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Atom nanolithography with multilayer light masks: Particle optics analysis
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We studied the focusing of atoms by multiple layers of standing light waves in the context of atom lithog-
raphy. In particular, atomic localization by a double-layer light mask is examined using the optimal squeezing
approach. Operation of the focusing setup is analyzed both in the paraxial approximation and in the regime of
nonlinear spatial squeezing for the thin-thin, as well as thin-thick, atom lens combinations. It is shown that the
optimized double light mask may considerably reduce the imaging problems, improve the quality of focusing,
and enhance the contrast ratio of the deposited structures.
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I. INTRODUCTION

Since the early demonstration of submicron atom lithog-
raphy [1], the subject of focusing neutral atoms by use of
light fields continues to attract a great deal of attention. The
basic principle of atom lithography relies on the possibility
of concentrating the atomic flux in space, by utilizing spa-
tially modulated atom-light interactions. In the conventional
atom-lithographic schemes, a standing wave (SW) of light is
used as a mask on atoms to concentrate the atomic flux pe-
riodically and create desired patterns at the nanometer scale
[2]. The technique has been applied to many atomic species
in one- [3-11] as well as two-dimensional [12] pattern for-
mations. There are two ways to focus a parallel beam of
atoms by light masks in close correspondence with conven-
tional optics. In the thin-lens approach, atoms are focused
outside the region of the light field which happens for low-
intensity light beams. On the other hand, the atoms can be
focused within the light beam when its intensity is high. This
is known as the thick-lens regime and is very similar to the
graded-index lens of traditional optics. The laser focusing of
atoms depends on parameters such as the thickness of light
beams, the velocity spread of atoms, detuning of the laser
frequency from the atomic transition frequencies, etc. Ex-
perimentally, atomic nanostructures have been reported with
sodium [1,5], chromium [6,7], aluminum [8], cesium [9],
ytterbium [10], and iron [11] atoms.

Most theoretical studies of atom lithography employ a
particle optics approach to laser focusing of atoms [3,4,13].
The classical trajectories of atoms in the light-induced poten-
tial suffice to study the focal properties of the light lens. In
the case of direct laser-guided atomic deposition, the diffrac-
tion resolution limit will be ultimately determined by the de
Broglie wavelength of atoms and may reach several pico-
meters for typical atomic beams [14]. In practice, however,
this limit has never been relevant because of the surface dif-
fusion process, the quality of the atomic beam, and severe
aberrations due to anharmonicity of the sinusoidal dipole po-
tential. As a result, all current atom lithography schemes suf-
fer from a considerable background in the deposited struc-
tures. A possible way to overcome the aberration problem
was suggested in [15] by using nanofabricated mechanical
masks that block atoms passing far from the minima of the
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dipole potential. However, this complicates considerably the
setup and reduces the deposition rate. Therefore, there is a
considerable need for a pure atom optics solution for the
enhanced focusing of an atomic beam having a significant
angular spread.

In the paraxial approximation, the steady-state propaga-
tion of an atomic beam through a standing light wave is
closely connected to the problem of the time-dependent lat-
eral motion of atoms subject to a spatially periodic potential
of an optical lattice. From this point of view, enhanced fo-
cusing of the atomic beam can be considered as a squeezing
process on atoms in the optical lattice. In a recent work [16],
a squeezing technique has been introduced for atoms in a
pulsed optical lattice. This approach considered a time
modulation of the SW with a series of short laser pulses.
Based on a specially designed aperiodic sequence of pulses,
it has been shown that atoms can be squeezed to the minima
of the light-induced potential with a reduced background
level. Oskay et al. [17] have verified this proposal experi-
mentally using Cs atoms in an optical lattice. In Refs.
[16,17], the atoms were loaded into the optical lattice and the
dynamics of atoms along the direction of the SW was studied
as a time-dependent problem. The aim of the present study is
to extend the focusing scenario of Ref. [16] to the beam
configuration employed for atomic nanofabrication. We gen-
eralize the results on atomic squeezing in the pulsed SW to a
system involving the atomic beam traversing several layers
of light masks. In particular, we will investigate prospects
for reducing spherical and chromatic aberrations in atom
focusing with double-layer light masks. High-resolution
deposition of chromium atoms will be considered as an
example.

