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The influence of divergence angle on the deposition of
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The characteristics of neutral chromium atoms in the standing wave field are discussed. Based on a semi-classical
model, the motion equation of neutral atoms in the laser standing wave field is analyzed, and the trajectories of the
atoms are obtained by simulations with the different divergence angles of the atomic beam. The simulation results show
that the full width at half maximum (FWHM) of the stripe is 2.75 nm and the contrast is 38.5 : 1 when the divergence
angle equals 0 mrad, the FWHM is 24.1 nm and the contrast is 6.8:1 when the divergence angle equals 0.2 mrad and
the FWHMs are 58.6 and 137.8 nm, and the contrasts are 3.3 : 1 and 1.6 : 1 when the divergence angles equal 0.5 and

1.0 mrad, respectively.
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1. Introduction

The remarkable capabilities of laser cooling and
trapping techniques for the precise control of atoms
have led to great advances in the field of atom op-
tics. Direct-write atom lithography is one of the most
promising methods to fabricate nanometer-scale fea-
tures. Using neutral atoms for nanofabrication has a
number of distinct advantages over the other methods,
including photon, electron and ion beam lithography.
Because the neutral atoms are massive compared with
the photons or the electrons, they tend to have a very
small de Broglie wavelength, and hence the diffraction
effects do not affect the resolution limit. Also, because
they are charge-neutral, unlike electrons or ions, neu-
tral atoms are not affected by the space charge ef-
fect, which makes it easy to concentrate many par-
ticles into a very small region.l!=3] The basic prin-
ciple of atom lithography relies on the concentration
of the atomic flux in space by using spatially mod-
ulated atom-light interactions. In atom lithography
schemes, a standing wave (SW) of light that serves
as an array of parallel atom lenses is used to con-
centrate the atomic flux periodically and create de-

(4]

sired patterns at the nanometer scale.'*’ Up until now,

atom lithography has been applied using different

DOI: 10.1088/1674-1056/21/3/033301

atoms including sodium,® chromium,® aluminum,!®

8] and ytterbium. !

cesium,[” barium

The purpose of direct-write atomic lithography is
to deposit small features. There are some effects that
contribute to the broadening of the features, such as
the divergence angle of the atomic beam, the distri-
bution of the longitudinal velocities of atoms, and the
chromatic and spherical aberration. The structural
width deteriorates quickly with the increasing diver-
gence angle of the atomic beam. The SW optical po-
tential is extremely shallow, so the atomic velocities
along the SW direction must be low for the atoms to
be trapped in the SW nodes (antinodes). Between
these two reasons, the divergence angle of the atomic
beam has the stronger effect on the nanometer scale
features. In this paper, the deposition of nanometer-
scale features using neutral chromium atoms as the
working particles is studied based on a semi-classical
model.

2. Semi-classical model

There are two different types of interactions that
can be used to manipulate neutral chromium atoms.
The dissipative force can be used to collimate the
atomic beam, and the dipole force can be used to fo-
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cus the atoms. The standing wave field acts like an
array of cylindrical lenses and can focus atoms onto
the substrate. The atoms then form the nanometer
structures. In a standing wave field, a dipole mo-
ment can be induced in the neutral chromium atoms
and can be resonantly enhanced by tuning the oscilla-
tion frequency close to the neutral chromium atomic
resonance. The coupling between the induced dipole
moment and the electric field leads to a spatially de-
pendent optical potential that exerts a force on the
neutral chromium atom. In the case of a large detun-
ing, the dipole force is proportional to the intensity of
the electromagnetic field at the position of the neu-
tral atom. Depending on the detuning of the laser
frequency with respect to the resonance frequency,
the neutral chromium atom feels a force towards high
or low intensity regions. For the neutral chromium
atoms, the standing wave field acts like an array of
cylindrical lenses and can focus them onto the sub-
strate. The light intensity distribution of the SW laser

field can be expressed as!'!

I(x,2) = Imax e =2 /w] sin?(kz),
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where I,.x is the maximal light intensity, w, is the
beam waist width, and k is the wave vector. If the
atomic—optical system reaches the steady state, the
potential of the SW laser field that the atoms experi-

ence takes the form![!!

