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Abstract: Understanding the deformation behavior during nanoimprint lithography is crucial for
high resolution patterning. Molecular dynamics modeling was implemented to investigate the effect
of different mold profiles (cylindrical, rectangular, and spherical) on the von Mises stress, lattice
dislocations, and material deformation. Relatively higher von Mises stress (1.08 × 107 Pa) was
observed for the spherical mold profile compared to the rectangular and cylindrical profiles due to
the larger surface area of contact during the mold penetration stage of NIL. Substantial increases in
the von Mises stress were observed for all the mold geometries during the mold penetration stage.
The von Mises stresses had a reduction in the relaxation and mold retrieval stages based on the
rearrangement of the gold atoms. The lattice dislocation during the deformation process revealed the
formation of the BCC structure which further reverted to the FCC structure after the mold retrieval.
The polyhedral template matching (PTM) method was used to explain the retention of the FCC
structure and subsequent ductile behavior of the substrate. The cylindrical mold had the lowest
percentage spring back in both of the orthogonal directions and thus replicated the mold profile with
high-fidelity as compared to the spherical and rectangular molds. The findings of this research can
aid the design of molds for several applications.

Keywords: deformation mechanism; gold; lattice dislocations; nanoimprint lithography; molecu-
lar dynamics

1. Introduction

Nanoimprint lithography (NIL) is a promising technology for fabricating nanoscale
features with high precision and at lower costs. [1]. Nanoimprint lithography is one of the
best top down nanomanufacturing techniques which works on the principle of deformation
of substrate material to form nanoscale patterns or structures [2]. NIL creates nanoscale
structures in temperature, time, and pressure-controlled environment by stepwise physical
deformation of a soft material [3]. In this technique, polymer resists are uniformly spread
on a silicon wafer substrate using the spin coating method. Then, a mold with precise
nanoscale patterns is pressed against the substrate. The mold is pulled back and the
nanopatterns on the mold are imprinted on to the resist [4]. This eliminates the limitations
of traditional optical lithography which is constrained by the wavelength of the exposed UV
light for fabricating nanoscale features [3,5]. In recent times, the principle of nanoimprint
lithography has been used to directly form nanoscale patterns of metal films and metal
nanoparticles. Metallic nanopatterns have been applied in areas such as photonics with
nano-gratings, electromagnetic relays, and nanoscale biomedical devices [6,7]. Tradition-
ally, metal nanopatterning encompasses multiple phases; the initial phase is lithography
to produce nanostructures followed by the next phase of secondary operations such as
electroplating to deposit a metal layer on the nanostructures and the final phase of finishing
operations such as lift-off or etching. This traditional process of manufacturing metal
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nanopatterns is time consuming and costly [8]. Moreover, the post-processing operations
add to the overhead costs and lead time, negatively impacting practical applications of
nanoscale features.

In order to understand the nanoimprinting process, Sun and his team utilized the
Finite Element Method (FEM) for studying deformation of a polymer in the nanoimprint
lithography process [9]. Another group of researchers explored mold breakages in nanoim-
print lithography of a polymer using the finite element method [10]. In the past, researchers
employed molecular dynamics to analyze the temperature variations, force interactions,
mold taper angle, and deformation mechanism during the different stages of nanoimprint
lithography of polymers as well as metals [11–13]. Polymers such as Polymethyl Methacry-
late (PMMA), polystyrene, and metals namely copper, aluminum, gold were used as a
substrate material for these studies [14–18]. The thermal nanoimprint lithography process
has been studied in both metallic and polymer systems using molecular dynamics simula-
tions [19]. Further, predictive models have been developed to understand the correlation
between input factors and imprint quality [20,21].

