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Beams of neutral metastable atoms can be patterned by spatially dependent deexcitation in a
standing wave of laser light. Metastable atoms which hit a substrate transfer their internal energy
(10-20 eV to the surface and activate the formation of a durable carbonaceous resist from a vapor
precursor. The resist can be used as an etch mask to transfer patterns into the substrate material. In
this work, we report a recent experimental demonstration of this “standing wave quenching”
(SWQ patterning technigue. We also present an analysis of the accuracy to which atom lithography
and SWQ can form a periodic reference array for length metrology. We find that, with some
modification of the experimental setup and parameters, the absolute periosladros patterned

area can be known to one part in®10© 1998 American Vacuum Society.
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I. INTRODUCTION The dissipation of the internal energy of*A(12 eV) can

Neutral atom lithography has demonstrated parallel depot-)e initiated by a single IR photon before the atom reaches a

sition of sub-100 nm lines and dots in periodic arr&ysin surface. This process, known as optical "quenching,” con-

these techniques, an atom beam is patterned by a standiﬁg s a metas?able atom, which cont.ams sufficient energy to
wave of laser light and then impinges upon an underlyin mage a resist or affect a surface, into a ground state atom,

. . . . '7
substrate. In this article, we discuss the use of patterr%g/hwh is chemically inert

- . ) -
formed by atom lithography as a periodic reference artifact, In SWQ, we use a periodic optical field to Ipcallzg Ar
or “nanoruler”, whose sub-micron period is known to sub- atoms on a nanometer length scale. The single infrared

nanometer accuracy and precision. Such an artifact might b%tandlng-wave field is used both to de-excite atoms from the

useful for accurate measurements of mm-scale distances Bretastable state to the inert ground state, and to confine the
for calibration of a high-precision metrology tool. remaining metastable atoms in an optical poterfiarhe

Standing wave quenchif§WQ), the spatially dependent metastable atoms are quenched to the atomic ground state

deexcitation of metastable atoms in a standing wave of Iaseerveryyvhere except in narrow regions around the nodes of the
{aﬁandlng wave. Ar atoms transmitted through the nodes re-

light, has recently been demonstrated as a sub-100 nm ato thei t th ; o f durabl ist
lithographic patterning techniqfeSWQ has several attrac- €ase heir energy at the surtace to Torm a durable resis
which subsequently serves as an etch njask Fig. 1a)]. In

tive features as the patterning step for a nanorylerithe ) ;
P 9 b Ui R recent experiment, SWQ was used to pattern Si over an

standing wave period is referenced to an atomic transitio : . .
frequency;(2) the standing wave is directly retroreflected, area of~0:5 mf gnd form lines with widths as small as 65
nm [see Fig. )].

which minimizes angular alignment errors; a the : . . .
9 g 8 In operation, the standing-wave field acts as a series of

waveguide-like nature of the atom-laser interaction make ides for at The light-induced potential
the pattern periodicity insensitive to source properties. “_Tossy waveguides tor atoms. 1he fight-induced potential con-

Sec. II, we will explain SWQ in more detail and review ines atoms near the nodes of the standing wave, just as the

recent experimental results; in Sec. I, sources of uncertaint d?X grad|ent_|n glass conflne_s photons to the core of an
in the period of the pattern will be discussed; in Sec. IV, we, ptical waveguide. In the potential well formed by the stand-

will compare this method with other methods and discus%ng wave, the ground s.tate vibrational mode. has a much
future work. ower loss rate than excited modes. After sufficient interac-

tion with the standing wave light field, only metastable at-

oms in the ground vibrational mode remain. The product of
II. METHOD AND RECENT RESULTS the widths of the transverse position and momentum distri-
butions of metastable atoms transmitted through each node
can approach the limit stated by the Heisenberg uncertainty
principle, AX- Ap=#/2.

Metastable argon (AP and other metastable atofmsan
be used to pattern a self-assembled monolayer tésistto
activate the growth of a carbonaceous resist mat&riah
subsequent etch step transfers the resist pattern to the sub-
strate material, to form features with sizes as small as 2
nm? Patterns have been transferred into Au, Si, Si5N,, ?”' ERROR ANALYSIS

and GaAs.® In this section we will examine the sources of error in the
period of a pattern fabricated using atom lithography and
dElectronic mail: joseph@atom.harvard.edu SWQ. We will discuss the case of a grating patterned using a
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Fic. 2. Optical setup for standing wave quenching=Mirror, OF=optical

I Substrate fiber, L=lens, RM=retroreflection mirror, Af=incident metastable argon
metastable atom =® ground state atom = O atoms, and Ssubstrate. The outlines indicate the spatial extent of the laser

b)

the wavelength is known is limited only by the accuracy with
which the transition frequency can be measured, because the
speed of light is a defined constant.

