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ABSTRACT: The advancement of science and technology is always accompanied by better
manufacturing precision. Ideally, the highest precision for manufacturing a surface is truly
atomic flatness, which implies that all topmost surface atoms are in a single layer of the crystal
face. However, almost no methods can achieve this surface with high efficiency at present.
Herein, we present a method to fabricate a large-scale truly atomically flat surface with
ultrafast speed. Through the selective etching of surface atoms, our method can achieve an
atomically flat surface with 0.05 nm Sa roughness. It is notable that the polishing efficiency of
our method is more than 1000 times higher than that of conventional methods. We have
demonstrated its generality on various single-crystal materials and obtained atomic roughness
and an ultrahigh polishing rate. This method has the potential to promote the mass-
production of atomic-scale smooth surfaces, the application of third-generation semi-

conductor materials, and the innovation of advanced technologies.

he advancement of manufacturing technologies is the
foundation for the development of human civilization.
From the craft-based manufacturing originated over 4000 B.C.
to the automatic production using machinery developed since
the second industrial revolution, manufacturing precision has
evolved from millimeter to micrometer and nanometer." The
development of manufacturing technologies has always been
chasing higher precision. Fang et al. conclude the next phase of
manufacturing is atomic and close-to-atomic scale manufactur-
ing (ACSM), where material removal, transformation, and
addition are at atomic precision.” One of the important fields
of ACSM is the manufacturing of an atomic-level surface,
which means ideally all atoms within the surface are in the
same layer of the crystal plane. This is also known as the
roughness limit of a surface in the field of applied physics.’
Many state-of-the-art methods have been invented and
developed to approach this goal. However, due to machine
tools’ precision, volumetric removal with large amount of
atoms, and low atomic manipulation efficiency, fabricating a
large-scale surface with true-atomic-level precision is still
challenging.2
Substantial effort has been devoted to obtaining an
ultrasmooth surface with subnanometer roughness. Here we
divided them into three categories: polishing method,
exfoliation method, and tip-based method. The polishing
method, which can fabricate a relatively large-scale surface, can
be categorized into mechanical methods and hybrid-mechan-
ical methods. A mechanical method such as nanogrinding can
avoid brittle fracture, as it can precisely control the grain depth
cut to be equal to or less than the critical depth of ductile
removal* To obtain a gentle loading pressure, magneto-

© XXXX American Chemical Society

7 ACS Publications

9441

0
Before PASE | ] 1 7890

3
3
3

| 406.0 !

@
<3
3

682 |

oL 82 :
After PASE g 1320

Sa roughness (nm)

0425
0050 |
4H-SiC GaN

o -
o o
o
%
R

J——
|

fu
r—

rheological fluid, fluid jet, and bonnet are often used to carry
the abrasives.’”” Although this method can suppress micro-
cracks and achieve subnanometer roughness, the formation of
an amorphous layer and subsurface damage is inevitable due to
the nature of ductile deformation.® Hybrid-mechanical
methods can modify the sample surface via different
mechanisms, which would make the material removal easier.
The most commonly used surface modification approach is
chemical reaction,” and its derivative methods such as
electrochemical'® and photocatalytic reaction'' are also
adopted. However, these methods generally show quite a low
efficiency for high-hardness and chemically inert materials. For
both mechanical and hybrid-mechanical methods, the ductile
mode removal mechanism is eventually employed to under-
stand the removal of surface material. It is impossible to
confine the energy of each grain within the need to remove an
atom, and the exceeding force will always influence the
subsurface atoms. Thus, it is very difficult to achieve atomic
precision with mechanical-involved methods. However,
methods that are based on chemical etching and have no
contact force with surface atoms can overcome this problem.

