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In this study, the molecular dynamics (MD) simulation was used to evaluate the role of imprinting temperature and the mold-
cavity geometry on the imprinted Ni-P metallic glass (MG) flms. Considering the outcomes of simulation, it was found that the
tip-like and groove patterns showed diferent flling time for the imprinting process. At room temperature (300K), the plastic
deformation in the tip-like pattern was in a ring shape enclosing the mold, while the plastic deformation in the groove-pattern
geometry was mainly localized at the wall of mold. Moreover, it was determined that the imprinting at high temperature (700K)
led to the shortening of pattern flling time and the decrease of loading force in both geometries. Te strain concentration and
localized plastic deformation were also removed in the high-temperature imprinting process. On the other hand, the unloading
process at room temperature (300K) improved the imprinting quality due to the lower elastic recovery.

1. Introduction

Fabrication of engineering components at micro/nanoscale
is one of the huge challenges in the high-tech industries
[1–3]. To overcome this issue, nanoimprinting lithography
(NIL) has been proposed as a novel technique in which the
fabricated patterns and components are the potential can-
didates for application in optical devices, micro-integration
systems, nanomold production, and biological devices [4, 5].
In this method, a mechanical deformation process is con-
ducted to transfer the pattern onto the metallic flms by an
imprinting-release procedure [6–8].

Due to their disordered atomic structure, metallic glasses
(MGs) typically exhibit superior mechanical properties and
excellent viscous fow formability [9–13]. Hence, a great
interest has been taken by researchers to employ this kind of
metallic alloys in the NIL method [14–16]. To provide
sample examples, Xiaoyu et al. [17] indicated that the
Fe40Co35P10C10B5 amorphous alloy is a favored composition
for producing various nano-patterns with adaptable mag-
netic properties. Li et al. [18] fabricated a nano-patterned
template with an amorphous surface through the electro-
deposition technique. Teir results indicated that the
nanoimprint templates exhibited an excellent fexibility and
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environmental stability, which was suitable for high-
resolution imprint lithography with good industrialization
prospects. Using molecular dynamics (MD) simulation, the
pattern transfer mechanism of ZrCu MG flms under
a nanoimprinting process was evaluated, and it was found
that the imprinting at large aspect ratio or high temperatures
shortened the flling time [19]. Doan et al. [20] indicated that
the increase in angle of the punch led to rise of imprinting
force and the shear transformation zones (STZs) of the CuZr
glassy flms. Wu and Hou [21] unveiled that the imprinting
process was more efcient at the temperature slightly higher
than the glass transition temperature, followed by unloading
at room temperature. It was also determined that the tip-like
pattern on the mold required a smaller loading force and
longer flling time, compared to the groove pattern. Another
investigation exhibited that the capillary force and boundary
condition played crucial roles in the nanoimprinting pro-
cess, and the mold flling speed was infuenced by the
thickness of MG flms [22]. Singer et al. [23] applied sac-
rifcial imprint lithography formultiscale patterning ofMGs,
in which the cost and complexity of generating controlled
nanostructures on sophisticated geometries were eliminated.
Wang et al. [24] produced large dimensions of nano-
structures using an inexpensive thermal imprint method in
air with a new composition of Au-based MG exhibiting
negative dielectric constants. Te Cu50Zr25Ti25 MG was also
selected for the NIL patterning, and the corresponding
microstructural investigations showed that the STZs were
generated at the substrate surface underneath the mold
during the forming process [25]. Tran et al. [26] investigated
the NIL process of CuAgAu flms through MD simulation
and found that the change in the change in imprinting
conditions markedly afected the fnal mechanical properties
and induced the nanocrystallization in the structure. Wang
et al. [27] reported that the deformationmechanism of Ni-Zr
glassy flm can be described through the rearrangement of
short-range scale clusters with fractal confguration. It was
also demonstrated that the pileup index strongly depended
on the temperature and alloying composition in the Ni-Zr
amorphous flms. Kumar et al. [28] developed a model based
on the fow and pressure felds in the NIL process of MGs.
Tey also took into account an additional threshold pressure
for breaking the oxide layer on the MG surfaces.

