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Abstract

Atom lithography is a unique method to fabricate self-traceable pitch standards and angle standards, but extending its struc-
ture area to millimeter-level for application is challenging. In this paper, on the one hand, we put forward a new approach to
fabricate a full-covered self-traceable Cr nanograting by inserting and scanning a Dove prism in the Gaussian beam direction
of atom lithography. On the other hand, we extend the structure area along the standing-wave direction by splicing two-step
atom deposition. Both nanostructures manufactured via scanning atom lithography and splicing atom lithography demonstrate
good pitch accuracy, parallelism, continuity, and homogeneity, which opens a new way to fabricate centimeter-level full-
covered self-traceable nanograting and lays the basis for the application of square ruler and optical encoders at the nanoscale.
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1 Introduction

The utilization of fundamental natural constants plays a key
role in the advancements in metrology for precise, reliable,
reproducible, and accurate measurements with improved
measurement uncertainties [1]. The recent revolutionary
changes in SI unit redefinition in 2019 based on fundamental
constants satisfy the increasing accuracy demands in sci-
ence and industry, allowing the developments of quantum
effect-based measurement techniques and providing in situ
traceability to SI units for a wide range of users [2]. Self-
traceability characteristics based on natural constants are
also useful for accuracy improvements in nanometrology.
For example, one-dimensional nanogratings, two-dimen-
sional nanogratings, critical dimension (CD) structures, step
height, and particles are the main kinds of length transfer
standards at the nanoscale. Recently, the Si lattice constant
has already been intensively used to fabricate self-traceable
CD standards [3—6] and step height standards [7-9]. It has
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been proven to be an alternative approach to realize trace-
ability in nanoscale dimension metrology [10-12].

Similarly, atom lithography has been demonstrated as
a unique way to fabricate self-traceable pitch standards
[13—15] and angle standards [16]. Atom lithography, or the
so-called laser-focused atomic deposition, holds an accurate
pitch, whose value is determined by the absolute transition
frequency between two energy levels of an element, such as
Cr [13], Fe [17], A1 [18], Yb [19], and Ar [20]. Taking Cr
atom lithography, for example, a series of one-dimensional
nanogratings with different accurate pitches can be fabri-
cated, such as 212.8 nm (4/2) [15, 21], 106.4 nm (1/4) [22],
and 53.2 nm (4/8) [21]. For the most investigated pitch of
212.8 nm, a previous diffraction measurement yielded a
measurement mean pitch uncertainty to be 0.0069 nm, which
agrees well with the theoretical mean pitch uncertainty limit
of 0.0049 nm [15]. Recently, it has been approved as a first-
class standard reference material (GBW13982) in China.
Meanwhile, two-step Cr atom lithography is promising as
a natural square ruler at the nanoscale [16]. It is expected to
hold a natural orthogonal angle whose error is as small as
0.0027°. Moreover, a precision displacement measurement
system based on a self-traceable grating interference has
been proposed by the Littrow configuration, which shows
direct traceable displacement measurement capabilities com-
parable to those of laser interferometers [23].
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The structure area of atom lithography nanograting is
challenging and necessary as a pitch standard for the appli-
cations. Generally, the structure area of atom lithography
nanograting is determined by the shape parameter of the
focusing laser field and atom flux source. To guarantee the
power density for focusing, typically, the laser field radius at
1/¢* along the Gaussian direction is hard to extend to 250 pm
[13, 24, 25]. To ensure the collimation of the atomic beam
effusion, the width of the atomic beam deposition along the
standing-wave direction is generally set to be 1 or 2 mm.
The area size limits its application as a natural square ruler
and optical encoder. Although an elliptical laser standing-
wave field has been introduced to fabricate a millimeter-
level nanostructure [26], the method coarsens the line edge
of Cr nanograting, which increases the uncertainty of the
pitch standard. Meanwhile, most of the atom fluxes along
the Gaussian direction are not used during the deposition,
which has wasted the collimated deposition materials to
some degree.