The structure of this paper is as follows. In Sec. II, the
basic framework of the problem is defined and the linear
focusing of atoms by a double-layer light mask is studied,
using the particle optics approach in the paraxial approxima-
tion. In Sec. III, we examine the optimal squeezing scheme
of [16] when applied to the atomic-beam traversing two lay-
ers of light masks. The effects of beam collimation and chro-
matic aberrations are considered in Sec. IV. Here, we opti-
mize the double-lens performance and give parameters for
the minimum spot size in the atomic deposition. Finally, in
Sec. V, we summarize our main results.
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II. FOCUSING OF ATOMS BY MULTILAYER LIGHT
MASKS: A CLASSICAL TREATMENT

The focusing property of single-SW light has been studied
in great detail by McClelland et al. [4,6]. The light acts like
an array of cylindrical lenses for the incident atomic beam,
focusing the atoms into a grating on the substrate. However,
because of the nonparabolic nature of the light-induced po-
tential, the focusing of atoms is subject to spherical aberra-
tions giving a finite width to the deposited features [4]. A
pair of light masks, made from two standing light waves,
may in principle reduce the focusing imperfections due to a
clear physical mechanism. In this configuration, the first SW
prefocuses the atoms towards the minima of the sinusoidal
potential. When the prefocused atoms cross the second SW,
they see closely the parabolic part of the potential which
should result in a reduction of the overall spherical
aberrations.

To test this scheme, we consider the propagation of an
atomic beam through a combination of two SW’s formed by
counterpropagating laser beams. The two SW’s are identical
except for their intensities and are assumed to be formed
along the x direction. Atoms are described as two-level sys-
tems with transition frequency w,. We take the direction of
propagation of atoms through the SW fields along the z di-
rection. If the atoms move sufficiently slow (adiabatic con-
ditions) through the light fields, the internal variables of at-
oms maintain a steady state during propagation [18]. In this
approximation, the atoms can be described as pointlike par-
ticles moving under the influence of an average dipole force.
The potential energy of interaction is given by [13,19]

U(x,z)=%ln[l +p(x,2)], (1)
where
I(x,2)
p(x,2) = Jranl 1, (2)

In Eq. (2), A is the detuning of the laser frequency from the
atomic resonance, I(x,z) is the light intensity, 7y is the spon-
taneous decay rate of the excited level, and /; is the satura-
tion intensity associated with the atomic transition. For the
arrangement of two SW light masks (denoted by 1 and 2)
with separation S between them, the net intensity profile of
light is given by

1(x,z) ={I, exp(~= 224 07) + I, exp[— 2(z — §)*/ 0> ]}sin’(kx).
(€)

Here, o, is the 1/¢” radius and A=2/k is the wavelength of
laser beams forming the SW’s. We consider the Gaussian
intensity profiles and ignore any y dependence of the laser
intensities since the force on atoms along the y direction is
negligible compared to that along the SW (x axis) direction.
I, and I, denote the maximum intensities of the standing
light waves 1 and 2, respectively. We neglect the overlap and
interference between the two SW’s. The intensity profile of
light and the focusing of atoms by light fields are shown
schematically in Fig. 1.
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FIG. 1. Schematic representation of laser focusing of atoms by a
double layer of Gaussian standing waves. The intensity profile
shows the Gaussian envelopes along the z axis and the sinusoidal
variations along the x axis.

The classical trajectories of atoms in the potential (1) in-
duced by the double-layer light masks obey Newton’s equa-
tions of motion

d*x 1 9U(x,2) d’z 1 9U(x,2)
ot =0, 5+
dt© m dx - m 0z

=0. (4

Using the conservation of energy, we can combine the above
two equations and solve for x as a function of z. This results
in two first-order coupled differential equations for x(z), «
=dx(z)/dz:

dx(z)
&Y _ .,
dz
da(z)_ 1+ ( au 2d_U)
b e\ e o) ®)

Here, E represents the total energy of the incoming atoms
(the kinetic energy in the field-free region) and « gives the
slope of the trajectory x(z).