As depicted, the NIL process of MGs plays a crucial role
in the production of microcomponents. Hence, it is im-
portant to characterize the mechanism of plastic de-
formation and the mechanics of imprinting for obtaining the
optimal parameters. Tis work aims to analyze the atomic-
scale features of imprinted MG flms through the MD
simulation. Using the atomic-scale modeling, it is possible to
accurately study the thermodynamics and mechanical
properties by preventing the experimental noises [29–31].

2. Computational Methodology

For MD simulation, the Ni80P20 MG was constructed
through the embedded-atommethod (EAM) potential of the
Ni-P system proposed by Sheng et al. [32]. To establish the
atomic confguration, the Ni and P atoms with a random

distribution were heated to the temperature of 2100K and
kept for 2 ns. Afterwards, the melted alloy was quenched to
the room temperature with cooling rate of 1011 K/s, followed
by a relaxation treatment at 500K to remove any cooling
efect. Tis simulation was carried out under the isothermal
isobaric ensemble (NPT) and time step of 1 fs through the
large-scale atomic/molecular massively parallel simulator
code. Moreover, the three-dimensional periodic boundary
conditions (PBCs) were considered for the simulation and
the temperature was controlled by the Nosé–Hoover
thermostat [33].

Figure 1 shows that the NIL physical model includes
a rigid mold along with the Ni-P MG flm, which was cut
from the atomic block prepared previously. Te NIL process
was carried out with two types of patterns, facilitating the
evaluation of mold-cavity geometry efects. Te MG flms
included two types of atoms, i.e., Newtonian atoms and fxed
atoms, in the simulation. Te fxed atoms, located at the top
of flm, stabilized the whole system during the NIL process.
Furthermore, the NVT ensemble and PBCs (at X and Y
directions) were applied in the simulation. In the NIL
process, the imprinting was conducted through the constant
movement of mold (5×10−5 nm per time step) followed by
a holding time of 60 ps at the maximum displacement and
fnally the mold was unloaded instantly. Te details for the
evaluation of atomic interaction in the flm and mold/flm
are given in Ref. [21].

3. Results and Discussion

Figure 2 represents the imprinting process by the tip-like
mold at the diferent displacements (D) and constant
temperature of 300K. When the mold touched the MG flm
at D� 0 nm, some of the MG atoms at the surface were
adsorbed onto the mold, which was due to the Van der
Waals force at the interface. At the initial stage of NIL
process (D� 1.8 nm), the shear strain gradually increased
underneath the mold and it instantly continued with a rise of
D value to 2.4 nm. With the further increment of dis-
placement (D� 3.1 nm), the high-strained atoms were nu-
cleated from the sides of mold and generated in a ring-like
shape in the microstructure of the MG flm. Tese atoms
(red regions) are indicative of shear transformation zones
(STZs), which are the sources of plastic deformation in the
amorphous structure [34]. Finally, one can see that an ap-
parent ring of strained atoms is formed at the D value of
4.5 nm. Unlike mechanism of dislocations in crystalline
alloys, the plastic deformation of MGs is defned by the
formation and percolation of nanoscale defects such as
STZs [35].