However, the limitation of FEM studies is that they are not able to explain the atomistic
mechanisms at the nanoscale as they illustrate the collective performance of atoms at the
continuum scale. Molecular dynamics modeling is a very accurate and advanced method
to understand the atomistic phenomenon of the nanoimprinting process. It comprises
of atomistic interaction of molecules in the system with each other and the interaction
of system molecules with their environment [22,23]. Molecular dynamics is an efficient
alternative to the finite element method for studying direct metal nanoimprinting. Atom-
istic simulations have been implemented to study nanoscale phenomena that capture the
thermodynamics, biological phenomena, and material deformation behavior [24–28].

Gold is an attractive material for the nanoimprint process due to its exceptional
chemical durability, thermodynamic properties, corrosion resistance, and applicability
for forming processes [29–31]. However, performing experiments with gold substrate is
an expensive venture so, utilizing molecular dynamics simulations can potentially save
significant amounts of resources. In our previous effort using molecular dynamics, we
discovered that the depth of mold insertion has a significant impact on the spring back effect
and density variation in the substrate [32]. In another paper, using molecular dynamics,
we showed that the cooling time during nanoimprint lithography of gold has a substantial
impact on the resolution of final nanoimprints [29]. Moreover, we displayed that mold
velocity and imprint temperature contribute towards the accuracy and quality of the final
nanoimprints during nanoimprint lithography [33].

Exploring the atomistic deformation process of gold substrate by silicon mold during
direct nanoimprinting is crucial for higher fidelity nanopattern imprints. Although there
have been studies revealing the deformation mechanism in direct metal nanoimprinting,
the molecular deformation mechanism with respect to different types of mold geometries
has been underexplored. To our knowledge, there have been no molecular dynamics
studies directed to investigate the outcome of different mold geometries such as cylindrical,
spherical, and rectangular on direct nanoimprinting of gold. The near-spherical mold pat-
tern was chosen because typical hemispherical molds cannot reproduce a perfect negative
replica within the substrate due to spring-back effects.

In this work, we studied the effect of varying mold nanopatterns on the von Mises
stress and dislocation dynamics of physical deformation of gold substrate during the
nanoimprinting process. The von Mises stress profiles reveal regions of stress concentra-
tion, which can be minimized to reduce the defects in nanopattern imprints. Furthermore,
dislocation of the lattice structure of gold substrate can assist in maintaining its ductile
nature and thus formability. Unlike polymeric resists, direct imprinting of gold nanostruc-
tures provides immediate applications in photonics, biosensors, optical gratings, and heat
exchanger membranes. The high malleability of gold and its inert nature has proven to be
an asset for practical devices [34]. In our current work, the process parameters were held
constant such as the imprint temperature at 473 K because this is the recrystallization tem-
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perature of gold. At 473 K, gold undergoes recrystallization and softens thereby exerting
less reaction on the mold during the insertion phase [35]. The mold velocity of 50 m/s was
kept constant for the molding and demolding phase with minimal internal stresses after
high strain deformation of NIL. This research provides valuable design guidelines for a
variety of nanoimprinting molds for direct nanoimprinting of gold substrate.

2. Materials and Methods

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) open
source code [36] was implemented to execute the molecular dynamics simulations. LAMMPS
permits parallel computations for a variety of force fields across biological, metallic, ceramic,
and composite materials. The simulations were visualized using the Open Visualization
Tool (OVITO) platform where results were analyzed for different time steps. [37]. The
Extreme Science and Engineering Discovery Environment (XSEDE) resource provided
by the National Science Foundation was utilized to conduct the simulations given its
high-speed parallel performance [38].

