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Periodic nanostructures spaced by half of the wavelength can be obtained by the technology of laser-focused
atomic deposition. Experimental result with single standing wave layer is presented, with a periodicity
of 213 + 0.1 nm, a height of 4 nm, and a feature width of 64 £6 nm. To further minimize the feature
width,focusing and depositing characteristics of double standing wave layers are numerically simulated
with optimized particle optics model. It is shown that the spherical aberration is reduced significantly.
The predicted feature width is 18.2 nm and the height is approximately 12.6 nm when the powers of the
two standing wave layers are 6 and 14 mW, respectively. Well-defined line occurs even when the full-width
at half-maximum (FWHM) of transverse angular spread reaches 0.5 mrad.
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The fabrication of nanoscale structures by neutral
atom lithography has the potential to significantly
put forward the nanotechnology, ranging from device
miniaturization in electronic industry to nanometrol-
ogy. Over the last two decades, one-dimensional
(1D) structures with this direct deposition tech-
nique have been grown with sodium™, chromium[®3!,
cesium™®?! aluminum!®, ytterbium(”, iron!®, barium®,
and metastable helium'”). Focusing and depositing char-
acteristics of single standing wave layer (SL) with particle
optics model have been studied in great detail by McClel-
land et al.''=1%] The standing wave light field acts as an
array of cylindrical lenses for the incident atomic beam
analogous to conventional optics lens, focusing the atoms
on the substrate. The standing wave microlens arrays are
not perfect just like their conventional optical counter-
parts, for they suffer from multiple aberrations. Because
of the nonparabolic nature of the light-induced potential,
the focusing of atoms is subject to spherical aberrations
giving a finite width to the deposited features as well
as a more or less homogeneous background. Longitudi-
nal velocity spread corresponds to chromatic aberrations
and broadens the microlens focus as well. Transversal
beam spread significantly broadens the spot size of the
microlens focus, which can be controlled by laser cool-
ing. The elimination of various aberrations in conven-
tional optics can be realized by a combination of a set of
lens. Similarly, a pair of light masks, made from double
standing light wave layers (DL), may in principle reduce
the focusing imperfections including spherical aberration
and transverse angular divergence. Arun et al.['8) have
done some pioneer work on this topic. However, most of
their work focuses on the local optimization of the pa-
rameters. In this letter, experimental result with SL is
presented firstly and in an effort to further minimize the
feature width, studies concerning the properties of DL
will be given with optimized particle optics model*®!.
Atom lithography with SL which serves as a focusing
mask, free from matter, for a suitable substrate is de-
picted in Fig. 1°!. After travelling through small atomic
lens arrays formed by a near-resonant standing wave, the
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light force exerted on an atom enables an atomic beam to
concentrate exactly at the nodes (blue detuning) or the
anti-nodes (red detuning) of the standing wave. When a
silicon substrate is located sufficiently close and parallel
to the light field, a series of well-defined periodic lines
will be seen, spaced right half of the wavelength.

Figure 2 shows the atomic force microscope (AFM) im-
age of the deposited sample with SL in our group[®l. The
wavelength of the laser in vacuum is 425.55 nm with re-
spect to 2Cr atomic transition 7S5 —7 P. The 1/e? ra-
dius of the Gaussian beam (wy) is roughly 100 gm. The
laser frequency for deposition is blue shifted 500x 27 MHz
by an acoustic optic modulator from the resonance. The
total input power of the laser is 180 mW, including laser
frequency stabilization of 24 mW, laser cooling of 31 mW,
and laser focusing of 15 mW. To avoid the diffraction, the
silicon substrate is separated from the center of the Gaus-
sian beam by 1.5 wg. After a deposition time of 62 min,
the sample is taken out from the vacuum chamber and
then examined by AFM. The AFM image of the sample
shows the surface three-dimensional (3D) topography of
a bx5-um area and a height of 4 nm. Periodic chromium
lines with mean periodicity of 213 + 0.1 nm is obtained,
and the feature width presented is 64+6 (nm). Although
the deposited lines of the nanograting are well-defined,
the feature width is far from satisfactory.

The arrangement of DL is shown in Fig. 3. The inten-
sity profile of light field is given by

2
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where D is the separation between the two standing
waves,w; and ws denote the 1 / e? radius of the two laser
beams, respectively, and k = 27/A, where A is the wave-
length. I = 2P1/7rwf and Ir = 2P2/7rw§ represent the
peak intensities of the two standing waves, respectively,
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Fig. 1. Geometry for laser-focused atomic deposition.
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Fig. 2. (a) AFM image of Cr features with SL. The image
covers an area of 5x5 (um) . The periodicity of sample is
213+0.1 nm by power spectrum density (PSD) calculation;
(b) line profile is shown by the section analysis, and the lo-
cation analyzed is indicated on the AFM image with white
bright line. Lines are approximately 644+6-nm wide and 4-nm
high.