We use saturation spectroscdpyo lock the laser fre-
quency to the 4[3/2]‘2)—4p[5/2]2 resonant frequency. Laser
spectroscopy is capable of extremely high precisions; with-
out significant technical effort, we are able to determine the
frequency of the laser to a precision of 1 MHz, which is
| — approximately three parts in 40
1 800 nm
Fic. 1. (9 Schematic.diagram of standing wave quencl‘ﬂﬁ_gVQ). Meta- ' The period of a standing wave ig2 cosé, whered is the
stable atoms are optically quenched everywhere except in narrow regions .
around the nodes of the standing wave. An atom which is quenched dissRNdle each beam makes with the plane of the substrate. For
pates its internal energy as an ultraviolet photon and returns to the inetl. techniques which use the interference pattern of two
atc;fmic gfoggdbztcfi(tekoz:s Jganosrmiii‘i Kfﬂm?tasﬁg\?v'gtgtggnsosiﬂtzfigtrb"g:h theeams directly to pattern a resigtmust always be nonzero
2zegli: ?nnateria[.b) gtomic forf:)e rr?icroscopy image of thg pattern created Sl‘!Ch that the |Ight Is incident on t,he S,UbStrate' Uncertalr,]ty in
by SWQ. The featureswhite in this image etched into the S{110 sub-  this angle dominates the uncertainty in the absolute period of
strate had a height of 12 nm, had an average full width of 65[am  the pattern formed?
measured by a scanning electron microsc@&M)], and extended over an Since SWQ uses the Standing wave amaskfor the
area of~0.5 mnf. atoms, the standing wave is above the substrate and can have

0~0 (see Fig. 2 In our experimental setup, we use the light

from a single-mode optical fiber to form the standing wave.

We align by retroreflecting the light through its original op-
single standing wave, but the errors discussed also apply totigal path to maximize its reinsertion back through the fiber.
grid of dots patterned by a four-beam interference pattern. We measure the angular sensitivity of this procedure to be

In SWQ, features are formed beneath the nodes of thé 50 urad, which translates to a mask period which/2 to
standing wave, which are nominally spacedxsg, wherex ~ oughly one part in 10
is the laser wavelength. As in all interferometric lithography
(IL) methodst! the pattern is formed in a single exposure, C. Wave front aberrations

such that there are no stepping errors. However, this method 1,4 standing wave is formed by a Gaussian beam whose
differs from most IL methods because the standing waveqinimum waist (1¢? intensity radius is placed on the ret-
does not pattern the substrate directly. We will discuss bothgreflection mirror(see Fig. 2 This choice is made such that
the errors in the mask periodicitpecs. Il A-lll C) and the  the interfering beams have the same profile. Nodes in the
errors in the pattern transfer to the substrate via at@ass. standing wave will have the same shape as the constant
HID-HIF). phase fronts of the interfering traveling waves. If atoms fol-
A. Laser wavelength low the nodes, just as Iight followsf a curved opticql fiber,
then the nodal curvature will result in a systematic displace-
The resonant wavelength of thes[®/2]5—4p[5/2],  ment of the pattern. If the curvatufand thus the displace-
quenching transition of argon is 801.6990 nm in vacuum, aien) changes across the patterned area, a systematic reduc-
a frequency of 3.739 46410 Hz.'? Because exposures are tion in the period will occur.
performed in vacuum, the laser wavelength is not modified The radius of curvatur® of the wave fronts in a Gaussian
by refractive or pressure shifts. Thus, the accuracy to whictbeam atz away from the minimum waist iSR=2z(1

UV photon = VW% deposited material = light. Not to scale.