Exfoliation methods are widely used for the fabrication of
emergent 2D materials. The world’s first piece of graphene was
prepared through mechanical exfoliation, and the investigation
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Figure 1. Mechanism of PASE for the polishing of 4H-SiC. (a) Schematic of a sliced 4H-SiC wafer and the atomic surface after magnification
(right). (b) Schematic of the PASE process. (c) Schematic of the evolution of surface topography during PASE.
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Figure 2. AIMD simulation of the PASE process for 4H-SiC. (a) Reaction paths of ST atom and SE atom. (b) An atomic step etched by F multiple
times. (c) Root-mean-square deviation (RMSD) curve of the surface carbon layer etched by the O atoms at 300—1500 K or by the F atoms at 1500

K

of many intrinsic properties, such as quantum Hall effect and
superconductivity, are explored based on graphene obtained by
the exfoliation method."*™"* More recently, ion-intercalation,
liquid exfoliation, electrochemically assisted exfoliation, and
Au-assisted exfoliation have greatly improved the usability of
this method."*™"® However, the exfoliation method is only
applicable for 2D materials, and it is still limited in lateral size,
yield, and unexpected contaminations.

The most controllable method which can achieve true
atomic precision is a tip-based method. Using scanning
tunneling microscopy (STM) or atomic force microscopy
(AFM), researchers can accurately manipulate a single
atom."”” The removal of a single atomic layer within a
relatively large area of micrometer level has also been achieved
by an AFM-based mechanochemical reaction.”’ However, it is
difficult to exceed one micrometer scale by tip-based methods,
which is still too small for device applications. Because of the
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ultralow efficiency, high demand for expensive vacuum
equipment, and the need for highly skilled operators,
applications of the tip-based method are limited.

To fabricate a large-scale and true atomically flat surface,
advance the limitation of polishing technology, and facilitate
the application of difficult-to-machine materials, we propose
the plasma-based atom-selective etching (PASE) method.
PASE is based on the selective removal of surface atoms
which constitute the surface roughness, and this is also the
most direct way to reduce roughness without influencing the
subsurface material.”***> As shown in Figure la, the rough
surface of single-crystal silicon carbide (4H-SiC) is formed by
many atomic steps. The chemical activity of the atom on the
step edge (SE atom) and the step terrace (ST atom) is
different.””*> Under the appropriate conditions (herein, we
adopt plasma etching), the etching speed of SE atoms can be
much larger than that of ST atoms, and thus, etching can
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Figure 3. Experimental setup and PASE results of 4H-SiC. (a) Schematic diagram of experimental setup. (b) Sample surface temperature during
PASE, where the whole operation time is 120 s. (c) OES results of the ICP torch with different reaction gases. (d) Scanning electron microscopy
(SEM) images of the sample surface and the corresponding schematic of the sample cross section during PASE.

extend along the step edge, as shown in Figure 1b. When atom-
selective etching is applied on all the SE atoms on the surface,
the atomic step edge can be quickly removed. As shown in
Figure 1c and Movie S1, the atoms constituting surface
roughness could be removed, and eventually, a true-atomically
flat surface is formed. The selective lateral etching can remove
the unwanted atomic layers until all atoms achieve an
equipotential state, which means all atoms are ideally located
forming an integral crystal plane with truly atomic flatness.
Therefore, PASE can be regarded as a polishing technology
that can achieve the ultimate surface roughness.

In addition to its most important feature of obtaining an
atomic-level surface, PASE also has the characteristics of
ultrahigh efficiency and universal applicability to crystalline
materials. As an etching process using atmospheric high-
temperature and high-particle-density plasma, PASE shows
ultrafast polishing efficiency, compared with conventional
polishing, exfoliation, and tip-based manipulation approaches.
Unlike other existing precision surface manufacturing methods
which could only start with raw surface with nano- or
subnanometer roughness, this work would only take 5 min to
directly polish a sliced 4H-SiC chip with Sa roughness on the
order of hundreds of nanometers to the atomically smooth
state with 0.05 nm Sa roughness. To achieve the atomic-scale
smooth 4H-SiC surface, conventional chemical mechanical
polishing (CMP) generally needs more than 8 h, as shown in
Figure S1. Compared with the exfoliation method and tip-
based method, which can only generate atomic surfaces within
a micrometer level area, PASE is able to produce centimeter
level atomic surface.

