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ABSTRACT: Nanostructures in silicon (Si) induced by phase
transformations have been investigated during the past 50 years.
Performances of nanostructures are improved compared to that
of bulk counterparts. Nevertheless, the confinement and loading
conditions are insufficient to machine and fabricate high-
performance devices. As a consequence, nanostructures
fabricated by nanoscale deformation at loading speeds of m/s
have not been demonstrated yet. In this study, grinding or
scratching at a speed of 40.2 m/s was performed on a custom-
made setup by an especially designed diamond tip (calculated
stress under the diamond tip in the order of 5.11 GPa). This
leads to a novel approach for the fabrication of nanostructures by nanoscale deformation at loading speeds of m/s. A new
deformation-induced nanostructure was observed by transmission electron microscopy (TEM), consisting of an amorphous
phase, a new tetragonal phase, slip bands, twinning superlattices, and a single crystal. The formation mechanism of the new
phase was elucidated by ab initio simulations at shear stress of about 2.16 GPa. This approach opens a new route for the
fabrication of nanostructures by nanoscale deformation at speeds of m/s. Our findings provide new insights for potential
applications in transistors, integrated circuits, diodes, solar cells, and energy storage systems.
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Silicon (Si) dominates consumer electronics,1 solar cells,2

photovoltaic industry,3 semiconductor devices, and be-
comes the foundation of electronics industry, which can be
considered as the largest industry in the world.4 Crystalline and
amorphous forms are the principal states of Si,5−7 and
nanostructures by transformation between both states greatly
influence mechanical, optical, electrical, and electrochemical
properties of high performance devices.1−3,8−14 In this regard,
nanostructures by means of phase transformation of Si have
been studied for over half a century15,16 by diamond anvil
cells,14,17 compression,7,9,18 scratching,19,20 nanoindentation,21

nanoscratching22 and bending.18,23−25 However, bulk Si absorbs
and emits photons weakly, because of the second-order
momentum-conserving processes inefficiently.1 Because of the
paucity of defects and the large surface-to-volume ratio,26 Si
nanostructures have revealed superior12,17,27,28 mechanical,23,24

optical,1 electrical,2 and electrochemical11,28 properties, com-
pared to the bulk counterparts. For instance, thin film solar cells
involving nanostructures are flexible and transparent,2 thus
leading to a material reduction by 150−200 times compared to
bulk Si-wafer based solar cells.29

Cutting speeds vary from 15 to 18 m/s in machining and
fabricating high-performance Si devices.21 This is obviously
different from present confinement and loading conditions used
in hydrostatic pressure,14,17 nanoindentation,21 nanoscratch-
ing,22 and bending.23,24 Cutting speeds are 10 mm/s19 and 2.67
mm/s20 in scratching experiments to characterize the micro-
structural changes in Si. However, the work is at the micrometer
level instead of the nanoscale. A scratching speed of 0.4 μm/s is
used in nanoscratching,22 which is 7 orders of magnitude lower
than m/s applied in machining and fabricating. Indenting speeds
of nanoindentation are 8 nm/s21 and 60 nm/s30 in air and in situ
transmission electron microscopy (TEM) respectively. In situ
TEM nanomechanical tests have loading speeds of 10−30 nm/s
in bending,23 2−4 nm/s in compression,7,9 and 5 nm/s in
tension,31 which are 8−9 orders of magnitude lower compared
to conventional machining and fabricating. As a result,
nanostructures induced by nanoscale deformation at loading
speeds of m/s have not been demonstrated yet. It is highly
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desirable to machine and fabricate nanostructures of Si at speeds
of m/s for potential applications in integrated circuits (IC),
diodes, transistors, solar cells, and energy storage systems.12

Transformation pathway in Si is dramatically affected by
stress-induced confinement and loading conditions. In nano-
indentation, diamond cubic (Si-I) transforms to β-Sn (Si-II)
during loading7,9,22 under a stress of approximately 11.7 GPa.1