The substrate was modeled with 30,000 gold atoms with face centered cubic (FCC)
crystal structure and having dimensions of (width ‘w’) 10 nm × (height ‘h’) 8 nm ×
(thickness ‘t’) 6 nm as shown in Figure 1. The mold was designed using silicon with
cylindrical, rectangular, and spherical profiles. The lattice structure used for the silicon
mold was face centered cubic (FCC) with an orientation of (111) that exists with imprint
lithography molds prepared by crystallographic wet etching [39,40]. Silicon molds are
typically fabricated from wafers with crystallographic orientations of (111) due to the high
anisotropic etching properties along the (110) with electron beam machining [41]. Wherein,
the cubic unit cell has an edge length = 1.0. The edge vectors of the unit cell are a1 = 1 0 0,
a2 = 0 1 0, and a3 = 0 0 1. Figure 1 depicts the three types of mold patterns with cylindrical,
rectangular, and spherical mold tooth profile with the same aspect ratio (AR = 1) considered
for the simulations. Aspect ratio was calculated as a ratio of the mold length (L) to its width
(w) or diameter (d) dimension for all the molds; in the case of rectangular mold (L/w),
cylindrical mold (L/d), and spherical (d/d). The cylindrical, rectangular, and spherical
profile was composed of 5312, 5454, and 5151 silicon atoms, respectively. Several photonic
and optical applications involve the use of nanoscale hemispherical dimples on substrate
surfaces for CMOS sensor arrays and GaN-based LEDs [42,43]. A near-spherical shaped
mold was chosen to compensate for the spring-back effect that occurs with conventional
hemispherical molds. Typical hemispherical molds cannot reproduce deeper cavities in
metals resulting in non-optimal and shallow dimples [44,45]. Thus, a near-spherical shaped
mold would imprint deeper within the substrate and provide adequate dimple depth
in spite of the spring-back effect. Moreover, the base of the near-spherical mold near
the flat mold junction was kept wide enough to minimize stress concentration effects
and potential mold failure. Cylindrical and rectangular molds are routinely used in
nanoimprint lithography and the use of a near-spherical mold was chosen based on recent
3-dimensional molds for nanostructured free-form features in thermal nanoimprinting for
practical applications [46,47]. The two layers of atoms (3000 atoms) of gold substrate at the
bottom of the silicon substrate (along 8 nm height) had a fixed boundary condition. The
temperature was held at 473 K and the mold was imparted a velocity of 50 m/s.
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Figure 1. Different mold patterns with dimensions. (a) Cylindrical (b) Rectangular (c) Spherical.

Molecular dynamic models (mold and substrate) employed periodic boundary condi-
tions in the lateral plan (x and y axis) to replicate the experimental nanoimprint lithography
(NIL) setup. The elemental interactions between the mold and the substrate were modeled
using the Modified Embedded Atom Method (MEAM) potential [48]. The MEAM is a
comprehensive potential to capture all the mold-substrate interactions within the NIL pro-
cess. The MEAM potential values mentioned in Table 1 for gold (Au) and silicon (Si) were
recalled from the library of MEAM potential parameters and these values were applied for
Si-Au interaction as well as Au-Au interaction. In the MEAM formulation, the total energy
E of a system of atoms is defined by Equation (1).

E = ∑
i

{
Fi(ρi) +

1
2 ∑

i 6=j
ϕij
(
rij
)}

(1)

where, Fi resembles the energy to embed an atom of type i into the background electron
density at site i, ρi represents the electron density, and ϕij represents the pair potential
interaction between atoms i and j that is separated by rij. The electron density is given by
Equation (2).

ρi =
2ρi

(0)
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(s)/ρi
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2 (2)

where, the parameters ti
(s) are weighting parameters for the atomic electron densities.

s = 0,...,3, are partial electron densities defined by Equation (3).
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where, the functions L(s)(z) are Legendre polynomials, L(0)(z) = 1, L(1)(z) = z, L(2)(z) = z2−1/3,
L(3)(z) = z3−3/5z,α(s) is the exponential decay factor. The electron density functions from
atom j at a distance rij from atom i are given by Equation (4).
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Table 1. Physical properties and MEAM potentials for gold and silicon [48].