For the surface of any crystalline material, unless it achieves
a surface where surface atoms are regularly arranged with the
same potential energy, there will be differences in the etching
of atoms at different sites on the surface. Thus, PASE has the
potential to be applied as a general polishing method for
single-crystal materials. In this work, we have demonstrated the
atomic scale polishing of 4H-SiC, GaN, Si, Al,O;, and AIN.
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PASE can greatly increase the polishing efficiency of many
difficult-to-machine single-crystal materials and facilitate the
application of next-generation semiconductor materials. PASE
could be easily applied on large-size samples if a broad-scale
and even plasma environment could be produced.

As a typical next-generation semiconductor and hard-to-
machine material, 4H-SiC has been chosen to demonstrate the
advancement of the PASE method. We first adopted ab initio
molecular dynamics (AIMD) simulation to analyze the etching
process and explore the appropriate condition for the selective
etching of surface atoms. As shown in Figures 2a and S2, the
dissociate paths of step-edge Si atom (SE-Si) and step-terrace
Si atom (ST-Si) under the irradiation of fluorine plasma are
different. The calculated activation energies for SE-Si and ST-
Si under 300 K are 0.25 and 0.54 eV respectively. According to
the Arrhenius equation, the etchin§ of SE-Si should be 74435
times higher than that of ST-Si.>° However, fluorine plasma
never shows such great lateral etching ability under room
temperature in an actual etching operation. We further
extended the etching time to capture more details about
PASE, as shown in Figures 2b and S3. After a few cycles of
selective etching of SE-Si, we observed accumulation of
amorphous carbon remaining on the surface. Those
amorphous carbons would hinder step edges and thus would
be an obstacle for the following selectivity toward SE-Si. Thus,
we introduced oxygen into the plasma to remove the
amorphous carbon. As shown in Figure 2¢, the ability to
remove absorbed carbon is weak under low temperature while
higher temperature dramatically strengthens this ability.””
Meanwhile, the absorption of O atoms on the 4H-SiC surface
can produce relatively loose Si—O structure, forming active
sites that are easy to be etched. The amount of generated COx
increases rapidly with the increase of temperature. Addition-
ally, under 1500 K, carbon has not dissociated with the same
amount of injecting F atoms, implying that O has much higher
carbon removal ability than F. In summary, the combination of
F and O plasmas can be used to realize atom-selective etching
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Figure 4. Ultrafast and atomic roughness polishing by PASE. (a) AFM images of 4H-SiC samples with different plasma durations. (b) PSD curves
of 4H-SiC samples before and after PASE. (c) STEM image of the cross section of the 4H-SiC sample after PASE. (d) Element mapping results. (e
and f) STEM images and SAED patterns of (e) as-received 4H-SiC sample and (f) polished 4H-SiC sample via PASE. (g) The roughness and MRR
variations of 4H-SiC during PASE. (h) The comparison between PASE and other cutting-edge polishing methods. (i) AFM images of various

single-crystal materials polished by PASE.

of 4H-SiC. F atoms serve as the main element to the selective
etching of SE-Si, and the etching speed is calculated to be
74435 times higher than that of ST-Si. O atoms can remove
the accumulated amorphous carbon and expose the Si atoms
behind. The carbon removal ability of O increases rapidly with
temperature. Significantly, O would form a loose Si—O
structure on the surface, which can accelerate the etching
process. At the macro level, the synergy of F and O could be an
effective path for highly efficient etching of atomic steps on
4H-SiC. Therefore, the key point to achieve atom-selective
etching of 4H-SiC is to modulate F and O atoms to an
appropriate ratio and impose high temperature.
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According to the simulation results, a dense and high-
temperature plasma that contains an appropriate proportion of
F and O radicals is required for the PASE process. Herein, we
utilize atmospheric pressure inductively coupled plasma (ICP)
as the etchant to experimentally demonstrate the atomic-scale
polishing ability of PASE. An ICP torch can provide both high-
temperature and high-radical-density plasma.”® Meanwhile, as
our plasma works under atmospheric pressure, which implies a
low mean-free path, it would not introduce new damage
caused by atomic bombardment commonly observed in low-
pressure and vacuum plasma.”” The schematic experimental
setup is shown in Figure 3a. The sample stage was made from