During unloading, β-Sn turns into an amorphous phase and/or a
mixture of high pressure Si-III and Si-XII phases.9,22 In core/
shell configuration, diamond cubic Si directly converts to an
amorphous phase under compression at stress of 8.5 GPa,
without involving any intermediate crystalline phase.7 Under
compression, diamond cubic transforms to an intermediate
diamond hexagonal structure at ∼18 GPa, and then changes to

an amorphous phase.9 In diamond anvil cells, the metallic β-Sn
experiences a transformation to Si-XI phase at 13.2 GPa. At a
higher pressure of 15.4 GPa, Si-XI transforms to Si-V, followed
by a transformation at ∼38 GPa. At a pressure of 42 GPa, Si-VI
undergoes a transformation to Si-VII. Finally, Si-VII transforms
into Si-X at ∼79 GPa.1 All the above-mentioned phase
transformations occur via nanoscale deformation at loading
speeds of nm/s or μm/s. It is unclear what kind of nanostructure
is induced via nanoscale deformation under loading speeds of
m/s. Moreover, fundamental mechanisms for the formation of
nanostructure are not understood.
In this research, grinding or scratching at a speed of 40.2 m/s

was conducted on a custom-built setup using a specially
designed diamond tip. A new deformation-induced nanostruc-

Figure 1. (a) Photograph of a developed setup performing grinding induced by (b) (SEM image) a single diamond tip developed, (c) photograph of a
ground Si wafer, and (d) schematic diagram under grinding at the onset of chip and crack formations.

Table 1. Summary of the Grinding Conditions Performed by a Specially Designed Single Diamond Tip

at the onset of chip
formation

diamond tip
(shape)

included angle
(deg)

tip radius
(μm)

width
(nm)

depth
(nm)

wheel speed
(m/s)

table speed
(rpm)

feed rate of diamond tip
(μm/min)

conical 140.7 2.5 456 33 40.2 120 10

Figure 2. SEM images of (a) the surface after grinding and (b) cross-sectional view of the surfaces marked by a black square in (a) at the onset of chip
formation.
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ture was observed by TEM after grinding. Ab initio simulations
and theoretical calculations were carried out to elucidate the
formation mechanism of the nanostructure.
Results and Discussion. A setup was developed to perform

grinding induced by a specially designed single diamond tip, as
illustrated in Figure 1a. The diamond tip has a conical shape with
a tip radius of 2.5 μm and an included angle of 140.7°, as
depicted in Figure 1b. Well separated ground tracks are present
on a Si wafer (Figure 1c). The chip formation induced by
grinding using a single diamond tip is shown in Figure 1d. All
grinding conditions are summarized in Table 1. The grinding
speed was 40.2 m/s, and the feed rate of the diamond tip was 10
μm/min. Figure 2 shows the ground surface with a pronounced
grinding mark as well as cross-sectional view at the onset of chip
formation, whose width (Figure 2a) and depth (Figure 2b) are
456 and 33 nm, respectively.
Figure 3 shows a cross-sectional TEM image of the

nanostructure at the onset of chip formation. The nanostructure

consists of an amorphous phase at the topmost, followed by a
new tetragonal phase, slip bands, twinning superlattices and a
single crystal at the downmost. The thickness of twinning
superlattices is approximately 40 nm.
A high-resolution TEM (HRTEM) image of the nanostruc-

ture of the twinning superlattices and its fast Fourier
transformation (FFT) are shown in Figure 4a,b, respectively.
In reciprocal space, distances between {111} planes are divided
equally into three parts, indicating the characteristics of twinning
superlattices. Schematic diagram of the twinning superlattices is
depicted in Figure 4c.
Figure 5 illustrates the TEM images of two different regions

marked by a pink square (ii) and rectangle (iii), respectively in
Figure 3. A structure having short-range order is observed at the
transition part between twinning superlattices and slip bands, as
shown in Figure 5a. Edge dislocations form the boundary of slip
bands. A rotation angle of 21.8° can be found between the (111̅)
of twinning superlattices and {111} planes in slip bands. In
Figure 5a, the thickness of slip bands varies from 3 to 4 nm. The
thickness of slip bands turns larger ranging from 4 to 10 nm in
Figure 5b. An amorphous phase is observed in slip bands.
Figure 6 displays the TEM image in the area marked by a pink

