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ABSTRACT

Speed and temperature are two key parameters governing GaAs mechanical nano-patterning
process. For the first time, this study evaluates the effects of pressing speed and
nanoimprinting temperature on the deformation behavior and mechanical properties of GaAs
in the mechanical nano-patterning process. Simulation results reveal that high pressing speed
and high nanoimprinting temperature facilitate the nano-pattern formation on GaAs. For the

pressing speed effect, the maximum force, residual stress, and cubic diamond atomic friction



decrease with the elevated pressing speed, while the surface pile-up is minimally influenced
by the pressing speed during the nanoimprinting process. Moreover, the morphological
accuracy of the nano-patterns is enhanced with increasing pressing speed. For the temperature
effect, simulation results reveal that amorphization and plastic activity exhibit a positive
correlation with increasing nanoimprinting temperature, whereas the maximum force and
residual stress demonstrate a roughly inverse relationship with nanoimprinting temperature.
Additionally, the elevated temperature also exerts a substantial influence on the dislocation
density, morphological accuracy, and surface pile-up. This study contributes to a
comprehensive understanding of the effects of these two key factors on the mechanical

properties and deformation behavior of GaAs in mechanical nano-patterning.
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1. Introduction



Nano-patterned single-crystal GaAs is widely used in solar panels [1,2], nanophononics
[3,4], and high-speed semiconductor devices [5,6], owing to its high electron migration rate
and direct bandgap. The nanoimprinting technique is a highly-throughput, cost-effective, and
user-friendly method [7-9] for direct mechanical nano-patterning over a large area. It employs
a rigid mold to achieve precise manipulation of materials through controlled mechanical
deformation under specific temperature and pressure conditions [10]. Over the past few
decades, this simple mechanical machining method has been developed for a variety of
applications such as nanofluid devices, nanoelectronics, and high-density data storage systems
[7,9]. The nanoimprinting technique was initially developed for imprinting on soft polymers.
However, recent advancements have demonstrated its feasibility in direct nanoimprinting on
hard materials [11-13]. Given that the substrate material undergoes deformation in the
nanoimprinting process to generate nano-patterns, comprehending the deformation
mechanism is of utmost importance.

Numerous studies have investigated the deformation mechanism during the
nanoimprinting process by utilizing the molecular dynamics (MD) simulation, thereby
offering preliminary insights into tooling design and determination of nanoimprinting
conditions [14—16]. Wang et al. [17] investigated the mechanical behavior of amorphous Ni-
Zr alloys during the nanoimprinting process. They observed that the hardness and modulus of
amorphous Ni-Zr alloy increase proportionally with an elevated concentration of Zr atoms.
Moreover, the pile-up index exhibited a positive correlation with nanoimprinting temperature.
The effects of punch shape and adhesive energy on the nanoimprinting process were

investigated by Kang et al. [18]. Nguyen et al. [19] revealed that an increase in vibration



frequency leads to an augmentation in groove depth. Moreover, the groove shape could be
significantly influenced by factors such as punch angle, nanoimprinting temperature, and
vibration factor. Besides, the mechanical behaviors of Cu-Ni alloys, which were
nanoimprinted and annealed, were also investigated through MD simulations by Fang et al.
[20]. Park et al. [21] demonstrated that elevating the substrate temperature can effectively
enhance the demolding process. Koyama et al. [22] conducted a comprehensive investigation
on the impact of punch size and shape on the nanoimprinting process. The imprinting force,
plastic deformation, and dislocation movement in the nanoimprinting process of copper with a
diamond punch were investigated by Pei et al. [23]. Zhu et al. [24] proposed a two-step
precision glass molding technique for the fabrication of micro-nano structure arrays with
antireflective properties on chalcogenide glass under a constant molding temperature of 307
K. Riyadi et al [25] studied the effects of mold geometry and imprinting temperature on the
quality of metallic glass films. Pham et al [26] conducted the nanoimprinting process using a
punch with an angle of 0° to imprint FeNiCoCrCu high-entropy alloys via MD simulation.
They revealed that the imprint force increased with the increasing imprint speed.