We first study the focal properties of the light fields and
solve numerically Eq. (5) for an atomic beam that is initially
parallel to the z axis. The linear focal points and principal-
plane locations can be obtained by tracing paraxial trajecto-
ries as discussed in [4]. Some typical results are shown in
Fig. 2, where we present the numerical calculation of a series
of atomic trajectories entering the nodal region of both single
(I; #0, I,=0) and double (I;,I,#0) light masks. Table I
lists the parameters used in the dimensionless units, in which
length is expressed in units of A and frequency is in units
0, =hk*/2m corresponding to the recoil energy. We have
considered the intensities of light SW’s to be equal in the
case of double light masks. For the other variables, the val-
ues close to the experimental parameters of the chromium
atom deposition [20] are taken as an example, though the
general conclusions to be drawn should apply to other atoms.
It can be seen in Fig. 2 that a sharp focal spot appears in the
flux of focused atoms [21]. Despite the small size of the focal
spot, the overall localization of atoms in the focal plane is
not very marked. The atomic background in the focal plane
indeed gets reduced with double light masks as shown in the
inset of Fig. 2(c); however, this effect is not very pro-
nounced. To take full advantage of the double-mask arrange-
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FIG. 2. Numerically calculated trajectories of atoms for laser
focusing by a single- (a) and a double- (b) layer light mask. The
parameters used are I,/1,=1000, I,/1,=0 (a) and I,/1,=1000, I,
=1, =500 (b). All other parameters are the same as in Table I. The
solid (dashed) curve in graph (c) shows the probability density of
atoms at the focal point z=z,~650 (700) of the double (single)
light lens. The region to the right of origin (x=0) in graph (c) is
zoomed and shown in the inset.

ment, we have to replace the concept of linear focusing (use-
ful for paraxial trajectories only) by the notion of optimized
nonlinear spatial squeezing.

III. OPTIMAL SQUEEZING THEORY: APPLICATION
TO ATOM NANOLITHOGRAPHY

We have seen that the double light lens leads to some
improvement in feature contrast in the focal plane in com-
parison to the single light lens. However, even for a single
SW, the best localization of atoms (maximal spatial compres-
sion) is achieved not at the focal plane, but after the linear
focusing phenomenon takes place. To characterize the spatial

TABLE I. Parameters in scaled units. Frequency is measured in
recoil units and length in units of the optical wavelength. Energy is
given in the units of recoil energy fiw,.

Parameter Numerical value
Spontaneous emission rate y 238
Detuning A 9500
1/¢? radius of SW o, 120

Energy of the incoming atoms E 3% 10°
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FIG. 3. Localization factor of the atomic distribution for squeez-
ing by a single- (dashed curve) and a double- (solid curve) layer
light mask. The parameters used are I;/1,=1000, I,/1;=0 (dashed
curve) and 1,/1,=1000, I,=1,, S=S,,~ 1000 (solid curve). All other
parameters are the same as in Table I. The minimal value of L(z) is
0.31 (0.42), and it occurs at z=z,~ 1450 (1300) for the solid
(dashed) curve. In the case of the double light mask, the point
(z,4»S,,) corresponds to the numerically found global minimum of
the localization factor.

localization of atoms we use a convenient figure of merit, the
localization factor [16]

M4
L(z) = 1 = (cos[2kx(z,x)]) = %f dxo{1 = cos[2kx(z,x) 1},

-N4
(6)

where x(z,x,) is the solution of the differential equations (5)
satisfying the initial condition x — x,, at z— —. The average
in Eq. (6) is taken over the random initial positions of the
atoms, and the localization factor is measured as a function
of distance z from the center (z=0) of the first SW. The
localization factor equals zero for an ideally localized atomic
ensemble and is proportional to the mean-square variation of
the x coordinate (modulo standing-wave period) in the case
of a well-localized distribution (L<<1).

