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ABSTRACT

Laser-focusing of atoms has emerged as a viable form of nanofabrication. Structures
are formed by focusing chromium atoms as they deposit onto a surface. The focusing occurs
in a standing-wave laser field in one or two dimensions, resulting in arrays spaced at exactly
half the laser wavelengti.f2 = 212.78 nm). Atomic force, scanning electron, and
transmission electron microscopies are used to view the fabricated structures. Improvements
in the technique, including narrowing of the line width and extension to two dimensions are

discussed. Theoretical predictions for the shape of the deposited structures are also discussed.



1. Introduction

The manipulation of atoms with laser light, part of the burgeoning field of atom
optics, has recently been shown to be a useful means of fabricating nanostructures on a
surface. Two important features associated with this process have stimulated a great deal of
interest: the potential for extremely high resolution, i.e., on the 10 nm scale, and the
possibility of massively parallel fabrication, that is the simultaneous fabrication of a large
array of high-resolution structures over a large area.

Currently, the methods by which atoms can be focused onto a surface with nanometer-
resolution using laser light are the subject of intense investigation. The first suggestion for
such a process was made by Balykin and Letokhov (1987), who analyzed the focusing of a
sodium atomic beam passing coaxially through the focus of ao'fEM (doughnut-mode) laser
beam tuned near the atomic resonance. Further analysis of this arrangement (Gallatin and
Gould, 1991, McClelland and Scheinfein, 1991) showed that even considering all aberrations,
focusing down to a few nanometers should be possible.

The first experimental demonstration of laser-manipulated atomic deposition consisted
of crossing a sodium atomic beam with a focused laser beam and observing a "shadow" of
the laser beam in the deposited pattern (Preatiss, 1992). Shortly afterward, Timgt al.

(1992) demonstrated that sodium atoms could be focused into a grating-like structure by
passing them through a laser standing wave positioned just above a surface. In this
configuration each node of the standing wave acts as a "lens" for the atoms, creating an array

of lines with spacing of half the laser wavelength (Fig. 1).



In this paper we describe ongoing work on laser focusing of atoms in a standing wave
where the atoms being focused are chromium atoms (McCle#aald 1993). The use of
chromium atoms has a number of very important advantages for this process, not the least of
which are its good adhesion to surfaces, low surface mobility, and stability on exposure to air.
These qualities allow direct observation of the deposited nanostructures with a range of
diagnostic tools, including atomic force microscopy, and scanning and transmission electron
microscopy.

2. Light forces on atoms in a standing wave

The interaction of near-resonant laser fields with atoms results in a rich and varied
array of effects on the atomic motion, including laser cooling and trapping, atom interference,
guantum optical effects, and of course focusing of atoms (see, e.g., Atahsl994).

Exact calculations of atom-field interaction effects can be quite intricate, especially when
atoms with multiple levels are involved and lasers with high enough intensity are used to
require analysis that includes a significant excited state fraction. Nevertheless, on a basic
level the forces can be divided into two general categories: conservative and non-conservative.
The conservative force, sometimes referred to as the dipole force, can be thought of
classically as arising from the interaction of an induced oscillating electric dipole moment in
the atom with a gradient in the oscillating electric field of the laser. The non-conservative
forces arise as a result of spontaneous emission, the simplest type being the light pressure
force, which comes from repeated absorption of directed momentum from a laser beam and

repeated spontaneous emission into random directions.



When the laser is tuned relatively far from the atomic resonance, such that little
excited state population is created, the dipole force becomes dominant. In this regime, a two-
level atom can be thought of as moving in a conservative potéhti@oportional to the

intensity of the laser, given by (Dalibard and Cohen-Tannoudji, 1985)
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wherel'/2n is the natural line width of the atomic transition (5 MHz for chromiufn)s the
detuning of the laset,is the laser intensity, ang is the saturation intensity of the atomic
transition (83 W/rA for chromium).