The above studies are mainly focused on the deformation mechanism exhibited by
ductile materials under different nanoimprinting conditions. Conversely, the deformation
mechanism of hard-brittle materials may significantly differ from that of ductile materials due
to the differentiation in atomic bonding types [27]. However, the underlying mechanism of
the deformation response of GaAs during the nanoimprinting process is still scarce.
Meanwhile, considering that the optimization of mechanical nano-patterning quality relies on

the manipulation of pressing speed and nanoimprinting temperature, this study aims to



comprehensively investigate the impact of these factors on the formation process of nano-
patterns during nanoimprinting. Specifically, the nanoimprinting will be conducted using
large-scale MD simulations at various pressing speeds, ranging from 60 m/s to 150 m/s, and
nanoimprinting temperature variations spanning from 10 K to 600 K. Attention is focused on
the effects of the above factors on the atomic deformation behavior, mechanical response,

surface pile-up, and morphological accuracy in the nano-patterns machining process.

2. Methodology

2.1. MD simulation

The MD simulations in this study were performed using the Open-source LAMMPS
package, developed by Plimpton [28]. The nanoimprinting MD model consists of a diamond
cubic punch, GaAs specimen, boundary layer, and thermal layer as shown in Fig. 1.
Considering the primary focus of this research on investigating the impact of nanoimprinting
temperature and pressing speed on GaAs specimen deformation during the nanoimprinting
process, a simplified cubic punch shape was adopted for ease of analysis [20]. The cubic
diamond punch can be considered as a rigid body owing to its significantly higher hardness in
comparison with the GaAs specimen. It should be noted that the lattice arrangement of perfect
monocrystal GaAs follows the diamond structure [29,30]. The size of the specimen is
30a0x30a0x21a0, where ao is the lattice constant (5.653 A). The diamond punch and specimen
consisted of 11,650 atoms and 153,000 atoms, respectively. To ensure the structural stability
of specimen atoms throughout the nanoimprinting process, the lowest bottom layer was held

in a fixed position. The thermostatic layer functions as a temperature mediator, establishing a



thermal linkage between the atoms in the specimen layer and the surrounding environment,
thereby maintaining the specimen layer at a predetermined temperature. The motion of atoms
in the thermostatic and specimen layers adheres to Newton’s second law, while the Velocity-
Verlet algorithm is employed with a time step of 1 fs for integrating the Hamiltonian
equations of motion. Before the nanoimprinting process, the energy of the GaAs specimen
was minimized using the conjugate gradient method to adjust atom coordinates [31]. In
addition, the punch was positioned at 10 A from the surface of the GaAs specimen, with its
movement aligned along the negative direction of the Z-axis. The X- and Y-directions are
subject to periodic boundary conditions (P. B. C), whereas the Z-direction exhibits non-

periodicity (n-P. B. C) [32].

Rigid punch

l Imprinting
direction

Specimen

Thermal layer

Fig. 1. Schematic illustration of nanoimprinting simulation model.

During the nanoimprinting process, five different pressing speeds (60 m/s, 80 m/s, 100
m/s, 120 m/s, and 150 m/s) were applied. Prior to nanoimprinting, the desired temperature of
the Newton layer atoms and thermal layer atoms (10 K, 150 K, 300 K, 450 K, and 600 K) was

achieved by equilibrating the sample for about 30 ps by employing a fast and robust Nose-



Hoover method [33]. During the nanoimprinting process, adherence to Newton’s second law
was observed in the Newton layer atoms while heat generated by these atoms was efficiently
dissipated through the thermal layer via the Nose-Hoover method to maintain a constant
temperature within the Newton layer. The temperatures below 300 K were referred to as low
temperature (LT), while temperatures more than 300 K were denoted as high temperature
(HT). The nanoimprinting process can be separated into the following three stages: the
pressing stage, the stay stage, and the demolding stage. After the pressing stage, the punch
was retained in the specimen for a duration of 30 ps, followed by demolding at a speed of 100

m/s.

2.2. Calculation and visualization analysis

The potential function system in the simulation involved atomic interactions between the
GaAs specimen atoms, the interactions between the punch atoms, and the interactions
between the specimen and the punch atoms. The specific forms of the atomic interactions
have been elucidated in prior publications [34-36]. The open visualization tool (OVITO
software) [37] was used to conduct visualization and analysis of the simulation results. The
post-processing methods included the dislocation extraction algorithm (DXA) [38,39], von
Mises (VM) stress calculation [40,41], and atomic displacement calculation [42].