Reference [16] considered the squeezing process in the
time domain by analyzing the action of pulsed SW’s on at-
oms. In the Raman-Nath approximation, this corresponds to
the thin-lens regime (in the space domain) for interaction of
a propagating atomic beam with multiple layers of light
masks. According to the optimal squeezing strategy [16], the
time sequence of pulses applied to the atomic system is de-
termined by minimizing the localization factor. To apply this
procedure to atom focusing by the multilayer light masks, we
should minimize the localization factor (6) in the parameter
space: the separations between the light SW’s, their intensi-
ties, and the relative distance of substrate surface with re-
spect to the layers of light masks. This optimization can be
done numerically using the established simplex-search
method. Our numerical analysis shows that the localization
factor exhibits multiple local minima even for the simplest
case of double light masks. In Fig. 3, we plot the localization
factor as a function of distance z both for single and double
light masks around its global minimum (z,,,S,,). The inten-
sities of SW’s have been chosen to be equal and satisfy the
thin-lens condition of atom-light interaction [22]. The graph
shows that the localization factor gets a sizable reduction
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FIG. 4. Probability density of atoms at the point of the best
localization by a single- (dashed curve) and a double- (solid curve)
layer light mask. The parameters used are /,//,=1000, 1,/1,=0, z
=z,,~ 1300 (dashed curve) and 1,/1,=1000, I,=1I,, S=S,,~ 1000,
7=2,,~ 1450 (solid curve). All other parameters are the same as in
Table I. The region to the right of origin (x=0) is zoomed and
shown in the inset.

with double light masks, indicating an enhanced focusing of
atoms. The minimum values of L(z) in Fig. 3 are in confor-
mity with the values obtained for the optimal squeezing of
atoms with single and double pulses in the time-dependent
problem [16]. We emphasize that the best squeezing (local-
ization) of atoms does not occur at the focal point. Figure 4
displays the spatial distribution of atoms at the point of best
localization. Instead of a single focal peak, a two-peaked
spatial distribution of atoms near the potential minima is
observed in Fig. 4. The origin of these peaks can be related
to the formation of rainbows in wave optics and quantum
mechanics, and it is discussed in detail in [16,23]. Moreover,
on comparing the inset of Figs. 2(c) and 4, it is seen that the
optimized separation between the layers of the double light
mask results in a considerable reduction of the atomic depo-
sition in the background. This also leads to an overall in-
creased concentration in the atomic flux near the potential
minima.

We note that according to [16,17], further squeezing of
atoms can be achieved by increasing the number of identical
SW’s in the multilayer light masks. For the best localization,
again the optimized values for the separations between light
masks should be used.

In the above analysis, we have considered the case of
equal intensities for the light lenses and the problem has
been studied in the thin-lens [24] regime of atom focusing by
light masks. However, in many current atom-lithographic
schemes, focusing of atoms is generally achieved using an
intense SW light. This corresponds to the thick-lens regime
of the atom-light interaction. In this limit, the focal point is
within or close to the region of the laser fields and hence
detailed information on the atomic motion within the light is
required for a full description [4]. For the chromium atom
deposition, the focusing of atoms to the center of an intense
SW has been extensively studied both theoretically [4] and
experimentally [6]. We show here that a combination of thin
and thick lenses can result in the enhanced localization of
atoms with minimal background structures. For illustration,
we consider the focusing of atoms by a pair of light masks,
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FIG. 5. Minimal localization factor (best atomic localization) of
the atomic distribution as a function of the relative intensity I,
=1,/1; of the standing light waves in a double light mask. The
parameters used are the same as in Table I with 7;/7;=1500.