Motivated by the aspects above, here, we propose a
new approach to realize a millimeter-level self-traceable
nanograting while keeping the standing-wave energy and
atom flux full utilization at the same time. Analogous to
e-beam lithography, we scanned the standing wave along
the Gaussian direction to form a full-covered nanograting.
Based on the scanning atom lithography, the structure width
along the Gaussian direction was extended from 500 to
1500 pm. Based on splicing atom lithography, the structure
width along the standing-wave direction was extended from
3 to 4.8 mm. Both methods have produced highly parallel,
smooth, and unbroken self-traceable lines on the substrate.
As expected, scanning and splicing atom lithography open
a new way to fabricate self-traceable nanograting to millim-
eter-level and even centimeter-level areas. Hence, they lay
the basis for highly homogeneous two-dimensional square
ruler structures and self-traceable grating interferometers.

2 Theories and Experimental Design
2.1 Theories

In Cr atom lithography, the dipole force imposed on Cr
atoms in the standing wave will focus the atom beam into
lines to form self-traceable nanogratings. Their pitch is
directly traceable to half of the laser light wavelength, which
is strictly locked to a specified atomic level transition.

The energy level transition of chromium atom from the
ground state 7S5 to the excited state 7P2 corresponds to the
laser wavelength in the vacuum A=425.55 nm, with a nat-
ural linewidth I'=5 MHz. Although the excited state 7P2
may also transits to the metastable states >D; and 3D, it can
be regarded as a two-level system because of its extremely
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small probability. The potential energy function of a two-
level system can be written as [27, 28]
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where 7 is the Planck’s constant,4 is the detuning of the
laser frequency from the atomic resonance, I(x,y, z) is the
light intensity of the laser, and I is the saturation intensity
of the atomic transition (for the chromium atom, /,=85 W/
m?). The light intensity formula of the standing-wave field
formed by the Gaussian laser propagating along the x-axis
and being reflected by the mirror can be expressed as [29]
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where x is the distance from the mirror surface; k is the
number of waves of the laser; , and w, are the beam waists
of the laser in the y and z directions, respectively; and I, is
the light intensity of the standing-wave field at anti-nodes.

As shown in Eqgs. (1) and (2), for blue or red detuning,
at the nodes of the standing-wave field (I(x,y,z)=0), the
chromium atom has the lowest potential energy. Moreover,
at the anti-nodes of the standing-wave field on the x-axis
(I(x,y,2)=l,), the chromium atom has the highest poten-
tial energy. Thus, for the blue detuning (4 > 0), chromium
atoms converge at the nodes of the standing-wave field. Con-
versely, for the red detuning, the chromium atoms converge
on the anti-nodes of the standing-wave field.

Particularly, in Eq. (2), if x=0, that is, on the surface of
the mirror, I(x,y, z)=0. This value shows that the intensity
at the mirror surface is always the node of the standing-wave
field. If we keep the substrate and mirror relatively fixed in
atomic lithography, then the positions of the standing-wave
field nodes and anti-nodes on the substrate do not change.
Hence, when we move the standing-wave field up and down
parallelly, the trajectory of nodes and anti-nodes are parallel
to the mirror.

2.2 Experimental Design for Scanning Atom
Lithography

The working element of atom lithography is chromium
obtained from our lab. The experimental system is shown
in Fig. 1, and the laser configuration is demonstrated in
Fig. 2. The entire experimental setup was placed on an
optical platform. To obtain 425.55 nm of blue laser for the
experiments, we used laser products from Coherent, Inc. to
form a laser light source system with the following specifica-
tions: diode-pumped all-solid-state laser Verdi G-12, con-
tinuously adjustable single-frequency titanium gem laser
MBR-110, and frequency multiplier MBD-200. Among
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Fig.1 Chromium atom lithography experimental system in Tongji
University

Feedback signal

them, Verdi G-12 can output a 532-nm continuous green
laser with a maximum power of 11.5 W. MBR-110 can out-
put an 851-nm near-infrared laser with a maximum power of
1.9 W under the pump of Verdi G-12, with a tunable range
of 700-1000 nm. MBD-200 can output a 425.55-nm laser
with a maximum power of 500 mW after doubling the laser
output of MBR-110.

The chromium powder evaporated from an effusion cell,
which was heated to 1625 ‘C. The chromium atom flux
passed the stabilization laser, cooling laser, and standing-
wave in order. Collimated Cr atoms were focused to the node
or anti-node of a standing wave grazing across the substrate
surface.