The conservative potential (1) provides the basis for analyzing the focusing of atoms
in a standing-wave from a particle-optics perspective (McClelland 1995). Because the
intensity near a node of the standing wave increases quadratically as a function of distance
away from the node, the potential to first order provides exactly the right spatial dependence
to cause focusing. Fig. 2 demonstrates this by showing exact ray-tracing calculations of
chromium atom trajectories through the potential created by a node of the standing wave. It
can be seen that, given a perfectly collimated monoenergetic atomic beam and the correct
choice of laser power and detuning, an extremely fine focus can be obtained. Of course, the
(1 nm width seen in Fig. 2 would be increased by diffraction of the atoms, something that is

not taken into account by a particle optics approach. This can be estimated by making an



analogy with the diffraction limit of optical lenses (McClellagidal, 1993); for the

conditions of Fig. 2 the diffraction limit is about 10 nm.

3. Experiment

Many of the details of the experimental set up and procedure can be found in
McClellandet al. (1993). Fig. 3 shows a schematic of the apparatus, indicating the major
components. A UV-pumped stabilized, single-frequency dye laser with stilbene-420 laser
dye generates laser light at 425.55 nm (vacuum wavelength), which matcﬁe§-t»r7@4‘s
transition in atomic chromium (see Fig. 4). The laser light performs two functions. In
addition to forming the standing wave, where the laser is tuned 200-500 MHz above the
atomic resonance, the laser light is also used to cool the atoms transversely before they enter
the standing wave, so that the atomic beam is made as parallel as possible. For this function
the laser light is frequency-shifted to about one line width below the atomic transition with an
acousto-optic modulator, and polarization gradients[{lim) are set up in the cooling region.
Collimation angles for the atomic beam as low as 0.14 mrad (full width at half maximum) are
obtained in this way, with essentially no loss of flux.

The chromium source is a modified commercial evaporation source. The sample
holder and mirror assembly, improved since the original work (McClekarad., 1993)
consists of a single large mirror mounted securely to the sample holder. This mirror serves as
the retroreflector for both the laser cooling beam and the standing wave, thereby ensuring

alignment between the two. The standing wave laser beam, nominally Gaussian in profile, is



aligned so that it grazes across the sample with its peak intensity at the surface. The
deposition substrates consist for the most part of (111) Si wafers either with native oxide or a

layer of grown oxide 100 nm thick, although GaAs wafers have also been used.

4. Results and Discussion

After deposition, the samples are removed from vacuum and examined by scanning
electron microscopy (SEM) or atomic force microscopy (AFM). Fig. 5 shows two SEM
images of the original sample of McClellaatlal (1993). These images illustrate the
uniformity of the periodicity of the lines (Fig. 5a), and also give some idea of the line shape
(Fig 5b).

One major improvement in the deposition process over what was presented in our
earlier work has been the reduction of the width of the deposited lines. Using the paraxial
particle-optics approximation (McClelland, 1995) it can be shown that the focal length of the
lens formed by the standing wave node scales with tieé rddius of the laser beam. By
making a tighter laser-beam focus in the deposition region, a shorter atomic-lens focal length
is achieved. Just as with light optics, when a shorter focal length lens is used, a smaller
focal spot (or line width) results.

Fig. 6 shows an AFM image of the narrower lines obtained by reducing the laser beam
waist. For this deposition, the standing wave detuning was +500 MHz, the power was 333
mW, and the ¥? radius was 62+4m (uncertainty estimates quoted in this paper are to be

interpreted as one standard deviation combined random and systematic uncertainties unless



otherwise indicated). The lines in the AFM image of this sample shown in Fig. 6 have an
average full-width at half maximum (FWHM) of 38+1 nm, compared with the value 65+6 nm
seen in the previous work. We note that this width does not include any correction for AFM
tip shape, so the actual width could be smaller.