Element Lattice Constant
(Å) Melting Point (K) Density

(kg/m3) t(1) t(2) t(3) α0 β0 β1 β2 β3

Silicon 5.431 1687 19300 3.30 5.10 −0.80 4.87 4.8 4.8 4.8 4.8
Gold 4.065 1337 2328 1.58 1.50 2.60 6.34 5.45 2.2 6 2.2

Table 1 shows, α0 as the exponential decay factor for the universal equation of state;
β (0−3) represent the exponential decay factors for the atomic electron densities; t (1−3)

represent the weighting parameters for the atomic electron densities for both silicon mold
and gold substrate, respectively [48].

A microcanonical (NVE where, N is the number of particles, V is the system volume,
and E is the system energy) ensemble was used wherein a rescaling thermostat controlled
the temperature of simulations by rescaling the velocities of the substrate atoms. The
final temperature of 473 K was attained by ramping the temperature at equal intervals at
every time step that was initialized from room temperature 293 K. The simulations were
conducted at an integration time step of 1 femtosecond.

A five-step was applied to the nanoscale deformation process wherein the silicon
mold was imprinted into the gold substrate. The first step included raising the temperature
of the system for 50,000 time steps (to heat the system to 473 K); mold insertion for
78,000 time steps (to achieve a complete insertion of mold into the substrate); system
cooling for 50,000 time steps (to lower the temperature to 293 K); relaxation of the system for
50,000 time steps (allowing rearranging of atoms at 293 K); and demolding for 160,000 time
steps at velocity of 50 m/s (to completely disengage the mold from the substrate). The
molding phase included both the mold insertion and lowering system temperature to room
temperature. For the nanoimprint lithography process the mold insertion and removal
phases impact the accuracy of the final geometry [29,49]. Thus, it is critical to understand
the mechanics of these phases which can vary depending on the shape of the nanoimprint
stamp. All six pressure tensors were recorded for the substrate atoms and thereby the von
Mises stresses were calculated as shown in Equation (5).

FvM =

√√√√ (pxx − pyy)
2 + (pyy − pzz)

2 + (pzz − pxx)
2 + 6×

(
pxy

2 + pxz
2 + pyz

2
)

2
(5)

The different components of the pressure tensor are given by pxx, pyy, pzz, pxy, pxz,
and pyz whereas the von Mises stress is computed by FvM.

The effect of mold profile on the imprint quality was determined using a quantitative
measure of spring back phenomenon. Percentage (%) spring back was calculated by
Equation (6).

% Spring back =
(Lmold − Ldemold)× 100

Lmold
(6)

where, % Spring back is the spring back value in the horizontal or vertical direction, Lmold is
the initial dimension during molding, and Ldemold is the final dimension after demolding,
respectively. A positive spring back indicates an expansion of the substrate shape (wider
slot or deeper cavity), whereas a negative spring back indicates a contraction of the substrate
shape (narrow slot or shorter cavity), in respective dimensions.

3. Results and Discussions

The effect of varying mold pattern designs on the deformation behavior and the von
Mises stresses was investigated through molecular modeling. Figure 2 represents the von
Mises stresses during the NIL process using a spherical mold profile with an aspect ratio of
1. The other mold types including rectangular and cylindrical also had an aspect ratio of 1
to aid consistency while evaluating the results. Per atom von Mises stress was calculated
at each stage of the NIL process. Figure 2a shows that the temperature is ramped up to
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473 K in uniform increments. Residual von Mises stresses are exhibited due to an increase
in the temperature causing motion of the gold atoms. As the spherical mold is inserted in
the gold substrate there is a rapid increase in the von Mises stresses. These stresses reach
their peak value during the initial penetration stage of the mold. Figure 2b clearly shows
substantially higher stress levels (1.08 × 107 Pa) experienced by atoms in the close vicinity
of the mold. Figure 2c shows the relaxation of gold atoms after complete penetration of
the mold within the substrate. Herein, the temperature of the system is slowly ramped
down to 293 K allowing dislocation of the gold atoms around the mold geometry. In the
final phase of demolding shown in Figure 2d, the mold is retrieved from the gold substrate
leaving a spherical imprint with the lowest von Mises stresses (1.2 × 106 Pa).
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Figure 3 show the average von Mises stress values of the substrate at a particular
frame/time step. The error bar represents variation of the von Mises stresses within the
substrate. Figure 3 depicts the analogous behavior for rectangular and cylindrical mold
profiles. For the rectangular and cylindrical mold profiles, the maximum stress values
recorded were 9.20 × 106 Pa and 8.50 × 106 Pa, respectively. Thus, among three mold
profiles the spherical mold profile recorded the highest von Mises stress. This is due to
the highest contact surface area of the hemispherical region of the spherical mold that was
pressed against the gold substrate during the mold insertion phase. The von Mises stresses
for the rectangular and cylindrical molds were much lower as their contact surface areas
during imprinting were 36% and 50% smaller in size respectively, in comparison to the
spherical stamp.