B. Standing wave angle
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+(2/2)%, where \ is the wavelength of the lightz,
=ww§/)\ is the Rayleigh range, andg is the minimum
waist. Patterns are formed at approximately 1 cm from the
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retroreflection mirror across a length of 1 mm. W, g »
=1mm, then the curvature &=1cm is 1.5 km, which g 10 &
results in a deviation from planar af§/2R=O.3 nm atwg S 0 &
from the beam center. This deviation would increase by 0.03 §
nm across the 1 mm patterned area. Since only the increase sh_10} . . ]
in nodal displacement affects the period, the magnitude of ® = 0 5
this effect is only 0.03 nm, or three parts in®1@&cross the longitudinal location (mm)
1-mm-wide patterned area. Fic. 3. Average transverse position, in nm, of a distribution of metastable

For smaller beam radii or larger patterned areas, thigtoms within a standing wave node, vs longitudinal location, in mm, relative
phase chirp of the pattern will be more significant. Also,to the center of the standing wave. In this examplé, Atoms were incident

[P ; ; on the standing wave with an average incident angle-6f1 mrad. The
angular errors not Slgnlflcant hesince they scale with the atoms which initially oscillate about the node are quenched, such that the

cosine of t_he wave front anglemay become important. ansmitted atomic distribution is centered to withif8000 of the node
However, since one can calculate the effect from the lasetenter. Laser parameters: 400 mW power, 35 MHz detuning above reso-

beam parameters, we could still predict the period to bettefance, and 5 mm waist. Atomic beam parameters: uniform spatial distribu-
accuracy than the magnitude of the eff&t. tlon_, 0.5 mrqd angular spread, 0.1 mrad angular offset, and 800 m/s longi-
. . . . tudinal velocity witha+13% spread.
Diffraction from the clipping of the standing wave on the
substrate (see Fig. 2 could also cause wave front

diStOf‘tiOﬂE"6 We have verified that the pl’oﬁle of a laser beam brational mode of the Standing wave, since the output Spa‘[ia|
clipped at its edgeat 16” of maximum intensity is not gistribution is completely determined by the ground state

significantly altered when viewed one Rayleigh range frommode. This is desirable for precise reproduction of the light

the clip point. To avoid the effects of diffraction, one could mask, because the final pattern will be independent of source
“preclip” the Gaussian beam and then reimage the clippedhperrations. In practice, some fraction of the excited vibra-

profile above the substrate. Aberrations in mirrors and lenseggnal states is still transmitted.

would also distort wave fronts, but optics with figure and Figure 3 shows an example of the localization of an

roughness on the nanometer scale are commercially avaiktomic wave packet within a standing wave node. Atoms

able. with a 0.5 mrad angular spread and 0.1 mrad offset from
_ perpendicular are incident on a standing wave with a waist of
D. Substrate/mask alignment 5 mm, 400 mW total power, and a frequency 35 MHz above

The mirror which forms the standing wave determines thdesonancé! As atoms enter the standing wave, they occupy
node positions in the standing wave: there must be a node dRultiple vibrational states and begin to oscillate. However,
the mirror, and all nodes are spaced b{. Thus if the atoms in higher vibrational states are preferentially
mirror moves with respect to the substrate, the standing wavauenched, such that after sufficient interaction distance, all
“mask” shifts, and the pattern can be blurred. To test thefemaining metastable atoms are localized near the nodes. A
mechanical stability of our substrate mount, we used the reubstrate could be placed &6 mm (see Fig. 3, where the
roflection mirror mount to hold one of two optical cavity oms are centered &/3000, or 0.3 nm. This error is not
mirrors. We found that the mount was sufficiently stiff that cumulative, i.e., the offset of one wave packet does not offset
the relative motion would not significantly affect the fabri- the adjacent node’s wave packet. Therefore if 0.1 mrad is the

cated feature size. Even if this motion were to broaden théargest incident atomic angle across a pattern 1 mm in length,

features, the period would be unaffected. the error in the average period of the pattern will be three
If the mirror which retroreflects the quenching light is not Parts in 10.

perpendicular to the substrate, the average period on the sub- Theé mean position of transmitted atoms that had larger

strate will be longer than the period of the mask by 1/6os initial angular offsets would deviate farther from the center

where ¢ is the deviation from perpendicular of the substrate©f & node. However, higher angles lead to smaller transmis-

and mirror. In order to align this angle, we used a reflectiveSions because the atoms couple less well into the ground

substrate and the mirror as a corner cube for a HeNe aligritate, so high contrast patterns will appear only in the regions

ment laser. Looking=1 m away, we could ensure that the Of high accuracy. Transverse laser cooffhgllows the at-

angle is perpendicular to better than 1 mrad, such that th@mMS to be incident at average angles of less than 0.1 mrad

period is affected less than five parts i 1his alignment acros a 1 mnf patterned area.

procedure can easily be improved by using a larger distance

or a smaller alignment beam. F. General issues when using a reference artifact

There are several error sources which apply to the use of
any reference artifactl) measuring and stabilizing the tem-

In principle, the incoming spatial and angular distribution perature of the substrat€2) minimizing the strain of the
of atoms affects only the coupling into the ground state vi-substrate due to clampiné3) measurement uncertainty.

