibit a period  yse of a calibration standard—a lithography mask with two
of M2, where\ =427.600 nm and 425.553 nm, respectively. strip lines separated by 1171 um (note that the measure-
Therefore, slow modulation with a perioli=44.45um is  ment uncertainty was negligible compared with the stated
expected when these two structures are superimposed lycertainty of the artifagt These results then impl\
subsequent depositions. In Figga2and Zb) AFM images  =44.46+0.04 um. Within the indicated uncertainty, this pe-
of the beating pattern obtained in this manner are showrriod agrees with our expectation of 44.4%1. We note here
These two AFM scans were displaced by approximately 21hat the aforementioned uncertainty of the beating period
um measured across the lines. They represent areas whdsgeinstrumental; it is linked to the accuracy of our measure-
the two SWs were nearly out of phase and nearly in phasenent tools—the lithography mask as well as the microscope
respectively. This is more clearly demonstrated by the insetéamera. We believe the accuracy of the period may be much
in Figs. 2a) and 2b) that show the structure profile averaged higher than this. Preliminary theoretical considerations
over 2 um along the lines. We note that the beating patterrindicate an uncertainty of the average pitch of chromium
from Fig. 2 is not a result of simple addition of the two
structures from Fig. 1. This may be due to surface growth
and diffusion effects that cause feature broadening for in-
creased coverage.

An image of the beating sample placed at 45° between a
polarizer and a crossed analyzer in a transmission optical
microscope with white light illumination is shown in Fig.
2(c). The sample appears as a periodic pattern of alternating
dark and bright stripes because laser-focused nanolines act as g
a polarizer with extinction capability on the order of 1%. 0
They are for light somewhat similar to what a grating polar-
izer is for far-infrared and radio wave$in order to demon- FIG. 3. Analysis of the beating pattern in a transmission optical microscope.

strate the polarizing action, we measured the light intensity "¢ Sample was placed between a polarizer and a crossed analyzer. Light
. . . . ntensityl (¢) at the in-phaséntensity maximaand out-of-phaséntensity

1(¢) n the minima and maxima of the beating pattern aS 8ninima) regions as a function of the azimughof the sample. Squares—

function of the azimuthal angle of the sample. The result is data points, lines-H @) sir?(2¢).
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ment of the experiment, characteristics of both the atonerlandse Organisatie voor Wetenschappelijk Onderzoek
beam and the SW laser beam, and mechanical as well aslWO).
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