Te efects of imprinting temperature on the strain
distribution of MG flms are illustrated in Figure 3. Te
strain snapshots give the instant of entire tip-like mold flling
in the NIL process. As can be seen, the D value for the entire
flling signifcantly decreases with the rise of temperature,
which may be owing to the easier cooperative atomic
movement at high temperatures. Moreover, it is observed
that the higher temperature facilitates the generation of
atomic strain in the bulk of flm so that the ring-like shape of
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induced strain at 300K approximately disappears in the
sample imprinted at 700K (above the glass transition
temperature). Figure 4 shows the loading force and flling

height as a function of mold displacement for imprinting
process at 300K, 500K, and 700K. At the beginning of NIL
process, the curves show a negative value which is related to
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Figure 1: Schematic of (a) tip-like and (b) groove patterns on mold for nanoimprinting process.
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Figure 2: Evolution of imprinting process with tip-like pattern at 300K for mold displacement of (a) 0 nm, (b) 1.8 nm, (c) 2.4 nm,
(d) 3.1 nm, and (e) 4.5 nm.
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Figure 3: Imprinting process with tip-like pattern in the complete flling stage at (a) 300K, (b) 500K, and (c) 700K.

Advances in Materials Science and Engineering 3



the Van der Waals attractive force between the MG flm and
the mold (see Figure 4(a)). Tis negative force is more in-
tensifed at lower temperatures. With the increase of mold
displacement, the loading force gently rises so that a steady state
can be detected in the middle of the imprinting process. Finally,
a sharp increment of loading occurs, which is due to the
overflling. In all the imprinting temperatures, the trend of
loading force is similar; however, it is clearly found that the lower
temperature (300K) intensifes the force variations. Tis is due
to the fact that the energy barrier for atomic rearrangement and
STZ formation is higher at room temperature [21, 22].
Figure 4(b) shows that the high temperature improves the flling
efciency so that the amorphous flm readily fows into the cavity
and completes the imprinting process at shorter times.

It is feasible to study the recovery of elastic features in the
imprinted samples after the unloading. As can be seen in
Figure 5(a), there are geometrical parameters defning the
elastic recovery in the system. In this criterion, W, H, and h
are width of the pattern, height of the whole flm, and height
of the whole flmminus the height of the pattern, respectively.
Moreover, W′, H′, and h′ are the indicative of geometrical
dimensions after the elastic recovery. Using the mentioned
parameters, the elastic recovery can be defned as follows [21]:

ηx � x−x′| |/x( ), (1)

in which x and x′ are the geometrical parameters before and
after the elastic recovery, respectively. Figure 5(b) depicts the
change of elastic recovery ratios as a function of imprinting
temperature for the tip-like mode. It is found that the mean
lowest recovery of elasticity occurs at the room temperature
(300K), meaning that the low-temperature unloading does
not signifcantly afect the fnal geometry of the imprinted
sample. With the rise of temperature, the elastic recovery is
intensifed, especially at the width direction. According to
the results, the mean elastic recovery in the sample
imprinted at 700K is 3-4 times higher than that in the
sample proceeded at the room temperature, indicating that
the high temperature may lead to the poor pattern transfer
with inaccurate fnal dimensions.

Figure 6 represents the imprinting process at the dif-
ferent displacements (D) and constant temperature of 300K
through the groove pattern on the mold. As can be seen, the
typical extrusion process is similar to the backward NIL
process with a groove pattern [21]. At the beginning of the
imprinting process (D� 1.1 nm), some part of MG flm is
extruded into the groove of mold, leading to the formation of
a bow at the arrival. With the increase of D value to 2.9 nm,
the extruded atoms into the groove part of the mold
markedly rise so that the bow is extended in the groove
space. As marked in the fgure, the angle between the mold
wall and the bow is identifed as the dynamic contact angle
(θ ∼ 131°). Te θ value measured in this work is similar to
that reported in other investigations focusing on the MGs
and polymers [21, 36]. Finally, the groove is completely flled
at D� 4.3 nm, in which the localized shear strain occurs at
the mold walls and the arrival of the groove. It is suggested
that the application of the loading force during the NIL
process leads to signifcant stress concentration at the mold
walls and subsequent atomic rearrangements in this region.
Te efects of imprinting temperature on the strain distri-
bution of MG flms extruded in the groove mold are il-
lustrated in Figure 7. Similar to the tip-like pattern on mold,
the NIL process at higher temperatures declines the time of
flling, which is due to the improvement of plastic de-
formation. Moreover, one can see that the higher temper-
ature leads to the extension of atomic movement from the
mold walls and the bow position to the bulk of groove and
some regions underneath the mold. It is believed that the
higher temperature decreases the energy barrier for the
nanoscale atomic rearrangement, and consequently, the
atoms in the bulk of samples can locally move and form new
structural confgurations. In general, the MGs have amor-
phous structures, in which the loosely packed regions such as
free volumes or STZs are embedded in the glassy matrix with
densely packed structures [37, 38]. At the higher tempera-
tures, the generation and percolation of loosely packed
regions are facilitated, and as a consequence, the plastic
deformation is extended in the bulk of material. However,
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Figure 4: (a) Loading force and (b) flling height as a function of mold displacement for the tip-like pattern imprinting process.
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one should note that the mentioned event is resulted by the
MD simulation, in which the NIL process is conducted in
nanoseconds. In the real conditions, the process time is
longer which may induce structural relaxation in the MG
flm so that the imprinting temperature shows a reverse
efect. Hence, it is strongly suggested that the high tem-
perature imprinting process for amorphous alloys should be
performed in a short time.