ellipse (iv) in Figure 3. A nanocrystalline, an amorphous and a

new tetragonal phase are found in Figure 6a. It is intriguing to
observe a new tetragonal phase in Si after grinding induced by a
single diamond tip. After FFT in the area of the new phase, four
diffraction spots occur as can be seen in Figure 6b. The angle
between adjacent spots is 90°, and the distance between each
spot to the central one is equal. With inverse FFT (IFFT), an
HRTEM image of the tetragonal phase is illustrated in Figure 6c.
A strip is drawn by two curved yellow lines, which can be
affiliated to diamond cubic Si-I phase. Edge dislocations
distribute on two curved yellow lines, separating the Si-I phase
from tetragonal phase. A bending pink line is marked by five
parallel pink arrows, indicating a slip line from Si-I phase to
tetragonal phase. The distance between two adjacent planes in
the tetragonal phase is 0.302 and 0.3025 nm in horizontal and
vertical direction, respectively, as measured in Figure 6d. This is
consistent with the characteristics of diffraction spots presented
in Figure 6b. Hence, the tetragonal phase belongs to a tetragonal
crystal system.
The specially designed diamond tip had a tip radius of 2.5 μm,

as listed in Table 1, which is similar compared to grits of a
diamond wheel with a mesh size of 3000. The diamond wheel is
commonly used in ultraprecision grinding in semiconductor and
microelectronics industries. The onset of chip formation is the
start of material removal in grinding (Figure 2), which is
significant for the ultraprecision machining and fabricating for
high performance devices. At the onset of chip formation, the
force and depth of cut are difficult to measure due to the lack of
in situ measurement techniques for the force and the depth,
which is typically in the nanoscale. Thus, it is important to
calculate the force and depth of cut to control them on the
diamond tip. This is necessary to develop novel ultraprecision
machining techniques and setups, as well as for high perform-
ance devices. The normal force, Fn is calculated as32

F
Ha

n

2

2
π

λ
=

(1)

Figure 3. Cross-sectional TEM image of the nanostructure at the onset
of chip formation.

Figure 4. TEM image of (a) twinning superlattices in the area marked
by a pink circle (i) in Figure 3, as well as (b) the corresponding FFT
pattern, and (c) its schematic diagram.
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where H is the hardness, a is a half of width, and λ is a
dimensionless parameter. The hardness of Si(100) is 13.2 GPa.2

λ is 1 for an indenter.1 The plastic radius, pr can be expressed as
33
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where v is the Poisson’s ratio, E is the elastic modulus, σy is the
yield strength, and α is the half-included angle. v and E of the
Si(100) are 0.3 and 150.2 GPa, respectively.33 σy is presented
as34

H
2.8yσ =

(3)

The lateral force, Fl is given as

F Fl nμ= (4)

where μ is the friction coefficient, which is 0.08 between a
diamond tip and a Si(100) wafer.35 The depth of cut, h, can be
described as36
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Figure 5. TEM images in the area marked by (a) a pink square (ii) and (b) rectangle (iii), respectively in Figure 3. The right side is toward the surface
direction.

Figure 6. (a) TEM image in the area marked by a pink ellipse (iv) in Figure 3, (b) FFT pattern, (c) IFFT image, and (d) distances of four planes for the
new tetragonal phase in (a). The right side is toward the surface direction.
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where E* is the effective indentation modulus and R is the tip
radius. E* is given as36

E
v

E
v

E
1 1 1s

2

s

i
2

i* =
−

+
−

(6)

Es and vs are the Young’s modulus and Poisson’s ratio of Si(100)
wafers, respectively, and Ei and vi are those of the diamond tip. Ei
and vi are 1141 GPa and 0.07, respectively.36 Calculated forces
and plastic sizes are summarized in Table 2. The calculated

depth of cut is about 39 nm at the onset of chip formation, which
agrees well with measured value by FIB of about 33 nm. The
calculated normal stress is about 5.11 GPa at the onset of chip
formation.
To elucidate the formation mechanism of the new tetragonal

phase, ab initio calculations were performed, as shown in Figure
7. Diamond cubic Si-I phase transforms from face-centered
cubic (fcc) structure to the new tetragonal phase under
compression induced by grinding, as illustrated from Figure
7a−c. The transformation was conducted by the slips of atoms in
the (111̅) plane along the [11̅2̅] orientation (Figure 7d). The
calculated SiSi bond length of the original structure is 2.351 Å,
which is in good agreement with previous reports (2.352 Å).12