Another major advance in the laser-focused atomic deposition process has been the
generalization to a two-dimensional array of "dots" (Gugttal, 1995). Fig. 7 shows an
AFM image of these dots, showing the clear periodicity A2f (212.78 nm) in two
dimensions. The peaks have a height of 13+1 nm and a FWHM of 80+10 nm. To
accomplish this two-dimensional deposition, the standing wave is split into two beams and the
second beam is aimed across the sample At 90 relative to the first one. A second mirror
mounted on the sample holder retroreflects this beam, forming an additional standing wave in
the orthogonal direction.

While the concept of adding another standing wave 8t 90 to the first one appears
relatively simple, some care must be exercised in choice of polarizations for the light fields in
order to avoid problems arising from temporal phase instabilities. Since the two standing
waves are created by splitting a single laser beam, there will be a definite relative phase
relationship between them that depends on the difference in the optical paths taken by the two
beams. If this path difference is not stabilized to better than an optical wavelength, vibrations
could significantly alter the standing wave pattern. To avoid these problems, we have chosen
a polarization configuration where one standing-wave is linearly polarized in the plane of the

sample and the other is polarized perpendicular to the sample. In this case, the phase



dependence in the intensity is eliminated, yielding a stable intensity pattern. We note that
while the intensity is stable, the local polarization of the field may not be; however the effects

of unstable polarization appear to be relatively minor for the current set up.

5. Analysis of deposited line shape

In order to further refine and extend the laser-focused atomic deposition process, it is
useful to ask how well we can model the line shape of the deposited lines using relatively
simple ray-tracing techniques. Line scans of the atomic force microscope images provide a
useful source of data for this type of analysis; however, we must be sure that the AFM tip
shape is not affecting the profile measurement. To verify the AFM profile, and also to
investigate the background level in the depositions, we coated the original sample of
McClellandet al. (1993) with quartz, sectioned it, and took a transmission electron
microscope (TEM) image of it. The result is shown in Fig. 8. Fig. 9 shows a digitization of
the line shape from this micrograph (placed on an absolute scale assuming the peak to peak
distance is exactly/2 or 212.78 nm), together with a line scan from an AFM image. The
AFM scan was scaled and shifted horizontally and vertically to correct for miscalibrations of
the instrument and to account for the background. It can be seen from Fig. 9 that, at least for
the line shape of this particular sample, the AFM image gives a quite accurate representation
of the true line shape (we note that this may not be true for the narrower lines shown in Fig.
6).

Also shown in Fig. 9 is a deposition profile resulting from a ray-tracing calculation



which attempts to account for the exact experimental conditions. The profile is normalized
such that the total area under the curve is equal to the experimental value. Included in the
calculation are the measured laser beam detuning, profile and intensity, an assumption of a
thermal longitudinal velocity distribution, the measured angular spread of the transversely
cooled atom beam, an estimated magnetic sublevel distribution in the Cr atoms (50% M=+3,
50% M=-3), an estimated 16% background of other Cr isotopes, and an estimated 10%
background of atoms that decay into ?n% D ang D states during the laser cooling (see Fig.
4). Details of the method of calculation can be found in McClelland (1995).

This calculation attempts to provide a realistic simulation of the actual deposition. As
seen in Fig. 9, there is general agreement between the measured and calculated line shapes,
and quite good agreement for the background level. Nevertheless, there are some quantitative
differences. One source of the deviation between calculation and experiment could be the
various simplifications of the theory. The calculations presume an entirely conservative
force on the atoms, so any velocity-dependent effects and effects of spontaneous emission are
neglected. Also, a semiclassical approach is used, so any effect of the wave-nature of the
atoms is ignored. In order to fully explore how important these effects are, it is necessary to
perform a fully quantum Monte-Carlo simulation (see, e.g., Metri@, 1993).