E. Effects of incident atom angle
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The period of the artifact must be corrected for the changa pattern formed by SWF are currently in progress at the
in temperature between fabrication and measurement. Thigational Institute of Standards and Technolc(lg;LIST).20
temperature of the substrate in our current apparatus is sta- Future work includes using SWQ to fabricate a structure
bilized to £15 mK. We have patterned Sj@ith a variety of  with high expected accuracy, and then measuring the period
etching techniques, and therefore it would be possible to etchf the pattern produced. Fabrication of an array of dots
patterns into, for instance, fused silica, which has a coeffiwould eliminate errors due to nonperpendicular translation
cient of expansion of 02610 6 K™1. Thus a 15 mK uncer- between lines. Finally, improvements to the technique such
tainty would correspond to a period uncertainty of less tharas smaller features, larger patterned area, and lower run
one part in 18, times would facilitate fabrication and evaluation of these ref-

When affixing the substrate to a mounting surface, clamperence artifacts.
induced stress may distort the period of the pattern. Silicon
and glasses have elastic modulae~df50 GPa. If a clamp- ACKNOWLEDGMENTS
ing force of less tha 1 N isused at the ends of a substrate
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terns whose absolute period is known to sub-nm accuracy. tesides, Scienc269, 1255(1995.
The strengths of the method include a period referenced to°S. Nowak, T. Pfau, and J. Miynek, Appl. Phys. B: Lasers @@t.203

: o : ; _ (1996; A. Bard et al, J. Vac. Sci. Technol. B5, 1805(1997).
an atomic transition frequency, small alignment-induced er 7. . Johnson, K. K. Berggren, A. Black, C. T. Black, A. P. Chu, N. H.

rors, and insensitivity to source propertie_s. Assuming W€ are pekker, D. C. Ralph, J. H. Thywissen, R. Younkin, M. Tinkham, M.
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SWQ can create a reference array whose average period i§S- J- Rehse, A. D. Glueck, S. A. Lee, A. B. Goulakov, C. S. Menoni, D.

known to one part in 10across 1 mm. Using this array as a C'ggg'ph’ K.'S. Johnson, and M. Prentiss, Appl. Phys. L&t 1427
calibration artifact with an accuracy of 1 ppm would be pos- 93 4. 'I"hywissen, K. S. Johnson, N. H. Dekker, M. Prentiss, S. S. Wong,
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Ing wave fOCUSIhg[SWF'),l an atom lithographic technique in  (North-Holland, Amsterdam, 1976p. 196 and references therein: E. H.
which the standing light wave acts as an array of lenses for Anderson, C. M. Horwitz, and H. I. Smith, Appl. Phys. Le#, 874
atoms, just as the standing wave acts as an array of,(1983.

. . . . NIST Database for Atomic Spectroscopy, NIST Standard Reference Da-
waveguides for atoms in SWQ. The period of the standing p.c1 July 1995. P i

wave is similarly referenced to an atomic transition, but there3k. simoda, Introduction to Laser PhysicgSpringer-Verlag, Berlin,

are several important differenceld;) small feature sizes in ) 1991, pp. 148-165.

SWF require small laser spot sizes such that the wave fronf. et |- Smith(private communication
5The effect of curved wave fronts in interferometric lithography was mod-

curva'ture(Sec. Il B) would be more S|gn|f|can(2) optlmal . eled by J. Ferrera, M. L. Schattenburg, and H. I. Smith, J. Vac. Sci.
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cantly' (3) the line positions at the substrate depend upon the because the atoms begin to diffract once they are released from the optical
: potential.

incoming atoms’ angles, pecause images are formed in theyynen the laser frequency is detuned above the atomic resonance, the light
Fourier plane of the standing wave lenses. Measurements ofinduces an electric dipole moment in the atoms. The potential energy of
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