The lattice deformation of the gold substrate was evaluated at different stages of
the imprinting process. A Polyhedral Template Matching (PTM) method [50] was used
to study the crystal structure of gold across all NIL phases. The key local crystalline
structures investigated included Face-Centered Cubic (FCC), Hexagonal Closed Packed
(HCP), and Body-Centered Cubic formed which occurred as the gold substrate underwent
deformation. The PTM method evaluates the neighborhood atoms and is not affected by
thermal variations. A root mean square deviation (RMSD) cutoff value of 0.15 was used for
the PTM analysis. This RMSD value performs better to study the crystalline nature of a solid
and can assist in investigating the deformation behavior. Different crystalline structures
including FCC, BCC, and HCP were identified for the gold atoms based on variation in their
topographies using this cutoff. Lattice structure labelled as “other” included deformed or
spurious atomic structures. Defects were also captured using Isohedral Coordination (ICO)
and Simple Cubic (SC) structures. Figures 4 and 5 depict the variation in lattice behavior
using the initial penetration and mold removal phases for the three different mold profiles.
All the structure types defined herein were computed using LAMMPS and matched with
the PTM analysis to identify distinct lattice placements. Figure 4 shows that after ramping
the temperature to the recrystallization temperature (473 K) there is a lattice rearrangement
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reducing the FCC structure to 92% with spurious structures occupying 7% of the total lattice
structure. After the molding phase, the original FCC structure of gold atoms underwent
deformation into hexagonal closed pack, body centered cubic, and other structures. BCC
atoms composed of 31%, 32%, and 36% for cylindrical, rectangular, and spherical molds,
respectively. This transformation can be attributed to the Bain path consisting of the
dilation of FCC gold substrate atoms in the x and y-direction due to the movement of gold
atoms away from the mold insertion area [51]. This phenomenon is accompanied by a
contraction in the z-direction during the molding phase which occurs due to the downward
movement of the mold into the gold substrate [50,52]. While deforming along the Bain
path, the system becomes tetragonally distorted wherein, the system changes its volume
in at least two directions. The periodic nature of the x and y lattices permits distortion
towards phase transition.
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Figure 5 shows mold penetration (top row) and mold retrieval (bottom row) for all
the mold geometries. All the mold types show the presence of “other” structure types
around the periphery of the mold profile (Figure 5-top row). This is because, as the molds
penetrate within the gold substrates the atoms in the vicinity of the mold undergo high-
strain plastic deformation by slip which increases the misorientation with more dislocations
trapped within cell interiors thereby losing their FCC structure [53]. Similar phenomena
are observed for gold atoms directly below the mold profile. Our work is unique to
metallic nanoimprint lithography and analogous findings are supported in the literature
for adhesion of polymeric systems to mold surfaces [54]. Figure 5b clearly shows that the
substrate with cylindrical mold had a cleaner imprint as compared to the rectangular mold
due to smoother transition of the mold profile. The rectangular mold has orthogonal sides
which lead to abrupt detachment and tearing of the gold substrate atoms as shown in
Figure 5d. The spherical mold (Figure 5f) also shows a relatively smoother substrate profile.