U2 = "Dt pwy ), @)

where
I(z,y,2z) I?
p(-%’,y,Z) = Is T2 +4A2 :pOG(xaya Z)a
s Iz
Po =T T2 {ane
is the saturated parameter, A = wy, — w,, I’ and

I; are the detuning, the line width and the satu-
rated intensity, respectively. For the chromium atom,
I' =5 MHz, I, = 85 W/m?. In the Gaussian SW laser
field, G(x, 2) = exp(—222?)sin®(kx), where Z = z/w,.
In the following simulation, we take w, = 100 pm,
A =200 MHz, and k = 27/425 nm.
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Fig. 1. The trajectories of chromium atoms in the laser standing wave field when the divergence angles of the atomic

beam are (a) 0, (b) 0.2, (c) 0.5 and (d) 1.0 mrad.
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The force acting on the chromium atoms can be
derived from formula (2) as

oU (x,t)

Flo,t) = === (3)

By solving the motion equation('?
d?z

my = F(z,t), (4)

the trajectory of the chromium atom in the laser
standing wave field can be obtained. In order to ex-
press the atomic trajectory, we introduce parameter
a = (nA/2E,)pok*w?, where n = 1 is the quantum
efficiency, and F, is the energy of the atom. The
above expression contains all the information about
the SW laser field, so the trajectories of the moving
chromium atoms can be described by changing the pa-
rameter. The semi-classical atomic trajectory is calcu-
lated by employing the adaptive step size fourth-order
Adams—Moulton type algorithm. Figure 1 shows the
trajectories of the chromium atoms in the laser stand-
ing wave field with different divergence angles of the
atomic beam. In Fig. 1(a), the divergence angle of
the atomic beam is 0 mrad, and it is shown that un-
der this condition the atom has no transverse velocity
component. The divergence angles of the atomic beam
are 0.2, 0.5 and 1.0 mrad in Figs. 1(b), 1(c) and 1(d),
respectively. From the figure, we can see that the de-
position region widens as the divergence angle of the
atomic beam increases.

3. The deposition characteristics

of Cr atoms

From formulae (3) and (4), the final position of
the chromium atom when it passes through the stand-
ing wave can be calculated by using the four-order
Runge-Kutta algorithm, and the deposition charac-
teristics can be obtained by using the accumulative
algorithm. By tracing 64000 chromium atomic trajec-
tories, the deposition characteristics can be obtained.
Figure 2 shows the characteristics of the deposition
of the chromium atom with different divergence an-
gles of the atomic beam. It can be seen that with the
increase in the divergence angle of the atomic beam,
the quality of the deposited structure decreases. This
means that the deposition stripe will be widened and
the height of deposition will be decreased as the di-
vergence angle of the atomic beam increases.
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Fig. 2.
when the divergence angles of the atomic beam are (a)
0, (b) 0.2, (c) 0.5 and (d) 1.0 mrad.

(colour online) The deposition characteristics

In order to describe the characteristics of the nano
feature, two parameters are defined, i.e. contrast
H and full width at half maximum (FWHM). The
FWHM is a simple and well defined number, which
can be used to compare the quality of the deposition.
The contrast is defined by H = hy/hg, with hy and
ho being the heights of the feature and the fundus
of the deposition stripe, respectively. For a larger H
and a smaller FWHM, the quality of the deposition
is more acceptable. Figure 3 shows the characteristics
of H and FWHM with different divergence angles of
the chromium atomic beam. From Fig. 3, it can be
seen that when the divergence angle equals 0 mrad,
the chromium atomic beam has no transverse veloc-
ity component, the FWHM of the deposition stripe is
2.75 nm, and H is 38.5:1. When the divergence angle
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of the chromium atomic beam is 0.2 mrad, the FWHM
of the deposition stripe is 24.1 nm and H is 6.8:1.
When the divergence angle is 0.5 mrad, the FWHM
equals 58.6 nm and H is equal to 3.3:1. The FWHM
is 137.8 nm and H is 1.6:1 when the divergence angle
of the chromium atomic beam equals 1.0 mrad. From
Fig. 3, it can be seen that the effect of atomic beam
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divergence is very strong on the deposition stripe char-
acteristics, and at the same time, when the divergence
is below 0.5 mrad, the FWHM and H of the stripe
are acceptable. So in order to get high-quality nano
structures using atom lithography, the divergence of

the atomic beam must be compressed to some extent.
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Fig. 3. The distributions of atoms when the divergence angles of the atomic beam are (a) 0, (b) 0.2, (c) 0.5

and (d) 1.0 mrad.

4. Conclusion

Divergence angle plays a crucial role in determin-
ing deposition nano features, so the preparation of
a highly collimated and transversely cooled atomic
beam with a divergence angle less than 0.5 mrad is
essential to minimize the severe disadvantages in the
deposition of atoms.
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