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Abstract. In atom lithography the conventional roles played1l Experimental setup

by light and matter are reversed. Instead of using a solid

mask to pattern a light beam, a mask of light is used to paffhe basic elements used in atom lithography with light forces
tern a beam of neutral atoms. In this paper we report thare shown in Fig. 1. A thermal beam of neutral chromium

production of different chromium dot arrays with quadraticatoms is created by sublimating chromium in a high tem-

symmetry. The lattice period depends on the relative polamperature effusion cell. In the next step the atomic beam
ization and the phase of the two standing waves generatirig transverse cooled by Doppler- and polarization gradi-
the light mask. A small angular misalignment of the laserent cooling. The collimated beam has a divergence of less
beams breaks the high symmetry and a chromium superlattitean 0.4 mrad [5] and propagates through the light mask
is written, that is a continuous periodic change between twavhich is located directly above the substrate. Here the in-
different quadratic lattices. The structures exhibit lines withduced dipole force is used to manipulate the trajectories
a FWHM below 50 nm and clearly separated chromium dot®ef the neutral atoms. In Fig. 1 this light mask is generated

with a FWHM below 70 nm. by a single standing light wave acting as an array of cylin-
drical lenses for the chromium atoms, which are deposited
PACS: 32.80.Pj; 42.50.Vk as lines with a periodicity of./2 on the glass substrate.

The structure widths on the substrate can be much nar-
rower than the period of the mask. The produced chromium
In 1992 atom lithography was first demonstrated at AT & Tstructures were analyzed with an atomic force microscope
Bell Laboratories [1]. At the National Institute of Standards(AFM).
and Technology [2] and in our group [3], lines with the tech-
nologically interesting material chromium have been written
with a period ofA/2 =213 nm wherex is the laser wave-

length near an atomic resonance. The technique has been re- oven @

fined to write various two-dimensional structures of the same A

and larger periods [4, 5]. Shorter periods have been achievegansversal KUFe NN, N

in one [6] and two [7] dimensions by the use of polarizationlaser cooling e f'.*f.: L 2

gradients in the light field or by a double exposure technique oy ;*.;*.*; 1 AR

with detuning switch [8]. ' I ;* A *5* %
With the new setup presented in this paper we write Vs ;*;3* PVig

clearly separated chromium dots in quadratic lattices. The pe-
riodicity and orientation of the lattice are determined by four,;. ht K
laser beams forming the light mask, either as two independer mas

standing light waves or as a four beam interference pattern.

By slightly misaligning the orthogonal overlap of all four

beams we are able to deposit the first superlattice structure

produced by atom lithography. substrate

_— Fig. 1. Principle of atom lithography with light forces. The atomic beam is
*Current addressUniversitat Stuttgart, 5. Physikalisches Institut, Pfaffen- collimated by transverse laser cooling and then focused in a light mask onto
waldring 57, 70550 Stuttgart, Germany the substrate




672

Fig. 2. Photograph of the small optical table used to generate the ligh
masks (45 mirror holder in thecente) and manipulate the glass substrates
(Burleigh Inchworm motor and a 3D piezo-actuator on tipper lef). The
light is coupled in via an optical single-mode fiber (output coupbét)
which ensures a stable beam profile and position

Instead of using only a single standing light wave, a mor¢
complex setup mounted on a small optical table (see Fig. 2) 2um x 2um
inside the vacuum system was employed to generate tHeg. 3a—d. Quadratic lattice withi/2 period: a light field configuration;
light mask. To perform more than one deposition per sub €xperimental realizationc AFM measurement of the./2 =213 nm

- . line structure;d AFM measurement of the quadratic dot structure with
strate a Burleigh Inchworm motor and a 3D piezo-actuatoy ; ~ 13 nmperiod
are used to translate the substrate with respect to the light
mask. The light field configurations that have been used
to generate the different quadratic lattices will be pre-
sented in the following sections together with the AFM substrate, so that5% of the Gaussian beam power passed
measurements. above the substrate. The deposition time for each sample was

A detailed description of the experimental setup includinglO min with a deposition rate o2 nnymin at an oven tem-
the tunable laser system working on the chromium transiperature ofLl650°C.
tion 'Ss — P4 at A = 4256 nmis given in [5]. To increase Figure 3c shows an AFM measurement of the chro-
the laser intensity the two external resonators with KiIbO mium lines with a period ofA/2 =213 nm and a peak-
as anonlinear material used in [5] were replaced by oné&-valley height of 22nm. The laser power of the in-
cavity. In the new cavity, lithium tri-borate (LBO) is used coming beam was 30mW. To avoid spontaneous emis-

as anonlinear material to produce up @0mW at A =  sion the detuning relative to the atomic transition was
4256 nmout of 2 W laser output power from the Ti:sapphire chosen to beA = —40I" = —200 MHzx 2x. The aver-
laser. age FWHM of the narrowest deposited lines is less than