Fig. 3. Schematic of DL. The contour shows sinusoidal varia-
tion envelopes along the z axis and the Gaussian distribution
along the z axis.

where P; and P, are the powers of the two laser beams.
The overlap and the interference can be neglected when
d > 3w;. L denotes the distance between the substrate
and the Gaussian center of the first SL. ¢ represents the
phase of the two layers, which is set to be zero for sim-
plicity.

The optical potential associated with the dipole force
in low-intensity and large detuning regime is

nA I(z,2) T?
U= “( L T raaz) @

where A is the detuning, n is Plank’s constant divided
by 2w, I is the natural width of the transition, and I is
atomic saturation intensity. The motion equation of neu-
tral particles in double standing wave light field is given

by a set of differential equations!*!]
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where Ej represents the kinetic energy.

Experimentally the atomic beam scattering from the
atom oven is precollimated by an aperture intersecting
the atomic beam and further collimated by laser cool-
ing techniques. Generally the longitudinal velocity v,
of the chromium beam obeys the Maxwell-Boltzmann
statistics and the initial transverse divergence defined by
«a = v, /v, exhibits a Gaussian spread, where v, is the
transverse velocity. The combined density probability re-
lation between v, and « can be written asl*!

v? a?
P (v,, ) o< v} exp <_W (1—1-?)), (4)
0 0

where vg is governed by the oven temperature through
0.5muvE = 0.5k Toven, (5)

where kp is Boltzmann constant and Toyen represents the
teI[np]erature of the atomic oven. The angle «q is given
by 17

vV2 -1, (6)

where apwpnnm is obtained through fluorescence experi-
ments. Furthermore, naturally occurring chromium in-
cludes approximately 84% ®2Cr that is free of hyperfine
structure. The other isotopes such as ®3>Cr and °*Cr do
not couple to the laser field. The portion of isotopes
is sensitive to experimental geometry during the cooling
process!'3l . Here we accept the worst case of 16.2%.

Optimized particle optics model™® where the initial
condition is stochastically selected is used to simulate
the deposition process in the double Gaussian SLs. The
initial condition (z;,v;, a;, T;) for each trajectory is cho-
sen on a grid with Monte Carlo method. Obviously the
initial position x; is uniformly distributed. The longitu-
dinal velocity v; and the initial transverse angle «; just
obey the combined probability density relation defined
by Eq. (4). T; determines whether an atom scattering
out from the oven is 52Cr or not. If a ®>Cr atom comes
out, we would resort to differential Eq. (5) to trace the
corresponding trajectory; otherwise the trajectory should
be a straight line because there is no coupling between
the laser field and the atom. At the image plane, a his-
togram of the probabilities is accumulated as a function
of position, resulting in a predicted flux distribution at
the surfacel'!.

The spontaneous emission rate for °2Cr is I' = 5 x 27
MHz and the saturation intensity Iy = 85 mW /em?2. The
detuning is A = 250 x 2w MHz blue shifted from the
resonance. Let Toven = 1823 K, apwagm = 0.16 mrad,
wy; = we = 60pum, d = 3w; and L = 4.2w; respec-
tively. Obviously best focusing process occurs when the
two focal planes coincide with the substrate. From the
viewpoint of particle optics theorem, the laser power re-
quired for bringing the focal plane at the object plane is

ag = apwiM/
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Procus = o UF2k2 , (7)

where « is the excitation parameter. According to
Eq. (7), the laser powers that bring the two focal planes
at the substrate are P, = 6 mW and P, = 14 mW,
respectively.
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Fig. 4. (a) Trajectory calculation of deposited atoms for four
peroids in DL. f; is the focal plane of SL, while f5 is that of
DL. In total 200 trajectories are traced; (b) normalized flux
distributions at f1 and f2, showing feature widths of 30.5 and
18.2 nm, respectively.
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Fig. 5. Feature width as a function of arwum for both SL
and DL cases.
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Fig. 6. Normalized flux distributions when arwum=0.5 mrad
for both (a) DL and (b) SL cases, showing feature widths of
68.5 and 146.3 nm, respectively.