After compression, the SiSi bond length at the (110) plane is
2.390 Å, while the bond length between one Si atom at the (110)
plane and the other at the (220) is 2.183 Å. The calculated
migration energy of one Si atom is 0.38 eV (Figure 7e), whereas
the Si−Si bond energy is 2 eV. Therefore, it can be confirmed

that no Si−Si bond is broken. The calculated average force is
0.276 nN to move a Si atom (Figure 7f), which is reasonable
compared to that required force to move a cobalt (Co) atom on
a Pt surface (0.21 nN).37 In the (111̅) plane, a plane density of
atoms is 7.8296 × 1018 m−2, and the shear stress is about 2.16
GPa to form the new tetragonal phase from the fcc structure.
Peierls stress, τp, is determined as38

i
k
jjj

y
{
zzz

G
v v

d
b

2
1

exp
2

1Pτ π=
−

−
− (7)

where G is the shear modulus, d is the spacing of a glide plane,
and b is the magnitude of Burgers vector. G is derived from the
elastic modulus as39

G
E

v2(1 )
=

+ (8)

The lattice constant of Si is 5.431 Å.12 The elastic modulus of
{111}⟨112⟩ is 169.2 GPa,33 and the Poisson’s ratio40 of
⟨111⟩⟨112⟩ is 0.182. d and Sb for shuffle movement in Si are
2.35 and 3.84 Å, respectively.41 The Peierls stress is 1.59 GPa,
which is in good agreement with 2.16 GPa calculated by ab initio
simulations.
The grinding speed was 40.2 m/s at a depth of cut of 33 nm in

our experiments. The loading speed is 3−4 and 8−10 orders
magnitude higher than those of scratching19,20 in air and in
nanomechanical tests in air and TEM7,9,21−23,30,31 respectively.
Using such high loading speeds, nanomechanical experiments
can be regarded as quasi-static loading. This is the substantial
difference between our grinding experiments and previous
reports. Besides this, there is no material removal occurring in
nanoindentation, compression and bending. It is noted that the
tip radius of nanoindentation is 50 or 150 nm,30 which is sharper
than 1 μm used in nanoscratching,22 thus producing intense
local stress concentration in the first case. In nanoscratching,
pile-ups happen ahead and aside the scratching tip due to the
ultralow scratching speed,22 which makes the confinement

Table 2. Calculated Forces and Plastic Sizes under Grinding
at the Onset of Chip Formation

at the onset of chip formation

diamond tip
(shape)

Fn
(μN)

Fl
(μN)

pr
(nm) h (nm)

normal stress
(GPa)

conical 2155 172 434 39 5.11

Figure 7. (a) Oblique view of a supercell with 32 atoms, views from ⟨110⟩ orientation prior to (b) and after (c) compression, schematic diagram (d) of
atoms slip on {111} planes, and ab initio calculated (e) average migration energy and (f) average force to move a Si atom.
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effectively. Obvious material removal takes place on the ground
surface of Si, as depicted in Figures 1c and 2a. At high loading
speeds and in a material removal mode, confinement is
ineffective due to a relatively low stress state. Using theoretical
calculations, the stress is 5.11 GPa under the diamond tip during
grinding, which is lower than 11.7 GPa for the transformation of
Si from diamond cubic to Si-II structure.1 It is distinct from the
direct crystalline-to-amorphous transition in the core/shell
configuration.7 Consequently, a new nanostructure induced by
nanoscale deformation is found by TEM. The nanostructure
includes an amorphous phase, a new tetragonal phase, slip
bands, twinning superlattices and a single crystal at the bottom.
From ab initio simulation, the new tetragonal phase is formed
though slips of atoms in (111̅) plane along [11̅2̅] orientation at
shear stress of 2.16 GPa. This is in a good agreement with 1.59
GPa calculated from Peierls stress.
Conclusions. In summary, grinding was performed on a