The von Mises stress comprehensively accounts for the combined effects of all six stress
components and has been extensively utilized to quantitatively characterize residual stress

[43,44]. The VM stress was computed utilizing the atomic stress tensor, as depicted in Eq.

).
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where 7xz, 7yz, Txy, Oyy, Oxx, and oz are six components of the atomic stress tensor. In addition,
the calculation of nM'®S for each atom according to their local von Mises shear invariant

was adopted to quantify plastic deformation at atomic scale [45], as shown in Eq. (2).

2
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where #xz, fyz, Nxy, §yy, fxx, and #zz are six components of the atomic strain tensor. The
hardness of a material is determined by the maximum load Pmax and the projected contact area

Ac, which can be quantified using the Oliver-Pharr method [46], as shown in Eq. (3).

P
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3. Results and discussion

3.1. Effects of pressing speed on nanoimprint mechanical properties and atomic displacement
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Fig. 2. Effect of different speeds on the pressing force responses of GaAs specimens at a

nanoimprinting temperature of 300 K.

The pressing force response of the GaAs specimen at the chosen pressing speed during the
pressing stage is depicted in Fig. 2. The results show that the maximum pressing forces for
the pressing speed of 60 m/s, 80 m/s, 100 m/s, 120 m/s, and 150 m/s are 381 nN, 367 nN, 352
nN, 341 nN, and 338 nN, respectively, as shown in Fig. 3(a). Surprisingly, a negative
correlation between the maximum pressing force and the pressing speed is observed in Fig.
3(a), which is substantially different from that of ductile materials as has been reported in
previous studies [47-49]. Meanwhile, the fraction of cubic diamond atoms below the punch at
various pressing speeds is shown in Fig. 3(b). It can be observed that the diamond atomic
fraction decreases with an increase in pressing speed. The result depicted in Fig. 3(c)
illustrates a decrease in the average von Mises stress with an increase in pressing speed,

indicating a negative correlation between residual stress and pressing speed. Moreover, the



pressing speed exerts negligible influence on the surface pile-up, as shown in Fig. 3(d).

The negative correlation between the maximum pressing force and the pressing speed
arises from the fact that the higher pressing speed leads to the appearance of higher strain
energy and activated shear transformation zones (see Fig. 4(¢1)) within GaAs, creating an
increasing number of dislocations (as shown in Fig. 4(c2)) and structural defects (see Fig.
3(b)), and thereby in turn decreases the mechanical stiffness of the GaAs specimen. The
negative correlation between the pressing speed and the maximum pressing force is analogous
to that discovered in monocrystalline silicon [50]. The increasing in imprinting pressing speed
(from 60 m/s to 150 m/s) leads to an augmentation of atomic shear strain at the lateral sides of
the punch, as depicted in Fig. 4(a1)—(c1). Consequently, the resulting free volume caused by
shear band at higher pressing speed does not propagate towards the surface. Therefore,

altering the pressing speed has a negligible impact on surface pile-up.
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Shear Strain

Fig. 4. Distribution of atomic shear strain (from (a1) to (c1)) and dislocations (from (az) to

(c2)) of GaAs specimens at a pressing speed of (a) 60 m/s, (b) 100 m/s, and (c) 150m/s.

Since the shape of the nanoimprinted pit is rectangular, the effects of pressing speed on
morphological accuracy are investigated by measuring the width and depth of the pit. Fig. §
exhibits the atomic displacement distribution and pit morphological accuracy for the various
pressing speeds after demolding. The results demonstrate that the geometry of the imprinted
nano-patterns is more consistent with the shape of the punch at high pressing speed.
Moreover, the morphological accuracy exhibits positive pressing speed-dependent, primarily

attributed to the suppression of elastic recovery at high pressing speeds.
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Fig. 5. The atomic displacement distribution after demolding at a pressing speed of (a) 60
m/s, (b) 80 m/s, (c) 100 m/s, (d) 120 m/s, and (e) 150 m/s. The width and depth of the

nanoimprinting pit after demolding at different pressing speeds are shown in (f).

3.2. Effect of nanoimprinting temperature on plastic deformation behavior
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Fig. 6. Distribution of atomic shear strain of GaAs specimens vs. nanoimprinting temperature
at different depths of nanoimprinting: (a)—(e1) 10 A, (a2)—(e2) 30 A, (as)—(es) 50 A. The
distribution of atomic shear strain after demolding is shown in (as)—(e4). The white dashed

line denotes the position of the shear band.