made of thin and thick lens. We fix the intensity of the first
SW light mask to satisfy the thin-lens limit and study the
best localization of atoms that can be achieved by varying
the intensity of the second SW. A plot of the minimal value
of the localization factor versus the relative intensity of the
second light mask is shown in Fig. 5. The graph shows that
the localization factor becomes almost insensitive to the
variation in relative intensity after the intensity ratio reaches
the value of 5 and it approaches a small value of L=0.15.
This result is to be compared with the value of L=0.31 for
the optimal squeezing by two thin lenses and L=0.42 achiev-
able by a single thin lens. Figure 6 shows the corresponding
trajectories of atoms and a plot of the atomic distribution at
the point of the best localization. Note that the optimized
double light mask reduces the atomic background by a factor
of 3 in the midpoint (x=0.25) between the two deposition
peaks (see the inset of Fig. 6). Moreover, the background in
the optimized double mask scheme is 5 times smaller when
compared to that of the usual atom deposition in the focal
plane (graph not shown) of a single thick lens.

IV. PARAMETERS FOR OPTIMAL SQUEEZING
OF A THERMAL ATOMIC BEAM

The effects that have been discussed so far assume an
initially collimated (@=0) beam of atoms with fixed velocity
(or energy). However, in atom optics experiments involving
thermal atomic beams, the atoms possess a wide range of
velocities along the longitudinal (z-axis) and transverse
(x-axis) directions. In order to characterize the atom focusing
under such conditions, we need to average the localization
factor, Eq. (6), over the random initial velocities and angles
of the beam. The averaging can be done by using the nor-
malized probability density [4]

1 1 v? a?
P(v,a)= —vtex [——(1+—>}, (7)
2V’ET aovg P 20% ag

where v, is the root-mean-square speed of atoms with aver-

age energy E Emv%/ 2. In the above equation, the term pro-
portional to v? exp(—vz/ZUé)dv represents the thermal flux
probability of having a longitudinal velocity v along the z
direction. The probability of having a transverse velocity
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FIG. 6. (a) Numerical trajectory calculation for laser focusing
by a double light mask. The parameters used for the calculation are
1,/1,=1500, I,=25I;, and S=S,,~1500. All other parameters are
the same as in Table 1. (b) Probability density of the atomic distri-
bution at the point (z,,S,,) of maximal squeezing by the double
light mask. The parameters used are the same as those of (a) with
z=z,,~1550. The point (z,,,S,,) is the numerically found global
minimum of the function L(z) with respect to the variables (z,S).
The dashed curve in graph (b) shows the atomic distribution at the
point z=z,, of the best localization by a single thick light lens with
parameters ,/1,=37500, 1,/1;=0, z,,~90. The region to the right
of origin (x=0) is zoomed and shown in the inset.

v,=av along the x direction is proportional to the Gaussian
distribution exp(~v?/2v}ag)dv,, where ay is the full width at
half maximum (FWHM) of the angular distribution. Using
the probability density (7), the averaged localization factor is
thus given by

2 a= v=° rxo=N4
L(z) = —f P(v,a)
A a=—xo J p=0 xp=—N4
X{1 = cos[2kx(z,x,) |}dxdvda. (8)

Here, x(z,x,) represents the solution of differential equations
(5) for varying initial conditions (xy,v,a) as z—— of
atoms. Note that the solution of Eq. (5) depends on the
initial conditions (v,@) through the energy term E
=mv?(1+a?)/2 as well.

Since the focal length of the light mask depends on the
velocity of the incoming atoms, the velocity spread in the
atomic beam leads to a broadening of the deposited feature
size. In the particle optics context of atom focusing, this is
referred to as chromatic aberration. In addition, the initial
angular divergence (a#0) of the atomic beam reduces
greatly the focusing of atoms. We are interested in the extent

PHYSICAL REVIEW A 72, 023417 (2005)