Another potential source of discrepancy is the behavior of the chromium atoms after
they strike the surface. It is conceivable that some surface diffusion occurs between the time
of deposition and the time of observation, causing the profile to alter its shape. In order to

investigate this, we use the equation for one-dimensional surface diffusion (Mullins, 1957)
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wherey is the surface heighk, is the distance along the surface, primes denote differentiation
with respect t, B is the surface diffusion coefficierf(x) is the flux of atoms striking the
surface, andr is given by
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Letting the surface diffusion constaBtbe a free parameter and taking the incident fijux
as predicted by the ray-tracing calculation, we solved eq. (2) numerically, attempting to
produce a profile that matched the experimental result. The profile that most closely matched
the experiment is shown with a dashed line in Fig. 9. It can be seen that there is a
significant qualitative difference between the surface-diffused profile and the data: while the
data has a sharp peak at the center, the theoretical curve is far more rounded. From this we
can conclude that the measured line profile is not consistent with a surface-diffused profile
because the strongest effect of surface diffusion is to round-off sharp features, which the data
clearly still exhibits.

With the current analysis, we cannot definitively identify the source of discrepancy
between the calculation and experiment, except to say that it is most likely not surface

diffusion or AFM tip effects. A likely candidate may be a transverse atomic velocity
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distribution with high velocity tails that are not taken into account in the initial conditions of
the calculation. Other effects, such as diffraction of the atoms, non-adiabatic effects and

velocity-dependent forces cannot be ruled out, however (see, e.g.,dlaitel993).

6. Future prospects

The results discussed in this paper represent a few of the first experiments in a field
with a good potential for rapid expansion. Several future directions appear promising for this
type of work, covering areas ranging from fundamental atomic physics to practical fabrication
tech-niques.

From an atomic physics point of view, the deposition of chromium atoms on a surface
and the subsequent measurement of the profile on a microscopic scale provides a new, direct
method for investigating the localization of atoms in an optical field. Because surface
diffusion appears to be relatively insignificant, it is reasonable to interpret the thickness of the
chromium on the surface as a measure of the density of atoms in the laser field. This type
of measurement can lead to new insights into the behavior of atoms in near-resonant light
fields.

From a fabrication point of view, there are a number of directions in which this
process can be envisioned as expanding. These fall into two general categories: extension of
the techniques to other materials, and the generalization to more complex patterns. Other
materials are accessible either by using different atomic beams, such as aluminum

(McGowanet al, 1994), or by transferring the chromium patterns to other substrates by using
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the chromium as an etch mask. Another interesting possibility is the use of metastable atoms,
which can be laser manipulated in similar ways to chromium, to expose a lithographic resist
(Berggrenet al, 1995). More complex patterns might be created by either improving the dot
size in the two-dimensional deposition and scanning the substrate to draw an arbitrary pattern
that will be reproduced in each unit cell of the deposition, or by custom-tailoring a light field
by combining many laser beams to make the desired pattern by a complicated interference
pattern.

Finally, we mention an important application of the Cr lines and/or dots that are
currently produced. Because the structures faithfully reproduce the periodicity of the standing
wave, which is determined solely by the wavelength of laser light locked to an atomic
resonance, the resulting gratings can be used as absolute calibration artifacts on the nanometer
scale. While a thorough error analysis is still to be done, casual examination of the
deposition process suggests that the accuracy of the pitch of the gratings should be at least a
few parts in 18 , if not better. Such an artifact fills a real need in the microelectronics and
storage industry, where high accuracy is essential for densely packing electronic circuits and
storage bits.

The authors wish to thank Andrew Zangwill for suggesting the surface diffusion
analysis of the deposited line shape. Z. J. J. acknowledges support of a National Research
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FIGURES

Figure 1. Schematic of laser-focused atomic deposition process.

Figure 2. Trajectory calculation of laser focusing of chromium atoms in a standing wave with
a Gaussian envelope. A series of trajectories are shown for varying xaitsiies. All

trajectories are given the same initial velocity of 926 m/s and zero initial angle relative to the
z-axis. Also shown is a plot of the atomic flux at the focal plane assuming a uniform flux

entering the lens, and laser beam profi{@sz) along% (bottom) and2 (left).