The nanoscale plastic deformation behavior is related to the mechanical response and
morphological accuracy of the nanoimprinting pattern. Hence, it is necessary to study the
nanoimprinting temperature effects on atomic deformation behavior during the
nanoimprinting process. According to Eq. (2), it is evident that the atomic shear strain can
serve as a quantitative measurement for characterizing plastic deformation at the atomic level.
Fig. 6(a)—(e) displays the atomic shear strain magnitude of GaAs specimen during the
nanoimprinting process at 10 K, 150 K, 300 K, 450 K, and 600 K, respectively. Regardless of

the specimen temperature, the plastic deformation region mainly extends along the z direction



when the nanoimprinting depth is less than 10 A, as depicted in Fig. 6(a1)—(e1). This indicates
the atomic plastic deformation is minimally influenced by temperature at lower depths of
nanoimprinting. However, the influence of temperature on the atomic plastic deformation
becomes significantly pronounced when the nanoimprinting depth exceeds 30 A. Specifically,
two small V-shaped shear strain regions can be observed primarily below the punch when
nanoimprinting at LT, as depicted in Fig 6(az)—(c2). In contrast, the GaAs substrate exhibits a
significant atomic plastic deformation,

as evidenced by a pronounced V-shaped shear strain below the punch and shear band (SB) at
the lateral direction of the punch when nanoimprinting at HT, as shown in Fig. 6(d2) and Fig.
2(e2). Moreover, the distribution of atomic shear strain and shear bands at 50 A exhibits a
resemblance to that observed at 30 A, as depicted in Fig 6(as)—(es). It should be noted that the
shear bands can facilitate the flow of plastic deformation and create densification [51] around
the punch, as shown in Fig. 6(e2) and Fig. 6(e3). It is known that the density in the
surroundings of an SB is significantly increased [52,53]. The strain densification is enhanced
at HT due to the presence of a greater number of shear bands and the accumulation of free
volume within the GaAs specimen. The occurrence of shear bands facilitates plastic
deformation, while strain densification helps maintain pressure stability during this process
[51]. Given the correlation between strain densification and SB, as well as the effect of
nanoimprint temperature and pressing speed on SB formation, it becomes crucial to enhance
the quality of nanoimprinting by carefully selecting appropriate parameters (temperature or
speed) that either prevent SB formation or facilitate its elimination after demolding. Besides,

the shear bands occur mostly along the direction of [011] or [011], which is oriented at a 45°



angle relative to the punch loading direction, consistently aligning with GaAs’s cleavage
fracture [54]. In summary, the elevated nanoimprinting temperature can facilitate the
densification and plastic deformation in the surroundings of the punch through shear bands

and increased shear strain.
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Fig. 7. The RDF diagrams of GaAs specimens with different nanoimprinting temperatures at

the depth of: (a) 10 A, (b) 30 A, and (c) 50 A.

Additionally, Fig. 6(as)—(es) demonstrates distinct variations in the atomic shear strain of
the GaAs specimen after demolding. The elevated nanoimprinting temperatures can enhance
atomic motion, leading to a pronounced elastic recovery of the atomic shear strain at HT.
Specifically, as shown in Fig. 6(ds) and Fig. 6(es), the demolding results in the elimination of
the shear bands below the pit, indicating a significant elastic recovery of the damaged
subsurface structure. Conversely, as depicted in Fig. 6(as)—(c4), the elastic recovery of
specimen atoms is hindered at LT, resulting in a significant residual shear strain and minimal
elastic recovery.

Furthermore, the degree of the structural deformation is quantified using the radial

distribution function (RDF) [55]. The g(r) curves of the GaAs specimen at different



nanoimprinting temperatures under the nanoimprinting depth of 10 A, 30 A, and 50 A are
shown in Fig 7. The peak height of g(r) exhibits a discernible decline, whereas the peak width
shows an augmentation as the substrate temperature increases, implying intensified atomic
vibrations and increased atom displacements. Moreover, an increase in the depth of
nanoimprinting leads to a corresponding reduction in the intensity of the peak. The findings
suggest a substantial enhancement in plasticity with increasing nanoimprinting temperature,

resulting in a more pronounced amorphous state during the nanoimprinting process.