50nm. An AFM analysis of the structure generated on
the substrate by overlapping two standing light waves is
2 Quadratic lattice with \/2 period presented in Fig. 3d. Here we measure a quadratic lat-
tice which matches the calculated intensity pattern shown
The light field configuration used for the production of in Fig. 3b.
a quadratic lattice with./2 period is formed by two stand-
ing light waves intersecting at an angle of°%s shown in
Fig. 3a. The polarizations of the two standing light waves3 Quadratic lattice with \/+/2 period
are chosen to be orthogonal so that they add up in their
intensities. To increase the structure period we changed the polariza-
The experimental realization of the light mask by retro-tions of the four laser beams to be perpendicular to the
reflecting one incoming laser beam in a compact setup of tweubstrate plane as shown in Fig. 4a. This is realized by ro-
mirrors mounted at an angle of 46 shown in Fig. 3b. The tating the polarization of the incoming laser beam (Fig. 4b).
calculated intensity pattern indicates two regions where th&he calculated intensity pattern in Fig. 4b indicates that
interfering laser beams form a single standing light wave wittdue to interference effects the orientation and period of
a period of,/2. In front of mirror 1 a quadratic lattice with the the resulting lattice are changed with respect to the pattern
same period is generated. The calculated intensity distribution Fig. 3b.
is shown with a much exaggerated wavelength, to make the Figure 4c shows an AFM measurement of the substrate
interference patterns visible. region in front of mirror 1. Clearly separated chromium dots
In all experiments a Gaussian beam with awaist of FWHM = 100nn) are found on a quadratic lattice with
100pm (half width at 1/€? point) was used. In the direction a period ofs/+/2 = 300 nm The power of the Gaussian laser
along the atomic beam this Gaussian profile was cut by thbeam was 21 mW and the detunidg= —200 MHzx 2r.
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Fig. 4a—c. Quadratic lattice withi/+/2 period:a light field configuration;
b experimental realizatior; AFM measurement of the lattice witty/2 =
300 nmperiod. The chromium dots have a FWHM of 100 nm

4 Superlattice k!

j
k

In the previuos two sections it was shown how the relative N
polarizations of the four laser beams change the orientation
and periodicity of the chromium lattice. The2 lattice was
deposited with a light mask consisting of two independent
standing light waves. For thie/+/2 lattice, an interference .
pattern with four laser beams that were polarized perpendicu- Q KK
lar to the substrate plane was used. 1702

Another way of switching between these two lattice
periods is to change the relative phase between the two stand-
ing light waves. In the situation of Fig. 4b the boundary
COI’IditiOI’lS at-the mirrors together -With the high symmetry r-e-F'g. 5a—d. Superlattice: a light field configuration with broken sym-
sultin a relative phase of Z,ero' This leads to,the ,Shown permrdetry due to a misalignment of the incoming laser beam by an angle
of 2/+/2. When the phase is/2 the two standing light waves p, wave vectors: calculated intensity distribution of the light field in front
add up in their intensities and an interference pattern witlf mirror 1. d explanation of the superlattice periot] as described in the
a period of\./2 is formed. text

In the experiment we realized spatial phase changes by
breaking the high symmetry of the light field configuration
used in the former sections. This is achieved by slightly mis- A calculation of the resulting intensity pattern is shown in
aligning the angle of incidence of the incoming laser beantig. 5a and c. In front of mirror 1 the relative phase is zero and
on mirror 1 with respect to Fig. 4b by an angte(Fig. 5a).  the lattice period is./+/2. At a distanceA /4 from the mir-
The resulting wave vectors are shown in Fig. 5b. All four lightror the relative phase is shifted from 04¢2 and, therefore,
beams are polarized perpendicular to the substrate plane. Figs/2 lattice is formed. Then the phase increases tohich
ure 5d shows how the four light vectoks, ko, ks, andks  revives the interference of all four laser beams and a lattice
can be separated in two perpendicular standing light waveseriod ofA/+/2 in the intensity pattern. Compared to the zero
cosk; -r and cos,-r and a relative phase fact@®1 52" phase intensity distribution, the maxima and minima change
between them. In the experiment the anglés chosen to places.
be small sdk;| = |K;| ~ |ky| = |ko| and the two-dimensional The AFM analysis of a chromium structure formed by
light mask has nearly the same period as in previous sectionthis superlattice is shown in Fig. 6. For this deposition the
As k]| = |Kj| <« |k = [k;| the lattice period of the super- power of the incoming laser beam was 34 mW and the de-
lattice A = A/(v/2 sinw) is three orders of magnitude larger tuning A = +200 MHzx 2. A series of AFM pictures were
then the period in the light mask. captured on a line perpendicular to mirror 1. The distance be-

S0y 2n A
relative phase: (k;-k;)sr » | A= KT Bsna
1 2
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Fig. 6a—d. Superlattice: The AFM pictures were captured on a line perpen-

dicular to mirror 1 with an equidistant frame spacing~efL6 um. Starting
with the zero phase pattern mwith a lattice period oft/+/2 = 300 nm
a continuous transition fronb through c to the 7/2 phase with the
/2 =213 nmperiodicity ind can be seen

to be 200pm which corresponds to a misalignment angle
of « ~ 1.5 mrad

5 Conclusion

In this paper we have presented the first superlattice struc-
ture produced by atom lithography. With a superlattice
period of 200um the quadratic chromium lattice changes
orientation and periodicity from./+/2=300nmto 1/2 =
213nm The FWHM of the narrowest chromium dots is
less then 70nm and, therefore, they are clearly separated.
The combination of narrow dots and large lattice periods
should make it possible to write a pattern in each unit cell
by atranslation of the substrate with respect to the light
mask.

In a current experiment we want to make use of the fact
that light masks are material selective. This special feature
of light masks will allow depositions of a homogeneous and
a structured layer at the same time, resulting in an artificial
material with a structured doping on a sub-100nm length-
scale. Such a material is a promising candidate for a photonic
crystal [9] or a quantum computer [10].
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