custom-built setup using a specially designed diamond tip, in
which the loading speed was 40.2 m/s at a depth of cut of 33 nm.
The calculated stress under the diamond tip was 5.11 GPa
during grinding. After grinding, a new nanostructure was
observed by TEM with an amorphous phase at the topmost,
followed by a new tetragonal phase, slip bands, twinning
superlattices and a single crystal at the downmost. The
tetragonal phase is formed by slips of atoms in {111} along
⟨112⟩ orientation at shear stress of 2.16 GPa, which is simulated
by ab initio calculations. This is consistent with the prediction of
the Peierls stress. The approach used in our work offers a new
way to machine and fabricate nanostructures in Si by nanoscale
deformation, which will be very useful for applications in IC,
solar cells, energy storage systems, and so forth.
Experimental Section. A single diamond tip was developed

from a diamond grain imported from South Africa. First, the
diamond grain was put in a hole at one end of a 45 carbon steel
lever. Then the hole was filled with nickel-based powder. The
diamond grain was fixed using high-frequency welding. It was
ground on a precision grinder by resin bond diamond wheels
with mesh sizes of 300, 800, and 3000. A vitrified diamond wheel
with a mesh size of 5000 was used to machine the diamond tip at
the final grinding process. Finally, mechanical chemical
polishing (MCP) was employed to finish the diamond tip by a
cast iron plate. Chemical reaction was activated between the
diamond tip and cast iron plate by the heat generated during the
MCP to finish the diamond tip. An aluminum (Al) alloy plate
was designed and manufactured according to the structure of an
ultraprecision grinder (Okamoto VG401 MKII, Japan). The
diamond tip was fixed in a hole of 320 mm in diameter of the Al
alloy plate with a diameter of 336 mm. The Al alloy plate was
mounted on the ultraprecision grinder. With this approach, a
setup was developed to perform the grinding induced by the
developed single diamond tip, inducing a depth of cut in the
nanometer range.
Commercial Si(100) wafers (Grinm Advanced Materials Co.,

Ltd.) with a diameter of 150 mm were used as specimens of 100
nm in flatness after chemical mechanical polishing (CMP). Prior
to grinding, the diamond tip was fed manually on the
ultraprecision grinder. A subtle ground track was observed
when the diamond tip touched a Si wafer. A readout was taken at
this location. Then the diamond tip was uplifted for 40 μm.
Setting up the readout in the grinder, grinding was started.
During grinding, the rotational speeds of spindle and work table
were 2399 and 120 rpm, respectively, and the feed rate of spindle
was 10 μm/min. Coolant was shut off in grinding to obtain the

chips (debris) on the ground surface. The diamond tip was
uplifted immediately when reaching the readout. Nanoscale
depth of cut was guaranteed by a variation of 150 nm between
the runout of spindle for 50 nm and a flatness of a Si wafer for
100 nm. After grinding, the Si wafers were flushed and dried by
deionized water and compressed air, respectively.
The diamond tip developed and ground surfaces on Si wafers

were characterized by scanning electron microscopy (SEM,
Lyra3 Tescan, Czech Republic) equippedwith focused ion beam
(FIB). The width at the onset of chip formation was measured
by SEM, and the depth was cut by FIB and then measured by in
situ SEM. TEM samples were prepared using FIB (Auriga, Carl
Zeiss, Germany). TEM examinations were performed by an FEI
Tecnai F20 microscope operated at an accelerated voltage of
200 kV.
Ab initio calculations were performed using the density-

functional theory,42 as implemented in the Vienna ab initio
simulation package (VASP).1 The generalized gradient
approximation (GGA) method43 was performed with the Blöchl
corrections for the total energy.44 Valence electrons were
explicitly treated by projector augmented plane-wave (PAW)
potentials.43 The calculations employed a plane-wave cutoff
energy of 310 eV, reciprocal space integration with a
Monkhorst−Pack scheme45 and convergence criterion for the
total energy of 0.01 meV. The total energy convergence was
tested with respect to the k-point grid of 7 × 7 × 7. Various
configurations of Si atoms were considered to look for the
appropriate structure to simulate the experimental observations.
In this work, a supercell of 32 Si atoms were applied with a (110)
basal plane. The supercell was compressed along the ⟨11̅0⟩
direction, which was obtained by moving the atoms stepwise
from the initial equilibrium positions toward the (11̅0) plane.
The atoms were migrated for 10 steps in total until reaching the
final positions. In each step, the total energy of the supercell was
calculated. It was speculated that all the increment of the total
energy after movement was induced by compression. Con-
sequently, the average force was acquired to move one Si atom.
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