As mentioned above, when we moved the standing-wave
field up and down parallelly, the trajectory of nodes and
anti-nodes were parallel to the mirror. Therefore, we pro-
pose a method called scanning atom lithography, which is
illustrated in Fig. 3. The main difference of scanning atom
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lithography to the normal setup is that we insert a Dove
prism for the standing-wave adjustment. The Dove prism
was produced by Union Optic, Wuhan, China. The product
model is DVPO0110, the vertical direction of the movable
height is 10 +0.2 mm, the bottom angle is 45°, the angle
error is less than 3', and the surface roughness is 0.6—1.5 nm.
Generally, the Dove prism is designed to invert an image.
Here it was used for changing the height of the standing-
wave parallelly and “scanning” the whole Cr atom beam
flux after a slit.

In the experiment, the slowly moving Dove prism scanned
the whole Cr atom flux to form a full-covered nanograting.
Figure 4 shows the standing-wave configuration at differ-
ent locations along the Gaussian direction. Because the
standing-wave status at the mirror is nodes all the time, it
will not change the parallelism of nanograting. Moreover,
the prism motion will hardly change the optical path of the
standing wave, and only the mirror surface waviness will
influence the position of every grating profile. Because the
surface roughness of the mirror coating can be controlled
at the sub-nanometer level, the distance between the mirror
and laser beam radius waist will not change during scan-
ning. By keeping the stability of the mirror-laser beam waist
superposition, the self-traceable nanograting holds a good
uniformity at trans-scale.

2.3 Experimental Design for Splicing Atom
Lithography

Splicing atom lithography relates to a method for extend-
ing the structure area along the standing-wave direction. It
comprises the steps illustrated in Fig. 5. The direction of the
incident laser will stay unchanged during both processes.
However, in this study, we moved the main lens, substrate,
and mirror along the standing-wave direction for a certain
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Fig.4 Standing-wave configuration at different locations along the
Gaussian direction
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distance and fixed the reflection to complete the exact coin-
cidence with the incident laser. The two atom lithography
processes will form an overlapping area to make the atom
lithography grating lines “spliced” at the overlapping area,
thus extending the length of the line area along the standing
wave. Repeated splicing operations can be subsequently per-
formed as needed, and each operation process is consistent
with the above splicing operations.

For splicing atomic lithography, it is extremely impor-
tant to control the grating line error in the overlapping area,
including the grating line parallelism and grating pitch con-
sistency. Fortunately, the basic principles of atomic lithog-
raphy determine that this splicing atomic lithography is per-
fect splicing in theory. During the whole process of splicing
atomic lithography, we moved the substrate, standing-wave
beam radius, and reflection mirror as a whole, and the phase
of the mirror position was always at the node status of the
standing-wave field. Therefore, for every deposition, the
phase of the standing-wave field formed at a specific posi-
tion away from the mirror was exactly the same and fixed all
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the time if there is no relative movement between the reflec-
tion mirror and substrate. This condition lays the theoretical
foundation for perfect splicing. In the overlapping area, the
result of perfect splicing is that the height of the grating
will increase, but this has no effect on the calculation of
the parameter of the mean pitch. Therefore, splicing atomic
lithography is based on perfect splicing. The length of the
grating along the standing-wave direction was extended,
which provides a perfect solution for solving the problem
of range expansion in the use of the grating as an encoder.

3 Experimental Results and Discussion

3.1 Scanning Atom Lithography Along the Gaussian
Direction

Next, we conducted the scanning atom lithography experi-
ment as designed. The slit size was 3 mm along the standing-
wave direction and 1.5 mm along the Gaussian beam direc-
tion. We fixed the Dove prism to a vertical stage with the
KSMV6-40ZF model. It was built with a total travel range
of 6 mm and a sensitivity of 2 pm. During the scanning
process, we moved the standing-wave vertically by 100 pm
every 20 min. The total scanning time was 5 h. For the laser
beam part, the power of the stabilization laser beam, cooling
laser beam, and focusing laser beam are 8, 25, and 60 mW,
respectively. The cutting proportion of the focusing laser
beam was approximately 45% during the whole process.
Figure 6 shows the monitor record of the laser frequency
before frequency doubling during the process. In Fig. 6,
the laser wavelength stabilized at 851.10691 nm through-
out the deposition process. Although the wavelength of the
laser frequency rapidly fluctuated, it was quickly locked at
the position of the atomic transition frequency by the fre-
quency locking system. During the whole process, the laser
wavelength error that affects the atomic lithography grating
should not exceed 4 x 107® nm. Since the nanograting pitch
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Fig.6 Laser wavelength oscillation during scanning atom lithography

is only a quarter of this wavelength, the pitch difference at
the deposition area varied by approximately 1x 107 nm.
The extremely high stabilization of the frequency lays the
basis for a highly uniform nanograting fabrication.