https://doi.org/10.1021/acs.jpclett.3c02322
J. Phys. Chem. Lett. 2023, 14, 9441-9447
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alumina foam to maintain the high temperature of the sample
surface during PASE. A piece of quartz glass was placed on the
foam to prevent powder contamination. During a typical
polishing process, the ICP was ignited outside the substrate
and then moved to a predefined location. The temperature of
the sample would quickly rise to over 1400 °C in 60 s (Figure
3b), and the heating rate is much higher than conventional
furnaces or heating tables. The temperature can be regulated
by modulating the radio frequency (RF) power and stand-off
distance (Figure S4). After the PASE process was conducted
for the set duration, the RF power would be turned off and the
4H-SiC sample was cooled under the protection of Ar flow.
Figure 3c shows the optical emission spectroscopy (OES) of
ICP. After the addition of CF, into the plasma, a strong CFy
(350—450 nm) peak and typical C, (450—570 nm) Swan
system can be observed clearly.’’™** However, a high
concentration of C, could increase the surface absorption of
carbon, which can hide the atomic step structure and impede
the preferential edge etching effect. When oxygen is added, the
intensity of the C, peak greatly decreased. Oxygen is also a
highly electronegative gas, which can gain energy from
energetic electrons and compete with CF,; thus, it can be
seen that the intensity of the CFy peak is also reduced.*® The
peak at 777.6 nm represents the transitions of O atoms (3pSP
— 3s5S), suggesting that abundant O radicals could be used to
remove the accumulated carbon layer.** The radical percentage
can be controlled by modifying the input flow rates of CF, and
O, (Figure SS). Therefore, this plasma source is considered to
be able to meet the requirements for the realization of PASE.

The surface morphology of the etched 4H-SiC sample and
the corresponding schematic diagram of surface profiles are
shown in Figure 3d. The as-received surface of 4H-SiC, which
is rough and seriously damaged, is preprocessed by slicing.
Within 3 s, the amorphous layer on the surface has been
quickly removed, as amorphous 4H-SiC contains more
dangling bounds which should be easy to be etched. The
surface processed by 3 s of etching already shows some small
flat bottoms, which implies the significant role of lateral
etching effect. After 10 s of PASE, the surface demonstrates
even more pronounced iconic flat bottoms, further confirming
the lateral etching effect. With the etching going on, the flat
bottom continually expended and finally combined together,
forming an integral flat surface without any steps and terraces,
which could be observed on the sample surface processed by
PASE for 1 min. The schematic diagram in Figure 3d and
Movie S2 graphically show how the lateral etching can result in
flat bottoms and eventually form an ultrasmooth surface. This
set of samples can clearly prove that PASE can achieve a lateral
etching effect and polish the sample efliciently.