3.3. Effect of nanoimprinting temperature on mechanical response
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Fig. 8. The mechanical response of GaAs specimen at different nanoimprinting temperatures
during the nanoimprinting process: (a) pressing force, (b) maximum pressing force obtained
from (a), (c) the maximum hardness, and (d) average von Mises stress. The region for
calculating the average von Mises stress in (d) is determined by the red box shown in Fig.

6(ba4).

Given that the nanoimprinting technique relies on the direct mechanical deformation of
materials, it is imperative to investigate the mechanical response of GaAs at various
nanoimprinting temperatures. The variations of force with time for different nanoimprinting
temperatures during the nanoimprinting process are illustrated in Fig. 8(a). The force curves
can generally be divided into three stages of the nanoimprinting process: (i) pressing (0—60
ps), (ii) stay (60—90 ps), and (iii) demolding (90—150 ps). Simulation results reveal that the
pressing force significantly increases at a time of 0-20 ps (corresponding to h < 10 A),
followed by large fluctuations from 20 ps to 60 ps (10 <h < 50 A). The fluctuations of
pressing force (from 20 ps to 60 ps) are closely associated with the plastic deformation of the
GaAs specimen, which primarily encompasses two fundamental forms: structural phase
transition and dislocation slip. Fig. 9 illustrates the structural phase transition during the
plastic deformation stage at three distinct temperatures (10K, 300K, and 600K). It can be
observed that as the imprinting depth increases, the region of structural phase transition not
only emerges beneath the punch but also extends throughout the entire interior of the
specimen. This phenomenon becomes more pronounced at high-temperature nanoimprinting.
Furthermore, Fig. 12(b) (see section 3.4) demonstrates that regardless of nanoimprinting
temperature, there are dynamic variations in dislocation density during the nanoimprinting

process. Consequently, both structural phase transitions and dislocation evolution contribute



to fluctuations in pressing force.

Subsequently, the force curves demonstrate a sudden decline followed by subsequent
minor fluctuations during the stay time (h = 50 A), which are associated with the atomic
readjustments required to relax the accumulated strain energy of the specimen. Finally, during
the demolding stage, the pressing force initially undergoes a rapid decline, followed by a
slight reduction due to specimen recovery and interfacial friction between the punch and side
wall of the nanoimprinting pit. The maximum loading force and hardness exhibit temperature-
dependent variations, as illustrated in Fig. 8(b) and Fig. 8(c). According to the previous
analysis, the strain densification around the punch at HT would cause high stresses at the
plastic deformation region. However, with increasing temperature, the interatomic distance
exhibits an expansion while the covalent bond energy of specimen atoms decreases,
consequently resulting in a reduction in maximum load force and hardness. Hence, the
influence of thermal softening on mechanical response outweighs that of strain hardening.
The variation in loading force with temperature exhibits a resemblance to that observed in
other semiconductor materials, such as gallium nitride [56] and silicon [57].

Furthermore, the plastic recovery of the imprinted nano-pattern is primarily attributed to
residual stress, necessitating a reduction in residual stress after demolding. The residual stress
is influenced by both the pressing force and the subsequent elastic recovery. Fig. 8(d)
illustrates the temperature-dependent residual stress curves of the chosen area from Fig. 6(ba),
which corresponds to the primary damage area. As shown in Fig. 8(d), the average residual
stress slightly decreases with the temperature from 10 K to 150 K, then it dramatically

decreases and reaches its minimum value at 450 K, and then increases with further increasing



the specimen temperature to 600 K.

10K 300 K 600 K

Time: 20 ps

Time: 40 ps

Time: 60 ps

!

X X
) Amorphous atoms @ Cubic diamond atoms (' Cubic diamond (1st neighbor)atoms

() Cubic diamond (2nd neighbor)atoms @) Hexagonal diamond atoms

I

Fig. 9. Structure change of GaAs specimens under nanoimprinting at various temperatures.