The parallelism and continuity of the nanograting are
also the main characteristics of scanning atom lithography.
We randomly selected a “mapping” measurement reference
line along the Gaussian direction for the scanning electron
microscope measurement. Figure 7a shows a typical image
of Cr nanograting, where all the lines are highly parallel
and have no adhesions. Figure 7b shows the peak-to-valley-
height (PTVH) distribution along the Gaussian direction.
After a careful examination of all the images, no misplace-
ment and bridging phenomenon exists.

Scanning atom lithography lowers the production effi-
ciency to some degree. However, in fact, if we take the struc-
ture size and vacuum system pumping time into account, it
increases the production efficiency. In subsequent studies,
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Fig.7 a SEM image of Cr nanograting along the Gaussian direction;
b peak-to-valley-height distribution along the Gaussian direction
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we will continue to optimize the fabrication process, such
as increasing the deposition rates and laser power density.

3.2 Splicing Atom Lithography Along
the Standing-Wave Direction

Similarly, we arranged the splicing atom lithography pro-
cess based on the previous experimental design, and two
atom lithography depositions were performed. Figure 8 is an
optical image of the grating region formed by splicing atom
lithography and AFM images from P, to P, of the grating
area along the standing-wave direction. First, in the opti-
cal image, there is an overlapping deposition area between
the two atom lithography processes. The deposition color
in the overlapping area is significantly brighter than that in
the area deposited alone, mainly due to the increase in the
thickness of the atomic deposition film. Second, in the AFM
image, the grating lines of the first deposition area, second
deposition area, and overlapping deposition area are all of
good quality, and the pitches are all the same. This finding
preliminarily shows that perfect stitching occurs in the pro-
cess of splicing atom lithography.

Other evidence for the perfect stitching is the height of
the deposited gratings in different regions. In the optical
image in Fig. 8, we made a graph of the PTVH of the grating
changing with the position along the standing-wave direction
in 50-um steps, as shown in Fig. 9.

Typical values for the first and second atomic lithogra-
phy grating PTVHs are basically 15-22 nm, respectively. A
typical value of the PTVHs of the overlapping area grating
is 23-32 nm. This value range can illustrate two key issues:
On the one hand, the grating height of the overlapping part is
very close to the sum of the first and second grating heights.
Hence, the second deposition process grows on the basis
of the first deposition grating, and the peaks and troughs
correspond one-to-one. On the other hand, the height of the
grating in the overlapping part is smaller than the sum of
the heights of the first and second deposition area gratings,

Fig.8 Optical image of deposi-
tion areas and AFM image of
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|
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e |
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and the half-height width is slightly larger than the two.
As a result, the grating will be widened due to the shad-
ing effect in addition to the process of the height increase,
which is consistent with our previous observations. Based
on these two aspects of analysis, the proposed splicing atom
lithography technology achieves the perfect expansion of
the grating area in the direction of the standing-wave field
with confidence.

3.3 Pitch Error Analysis

In previous studies, Jabez McClelland's group performed an
error analysis of the atom lithography deposition [15]. By
contrast, our splicing and scanning atom lithography involve
multiple atom lithography depositions; the standing-wave
field moves along the mirror in scanning atom lithogra-
phy, and the position change in splicing atom lithography
results in an additional pitch error. Therefore, it is neces-
sary to perform error analysis. Here, we mainly analyzed
three error sources brought about by scanning and splicing
atom lithography: the non-parallelism of the mirror surface,
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Fig.9 Peak-to-valley height of Cr grating along the standing-wave
direction for splicing atom lithography
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Fig. 10 Effect of the mirror non-parallelism on scanning atom lithog-
raphy

the non-coincidence of the standing wave, and the Gaussian
beam phase shift.

3.3.1 Error Caused by the Non-parallelism of the Mirror
Surface

In scanning atom lithography, there are continuous move-
ments of the standing wave along the mirror surface.
Because the mirror surface is not absolutely flat, there is a
pitch error of mirror non-parallelism. The error caused by
the non-parallelism of the mirror surface is shown in Fig. 10.