Figure 8 indicates the loading force and flling height as
a function of mold displacement for the imprinting process
with a groove-like mold at 300K, 500K, and 700K. In
comparison to the tip-like mode, the Van der Waals force is
much higher which may be owing to the larger contact area
between the MG flm and the mold at the beginning of
imprinting process. Furthermore, the fuctuation of loading
force, i.e., serrations, is more intensifed in this mode,
meaning that there is strong interaction between the mold
and flm. However, Figure 8(b) clearly determines that the
groove pattern on the mold improves the performance of
flling during the NIL process.Tis result shows that the mold
walls in the groove pattern concentrate the induced stress and
enhance the rate of plastic deformation during the process.

As can be observed in Figure 9(a), there also exist
geometrical features enabling the evaluation of elastic
recovery in the NIL process. In this criterion, Wa

′ and Wb
′

are the width of the pattern at the top and the bottom after
the recovery, respectively. Moreover, h1 and h2 are the
height of the whole flm and the height of the whole flm
minus the pattern height, respectively. Using equation
(1), it is possible to estimate the elastic recovery based on
the mentioned parameters. Figure 9(b) represents the
trend of elastic recovery as a function of imprinting
temperature for the groove-pattern mold. Similar to the
tip-like pattern, the low-temperature process at 300 K
leads to the minimum recovery, while the rise of tem-
perature can increase the average elastic variations more
than 6-7 times. It is also detected that the increment of
pattern width at the top is markedly higher than that at
the bottom, implying huge expansion at the width di-
rection. In summary, it was concluded that the high
temperature is suitable for the loading stage, while the
room temperature should be considered for the
unloading stage to minimize the elastic recovery in the
imprinted flm.
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Figure 5: (a) Illustration of parameters defning the elastic recovery and (b) elastic recovery as a function of imprinting temperature for the
tip-like pattern.
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4. Conclusion

In this study, the MD simulation was applied to show the
infuence of imprinting temperature and mold geometry on
the quality of imprinted MG flms. Based on the MD out-
comes, the tip-like geometry of mold cavity led to the
formation of plastic regions in a ring-like shape at 300K,
while the increase in the temperature was the main reason
for the distribution STZs in the bulk of the MG structure. On
the other hand, the groove pattern intensifed the plastic
deformation at the mold walls and the entrance of the cavity
at 300K.Te plastic deformation was also delocalized in this
system at high temperatures. It was also demonstrated that
the high imprinting temperature was the major factor de-
clining the essential loading force and shortening the flling
time in both of imprinting processes. In both of the im-
printing systems, the height direction included the lower
elastic recovery than that of the width direction. Tis event
was more apparent in the groove pattern.

Data Availability

Te data that support the fndings of this study are available
from the corresponding author upon reasonable demand.
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