3.4. Effect of nanoimprinting temperature on surface pile-up and morphological accuracy
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The snapshots of surface pile-up before and after demolding under different
nanoimprinting temperatures (10 K, 450 K, and 600 K) are depicted in Fig. 10(a1)—(c1) and
Fig. 10(az2)—(C2), respectively. Fig. 10(d) illustrates the number of pile-up atoms vs. specimen
nanoimprinting temperature. It can be observed that the surface pile-up decreases 97.8% from
180 (600 K) to 4 (10 K) before demolding. The increase in pile-up can be attributed to two
primary factors. Firstly, the extension of the shear band towards the surface creates a channel
for the plasticity to flow that induces the formation of pile-up on the surface. Secondly, the
temperature-dependent variation in atomic motion direction contributes to the observed
disparity in surface accumulation. Specifically, during the pressing stage at HT (e.g., 600 K,
refer to Fig. 11(b)), there is an enhanced propensity for atomic migration towards the surface
at lateral sides of the punch compared to LT (e.g., 10 K, refer to Fig. 11(a)), increasing
surface pile-up. In addition, the increased surface pile-up observed after demolding can be
attributed to the interfacial friction between the punch and the sidewall of the nanoimprinting

pit. In summary, the combined influence of shear bands, temperature-dependent atomic



movement, and interfacial friction between the punch and nano-pattern at HT is more likely to

result in a rougher morphology on the GaAs surface.
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Fig. 11. Atomic displacement vectors map at nanoimprinting depth of 50 A vs.

nanoimprinting temperature: (a) 10 K and (b) 600 K.

After demolding, the nanoimprinted pattern would elastically rebound and significantly
affect the accuracy of the nanoimprinted feature. As shown in Fig. 12(a), the pit width
decreases with increasing the nanoimprinting temperature, and the lowest width can be found
at 150 K. After that, the pit width would significantly increase with further increasing the
nanoimprinting temperature to 600 K. In contrast, the pit depth initially increases with
increasing the nanoimprinting temperature from 10 K to 150 K, then significantly decreases
with the elevated nanoimprinting temperature. It is worth noting that the inflection point (at
150 K) in the pit depth or width curve could be attributed to a higher dislocation density
occurring at 150 K (refer to Fig. 12(b)) during the nanoimprinting process, resulting in a non-
monotonic change in elastic recovery or plastic deformation with the elevated temperature.

Overall, at the nanoimprinting temperatures of 10 K, 150 K, 300 K, and 600 K, the pit depth



or width suffers from a significant elastic recovery. Meanwhile, at the nanoimprinting
temperature of 450 K, the higher dislocation density enhances plastic deformation and
diminishes the elastically rebound of the specimen. In comparison, the best morphological

accuracy can be obtained at the nanoimprinting temperature of 450 K.
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Fig. 12. The width and depth of the nanoimprinting pit vs. nanoimprinting temperature after
demolding are shown in (a). The variations of dislocation density in the formation of the
nanoimprinting pit during the nanoimprinting process under different nanoimprinting

temperatures for GaAs specimens are plotted in (b).

4. Conclusions

For the first time, this study focuses on the effects of pressing speed and nanoimprinting
temperature on the mechanical nano-patterning of GaAs specimens by utilizing a simplified
cubic punch via MD simulations. Based on the results and discussions, the main conclusions
are drawn as follows.

(1) High-speed pressing leads to a thermal softening effect at the contact area. As the

increasing of the pressing speed, the maximum force and diamond atomic fraction



decrease. This result indicates that nano-patterns on GaAs substrate are more easily
formed under high-speed pressing, which is in contradiction with the general
understanding of ductile materials.

(2) It is found that the elastic recovery effect can be suppressed at high pressing speeds.
The geometry of the imprinted nano-patterns is therefore more consistent with the
shape of the punch at high pressing speed, and the shape morphological accuracy is
also improved under such conditions.

(3) The atomic shear strain, shear bands, and dislocation density all increase with the
nanoimprinting temperature. Therefore, high-temperature nanoimprinting facilitates
the nano-pattern formation process in a ductile regime.

(4) Both the geometry and geometry accuracy of the nano-patterns are affected by the
nanoimprinting temperature. The maximum depth of the nano-pattern could be
achieved at 150 K, whereas the minimum depth could be obtained at 600 K. In
contrast, the maximum width of the nano-pattern is attained at 600 K, while the
minimum width is observed at 150 K. It is found that the best morphological accuracy
can be achieved at the nanoimprinting temperature of 450 K.

(5) The surface pile-up demonstrates a significant increasing trend with the elevated
nanoimprinting temperature during the nanoimprinting process, while the impact of

increased pressing speed on the surface pile-up is minimal.
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