10 , ; 1.0 .
(a)
09 ko 1 os
\\

L@ o8| Te——e—e——- 1 o0s
0.7 | b 0.7

0.6 : ' 0.6 -

200 600 1000 1400 900 1800 2700
V4 VA

X

FIG. 7. Localization factor of the atomic distribution for squeez-
ing by a single- (a) and a double- (b) layer light mask. The param-
eters used are E=3X10°, ay=107%, 1,/1,=1500, and (a) 1,/1,=0,
(b) I,=1,, S=S,,~800. All other parameters used are the same as in
Table 1. The minimal value of L(z) is 0.67 [0.8], and it occurs at
2=2,,~ 1350 [975] in graph (b) [(a)]. The dashed and solid curves
in graph (c) give the atomic distribution at the point (z,,,S,,) of the
best localization by the single- and double-layer light masks with
the parameters of (a) and (b). The region to the right of origin (x
=0) in graph (c) is zoomed and shown in the inset.

to which the velocity and angular spreads degrade the opti-
mal squeezing of atoms. The best feature contrast in the pres-
ence of aberrations is again defined by minimizing the local-
ization factor, Eq. (8). We have carried out the triple
integration in Eq. (8) numerically and optimized the local-
ization factor L(z) in the parameter space (z,S) for the case
of double-layer light masks. Figures 7 and 8 display the
atomic distribution at the point of the best squeezing by thin-
thin and thin-thick lens configurations. On comparing the
results with those of a single thin or a thick lens, it is seen
that the thin-thick lens combination provides the smallest
feature size for the atomic deposition. In the case of thin-thin
lenses, the effects of chromatic aberrations are greater be-
cause of the strong dependence of focal length on the atomic
velocity. We note that, though the initial velocity and angular
spread of the thermal beam worsens the optimal squeezing of
atoms, the effects may become less important with increas-
ing the number of layers in the multilayer light masks. Fur-
thermore, chromatic aberrations can be greatly reduced by
employing low-temperature supersonic beams of highly col-
limated atoms.
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FIG. 8. Localization factor of the atomic distribution for squeez-
ing by a single- (a) and a double- (b) layer light mask. The param-
eters used are E=3 X 10°, ap=107%, and (a) 1,/1,=37500, 1,/1,=0,
(b) 1,/1,=1500, 1,=25I,, S=S§,,~1200. All other parameters used
are the same as in Table 1. The minimal value of L(z) is 0.5 [0.66]
and it occurs at z=z,,~ 1350 [160] in graph (b) [(a)]. The dashed
and solid curves in graph (c) give the atomic distribution at the
point (z,,,S,,) of the best localization by the single- and double-
layer light masks with the parameters of (a) and (b). The region to
the right of origin (x=0) in graph (c) is zoomed and shown in the
inset.
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V. SUMMARY

In this paper, we presented particle-optics analysis of
atom lithography, using multiple layers of SW light masks.
In particular, we studied the spatial focusing of atoms by a
double layer of standing light waves with particular reference
to minimizing the feature size of atomic deposition. At first,
linear focusing of atoms using a paraxial approximation was
considered. This showed an improvement in feature contrast
at the focal plane, but the effect was rather modest. We then
applied the approach of optimal squeezing that was sug-
gested recently for the enhanced localization of atoms in a
pulsed SW [16]. We showed that this approach works effec-
tively for atomic nanofabrication and can considerably re-
duce the background in the atomic deposition. Based on the
optimal squeezing approach, a new figure of merit, the local-
ization factor, was introduced to characterize the atomic lo-
calization. Both thin-thin and thin-thick lens regimes of atom
focusing were considered for monoenergetic as well as ther-
mal beams of atoms. The parameters for the smallest feature
size were found by minimizing the localization factor. We
have shown that using a proper choice of lens parameters, it
is possible to narrow considerably the atomic spatial distri-
bution using a double-layer light mask instead of a single-
layer one. Finally, we note that our model calculations ne-
glect the effects of atomic recoil due to spontaneous
emissions and dipole force fluctuations. These effects are
generally beyond the scope of classical particle optics analy-
sis and can be treated by means of a fully quantum approach.
A detailed quantum mechanical study of the optimal atomic
squeezing when applied to nanofabrication will be published
elsewhere.
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