In the mold retrieval phase, the gold atoms regained their lattice structure of FCC
atoms to 43%, 50%, and 65% for cylindrical, rectangular, and spherical molds, respectively.
This was complemented by a reduction in the BCC atoms to 23%, 10%, and 3% from 31%,
32%, and 36% for cylindrical, rectangular, and spherical molds, respectively. Figure 5
(bottom row) show that gold atoms adhere to the silicon mold as it is completely retrieved
from the substrate after the demolding phase of NIL. This can be attributed to the higher
surface energy [55] between the gold substrate atoms and the silicon mold tooth forming
weldments during the cooling and relaxation phases of the NIL process.

During the mold retrieval phase the gold atoms had expansion along the z-dimension
and this behavior was also confirmed by studies in the literature [35,56,57]. During the
demolding process, the spherical mold has the highest portion of the FCC structure due to
the tensile stresses applied by the retrieving mold in the vertical direction. This transfor-
mation can be attributed to the Bain path consisting of the dilation of FCC gold substrate
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atoms to the vertical (z-direction) from the x and y-direction due to the movement of gold
atoms away from the mold insertion area [48].

Figure 6 shows the percentage spring back for the gold substrate imprinted with
different mold profiles at respective directions. This measure was implemented to quantify
the quality of the imprint. A positive spring back indicated an expansion of the substrate
dimensions “cavity” in respective directions, whereas a negative spring back indicated
contraction of the cavity dimension. A high-quality imprint occurs when the variation
of spring back is minimal in either or both directions. The substrate imprinted with the
cylindrical mold displayed the lowest spring back effect in both the horizontal and vertical
directions. Thus, the cylindrical mold had the highest quality imprint as compared to the
rectangular and spherical molds, respectively. The rectangular mold had the largest vertical
spring back (−10.94%) followed by the spherical mold (−7.25%). This can be confirmed by
Figure 5d wherein substrate atoms are sheared and dislodged from the bottom of the cavity.
Moreover, the substrate with the rectangular mold has a wider cavity in the horizontal
direction (% spring back = 5.56%) as compared to the mold profile. Figure 5f clearly shows
that the spherical cavity in the substrate has smaller dimensions as compared to the mold
dimensions in both the horizontal (−5.41%) and vertical (−7.25%) directions.
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An important finding of this research is that the gold substrate eventually retains
its FCC structure at the end of the nanoimprint lithography process. Thus, the ductility
of the material is maintained based on the heating and cooling cycles which results in a
high-quality imprint for the cylindrical mold as compared to the other mold types. Future
research can explore the use of anti-stick components on the mold profiles to evaluate their
impact on the nanoimprinting process.

4. Conclusions

Different silicon mold profiles were implemented to study their effect on the defor-
mation behavior of gold using molecular dynamics simulations. Von Mises stress, lattice
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dislocations, and material deformation were investigated for cylindrical, rectangular, and
spherical mold profiles. Relatively higher von Mises stress was observed for the spherical
mold profile compared to the rectangular and cylindrical profiles due to the larger surface
area of contact in the initial mold penetration stage. However, significant reductions in
von Mises stresses were observed during the cooling and mold retrieval phases. The high
strain deformation during the mold penetration resulted in conversion of FCC structures
to BCC. Finally, the slow cooling and retrieval of mold from the gold substrate had an
impact on retaining the FCC structure as well as a high-quality imprint profile. The gold
substrate with the cylindrical mold imprint had the lowest percentage spring back in both
the horizontal and vertical directions thereby, replicating the mold profile as compared to
other mold types. This research forms the basis for the development of design guidelines
of nanoimprint molds with cylindrical, rectangular, and spherical mold profiles.
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