The error caused by the mirror non-parallelism is given

by Eq. (3):

Ap=p' —-p= -p 3)

cos 6
where 6 is the angle caused by the uneven mirror surface and
p is the pitch of grating. The mirror surface non-parallelism
we used is < 5, resulting in a pitch error of 2.2 x 10~ nm.

3.3.2 Error caused by the Non-coincidence
of the Standing-Wave

Similar to the mirror’s non-parallelism, the Dove prism
also has a geometric defect, which will change the angle
of incidence of the incident Gaussian laser and cause the
reflected light to not coincide with the incident light. A
diaphragm was installed 1 m from the mirror to observe
the coincidence of the incident light and reflected light. In
the process of scanning atom lithography, the movement
of the Dove prism hardly changed the non-coincidence of
the reflected light with the incident light. We estimated the
pitch error based on [15], and the pitch error caused by the
non-coincidence of incident light and reflected light was as
small as 2.5x 107 nm.

Table 1 Additional error in scanning and splicing atom lithography

Source Pitch error (nm)
Non-parallelism of the mirror surface 22x107
Non-coincidence of the standing-wave 2.5%107°
Gaussian beam phase shift

Caused by the Dove prism 1.6x1073
Caused by splicing atom lithography 3.9%x10™

Total 45x107*

3.3.3 Error Caused by the Gaussian Beam Phase Shift

Because Gaussian beams acquire phase shifts in the direc-
tion of propagation, this phase shift differs from the phase
shift of plane waves propagating at the same optical fre-
quency. This difference is known as the Gaussian beam
phase shift. The phase shift produced by the Gaussian
beam is given by Eq. (4) [30]:

b = —arctan(z/zg) 4)

where z is the axial distance from the beam waist,
R = nw(z) /A is the Rayleigh range of the Gaussian beam, 4 is
the wavelength, and w, is the 1/e? beam radius at the waist.
The pitch error produced by the phase shift of the Gaussian
beam in single-time atom lithography is [15]

Az = % [arctan(z, /) — arctan(z, /zg)| ®)

For our splicing atom lithography experiment this time,
2,=6.8 mm, z;,=2 mm; beam waist @, was 70 um, which
was measured using a laser beam profiler (LBP2-HR-
VIS2, Newport, California, USA). Thus, z;=36.2 mm.
The total error resulting from the Gaussian beam phase
shift was Az=8.84 nm, and the pitch error for 4.8 mm was
3.9x 10~* nm. In addition, due to the geometric defects in
the Dove prism, such as surface roughness (0.6—-1.5 nm)
and angular error (less than 3'), additional optical path
differences were created during the movements. The opti-
cal path difference of 1.5 mm brought by the vertically
moving Dove prism was less than 0.2 mm, so the pitch
error caused by the Dove prism for 4.8 mm was less than
1.6x 107 nm.

We enumerate the additional errors generated by scan-
ning atom lithography and splicing atom lithography in
Table 1. As can be seen in the table, splicing atom lithog-
raphy and scanning atom lithography introduced a mean
pitch error of 4.5 10~ nm. Because this error is too small
compared to the previously calculated 0.0049 nm [15],
the theoretical pitch of our system’s atom lithography
grating remained at 212.7787 +0.0049 nm. Hence, both
nanostructures manufactured via scanning atom lithogra-
phy and splicing atom lithography will demonstrate good
pitch accuracy, parallelism, continuity, and homogeneity.
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4 Conclusions

To summarize, in this paper, we put forward the scan-
ning atom lithography method and splicing atom lithogra-
phy method to extend the structure area of self-traceable
nanogratings along the Gaussian direction and standing-
wave direction, respectively. By inserting and scanning a
Dove prism in the standing-wave direction, the Cr nanograt-
ing area extended from 500 to 1500 pm. By splicing two
atom lithography areas together, we achieved a perfect
expansion of the grating area from 3 to 4.8 mm in the direc-
tion of the standing-wave field with confidence. Based on
the experimental results and pitch error analysis, both nano-
structures manufactured via scanning atom lithography and
splicing atom lithography demonstrated good pitch accu-
racy, parallelism, continuity, and homogeneity. Therefore,
scanning atom lithography and splicing atom lithography
open a new way to fabricate centimeter-level full-covered
self-traceable nanograting, which lay the basis for the use-
ful applications of square rulers and optical encoders at the
nanoscale.
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