Figure 4 shows the calculated trajectories of atoms in
DL and its corresponding feature widths. As can be seen
from Fig. 4(a), the spot size of f> is much smaller than
that of f1, which we believe arises from the reduction
of the spherical aberration. In this configuration, the
first layer prefocuses the atoms towards the minima of
the sinusoidal potential of the second layer. The light
intensity of the second layer I (x, z) is proportional to
sin?(kz) which can be expanded as

I (z, 2) o sin® (kx)
1| (2ka)® (4kx)?  (6kx)”
B e T Y

When the prefocused atoms cross the second standing
wave, they see closely the parabolic part of the potential
which should result in a reduction of the overall spherical
aberration. In addition, the feature widths obtained in
Fig. 4(b) for both SL and DL cases are 30.5 and 18.2
nm, respectively, when the total amount of the deposited
atoms is 5 x 10* in one period. The heights are approx-
imately 8.5 and 12.6 nm for both cases. In comparison
with the result with SL shown in Fig. 4(b), a significant
reduction of feature width for DL case occurs. Also the
height is enhanced considerably. Thus with the prefo-
cusing scheme, a much better deposition result appears,
which makes DL a rather competitive candidate for the
following experiment.

Since DL mechanism offers a far stronger focusing
property than SL, we may expect focusing with rela-
tively large transverse angular distributions. Figure 5
shows the transverse angular dependence of the feature
width for both SL and DL cases. The circles represent
the trend of SL. The predicted flux is taken from the
histogram at f; which corresponds to SL. As the angu-
lar increases from zero, the feature width shows a rapid
increase. When apwuwm is 0.38 mrad, the feature width
reaches as large as 100 nm, which is improper for the ex-
periment because the transverse kinetic energy exceeds
the depth of the potential well. The squares correspond
to the trend of DL. The slope is much smaller that that of
SL. As can be seen from Fig. 6(a), well-defined line can
still be seen even when apwaym=0.5 mrad for DL case,
with a feature width of 68.5 nm. While in Fig. 6 (b), the
feature width for SL reaches as large as 146.3 nm. Thus
demand for laser cooling scheme in DL configuration
may be reduced considerably.
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In Conclusion, latest experimental result with SL is
presented in this letter. The feature width obtained is
64 + 6nm and the height of the deposited lines is 4 nm.
In order to further reduce the feature width and im-
prove the quality of the focusing process, focusing and
depositing characteristics of DL are numerically studied
via optimized particle optics model. In comparison with
SL, a significant reduction in feature width is predicted
even when the transverse angular spread is relatively
large. Thus DL is a competitive candidate light mask for
the atom lithography experiment.

The project was supported by the National Natural
Science Foundation of China (No. 10804084) and the
Fundamental Research Funds for the Central Universi-
ties (No. 1340-219-042).

References

1. G. Timp, R. E. Behringer, D. M. Tennant, and J. E.
Cunningham, Phys. Rev. Lett. 69, 1636 (1992).

2. J. J. McClelland, R. E. Scholten, E. C. Palmand, and R.
J. Celotta, Science 262, 877 (1993).

3. Y. Ma, T. Li, W. Wu, Y. Xiao, P. Zhang, and W. Gong,
Chin. Phys. Lett. 28, 073202 (2011).

4. F. Lison, H. J. Adams, D. Haubrich, M. Kreis, S. Nowak,
and D. Meschede, Appl. Phys. B 65, 419 (1997).

ot

10.

11.
12.

13.

14.

15.

16.

17.

S521403-4

. D. Meschede and H. Metcalf, J. Phys. D 36, 17 (2003).

. R. W. McGowan, D. M. Giltner, and S. A. Lee, Opt.
Lett. 20, 2535 (1995).

R. Ohmukai, S. Urabe, and M. Watanabe, Appl. Phys.
B 77, 415 (2003).

E. te Sligte, B. Smeets, K. M. R. van derStam, R. W.
Herfst, P. van der Straten, H. C. W. Beijerinck, and K.
A. H van Leeuwen, Appl. Phys. Lett. 85, 4493 (2004).

A. Fioretti, A. Camposeo, F.Tantussi, E. Arimondo, S.
Gozzini, and C. Gabbanini, Appl. Surf. Sci. 248, 196
(2005).

S. Nowak, T. Pfau, and J. Mlynek, Microelectron. Eng.
35, 427 (1997).

J. J. McClelland, J. Opt. Soc. Am. B 12, 1761 (1995).

W. R. Anderson, C. C. Bradley, J. J. McClelland, and R.
J. Celotta, Phys. Rev. A 59, 2476(1999).

E. Jurdik, “Laser manipulation of atomsand nanofabri-
cation”, PhD. Thesis (University of Nijmegen, 2001).

X. Chen, H. Yao, and X. Chen, Chin. Opt. Lett. 2, 187
(2004).

P. Zhang, Y. Ma, and T. Li, Acta Opt. Sin. 31, 0514004
(2011).

R. Arun, I. Sh. Averbukh, and T. Pfau, Phys. Rev. A
72, 023417 (2005).

R. E. Scholten, R. Gupta, J. J. McClelland, and R. J.
Celotta, Phys. Rev. A 55, 1331 (1997).