Figure 3. Schematic of laser-focused atomic deposition apparatus, showing dye laser, acousto-
optic modulator (AOM), miscellaneous optics (including quarter-wave plates, denofed)by

vacuum chamber, Cr source, deposition substrate and sample holder.

Figure 4. Energy levels of Cr, showing the resoﬁagu; 7840 transition at 425.43 nm (425.55

nm in vacuum).
Figure 5. Scanning electron microscope images of Cr structures made by laser-focused atomic

deposition. (a) Plan view, illustrating uniformity of lines; (b) close-up of a single line, viewed

from an angle.
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Figure 6. Atomic force microscope image of Cr lines formed by laser-focused atomic deposition,
showing narrowed line width (note this is not the same sample as shown in Fig. 5). The lines
in this image have a height of 8£1 nm (the veritical scale has been expanded to enhance

visibility).

Figure 7. Atomic force microscope image of two-dimensional array formed by laser-focused
atomic deposition of Cr. The two pergamular standing waves are oriented at *45 relative to

the horizontal image axis.

Figure 8. Transmission electron microscope image of Cr lines formed by laser-focused atomic
deposition. Shown is a cross section of the sample described in McCletlaald(1993),

obtained by coating the sample with quartz and sectioning it.

Figure 9. Line profiles of a single line in laser-focused atomic deposition. The TEM profile is
taken directly from Fig. 8. The AFM profile is taken from McClellabal. (1993), scaled and
shifted to correct for miscalibrations of the instrument and to account for the background. The
calculation is the result of a ray tracing calculation (see text), and the diffusion profile is the

result of a diffusion calculation applied to the ray-tracing result (see text).
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Figure 1. Schematic of laser-focused atomic deposition process.
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Figure 2 Trajectory calculation of laser focusing of chromium atoms in a standing wave with
a Gaussian envelope. A series of trajectories are shown for varyingxniidles. All
trajectories are given the same initial velocity of 926 m/s and zero initial angle relative to the
z-axis. Also shown is a plot of the atomic flux at the focal plane assuming a uniform flux
entering the lens, and laser beam profif@sz) along% (bottom) and2 (left).
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Figure 3 Schematic of laser-focused atomic deposition apparatus, showing dye laser,
acousto-optic modulator (AOM), miscellaneous optics (including quarter-wave plates, denoted
by A/4), vacuum chamber, Cr source, deposition substrate and sample holder.
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Figure 4 Energy levels of Cr, showing the resonénot_éle0 transition at 425.43 nm
(425.55 nm in vacuum).
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Figure 5 Scanning electron microscope images of Cr structures made by laser-focused
atomic deposition. (a) Plan view, illustrating uniformity of lines; (b) close-up of a single line,
viewed from an angle.
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Figure 6 Atomic force microscope image of Cr lines formed by laser-focused atomic
deposition, showing narrowed line width (note this is not the same sample as shown in Fig.
5). The lines in this image have a height of 81 nm (the veritical scale has been expanded to

enhance visibility).
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Figure 7 Atomic force microscope image of two-dimensional array formed by laser-focused
atomic deposition of Cr. The two perpendicular standing waves are oriented’at +45 relative
to the horizontal image axis.
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Figure 8 Transmission electron microscope image of Cr lines formed by laser-focused
atomic deposition. Shown is a cross section of the sample described in McGé¢lknd
(1993), obtained by coating the sample with quartz and sectioning it.
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Figure 9 Line profiles of a single line in laser-focused atomic deposition. The TEM profile
is taken directly from Fig. 8. The AFM profile is taken from McClellatdhl. (1993), scaled

and shifted to correct for miscalibrations of the instrument and to account for the background.
The calculation is the result of a ray tracing calculation (see text), and the diffusion profile is
the result of a diffusion calculation applied to the ray-tracing result (see text).
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