The selective etching effect in PASE was further confirmed
by AFM. As shown in Figure 4a, within 10 s, selective etching
sites with a flat bottom are formed on a rough sliced surface. In
S min, all atom steps disappear and the Sa roughness decreases
to 0.0S nm. The power spectral density (PSD) curves in Figure
4b show an improvement of all spatial frequencies, and
meanwhile, it takes only 5 min to converge to the final PSD
shown in Figure S6. The scanning transmission electron
microscopy (STEM) result in Figure 4c shows the cross-
sectional profile of the surface etched for 5 min, and a carbon
layer was used to protect the topmost layer of atoms in the
focused ion beam (FIB) process.”” It can be seen clearly that
the surface layer is an integrated crystal plane surface without
defects, missing atoms, and extra atoms. The energy dispersive
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spectrometry (EDS) result in Figure 4d shows that only
protective carbon paint layer (containing carbon and oxide)
remains on the surface. To ensure that all the amorphous
layers are from protective painting rather than the PASE
polishing process, we have also prepared an FIB sample
protected by electron beam evaporated Cr layer, and the result
also indicates that the surface was well-crystallized and
atomically flat 4H-SiC (Figure S7). We obtained the lower-
magnification STEM images of 4H-SiC before and after PASE,
and the results are shown in Figure 4ef. The raw surface is
heavily damaged, and many strain patterns can be observed.
The heavily twisted selected area electron diffraction (SAED)
pattern also confirms the finding.*® After PASE, the polished
surface is visually uniform, and the typical SAED pattern of
1120 zone-axis implies the good crystallinity of the surface
region,g'1 suggesting that the subsurface damge (SSD) layer has
been removed.

The PASE process is based on the selective etching of SE
atoms, which can also be interpreted as a much higher lateral
etching speed compared with the vertical direction. This means
the material removal rate (MRR) should be closely related to
the surface roughness, as a higher roughness implies more
exposed atomic step edges. The roughness and MRR are
shown in Figure 4g. During the first minute of etching, the
roughness rapidly decreased from 68.2 to 0.1 nm, then slowly
reduced to 0.05 nm in S min, and finally remained at that
roughness. The MRR also decreased from 58.1 to 31.7 ym/
min in the first minute of PASE and then converted to around
30 pm/min, which also proved the atom-selective etching
mechanism. We compared PASE with many conventional and
cut-edge methods, as shown in Figure 4h and Table S1. It can
be found that PASE can reach the lowest roughness, while its
efficiency is 3 orders of magnitude higher than that of the other
methods. Meanwhile, PASE is theoretically able to reach truly
atomic flatness, while other methods are not capable of that
achievement. The PASE method breaks the rule that high
MRR will result in a rough surface; when MRR increases in
PASE, the roughness remains almost the same with atomic
level (Figure S8).

We further demonstrated the general ability of PASE.
Theoretically, all single-crystal materials could be polished by
PASE. Herein, we explore the polishing of several typical
difficult-to-machine materials, including GaN, Si, Al,Os, and
AIN, via PASE, and the results are shown in Figure 4i. It is
clear that all these materials have reached atomic flatness from
the sliced raw surface in several minutes. Meanwhile, the
localized flat bottom morphology emerged in all samples
during etching. These results suggest that PASE is practical in
polishing a wide range of single crystals. These results strongly
demonstrate that PASE has the potential to be industrially
utilized for the manufacturing of single-crystal wafers with truly
atomic flatness and ultrahigh efficiency with a level of ym/min.

PASE can produce a true atomically flat surface of single-
crystal materials with ultrahigh efficiency. By controlling the
plasma scale, uniformity, and temperature, it can be readily
extended to process large size wafers.”” PASE has the ability to
substitute the lapping, mechanical polishing, and chemical
mechanical polishing steps in conventional wafer manufactur-
ing processes and greatly reduce the time cost. For instance, in
this work, the polishing process of 4H-SiC has been reduced
from over 8 h to less than 10 min, which could reduce 12% of
the manufacturing cost.’® Thus, PASE will foster the
application of devices based on them. The PASE process can
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be coupled with a subsequent deposition or oxidation process,
since the high-temperature and gas-phase environment needed
for them are similar. Meanwhile, the ability of PASE to
produce true atomically flat surfaces will enable many cutting-
edge applications that are possible with truly atomic surfaces,
such as quantum chips, single-molecule electronics, and so
forth,**
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