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Abstract: Dislocation dynamics simulations are performed to investigate the effect of template shape on the nanoimprinting of
metal layers. To this end, metal thin films are imprinted by a rigid template made of an array of equispaced indenters of various
shapes, i.e., rectangular, wedge, and circular. The geometry of the indenters is chosen such that the contact area is approximately
the same at the final imprinting depth. Results show that, for all template shapes, the final patterns strongly depend on the dislo-
cation activity, and that each imprint differs from the neighboring ones. Large material pile ups appear between the imprints, such
that polishing of the metal layer is suggested for application of the patterns in electronics. Rectangular indenters require the lowest
imprinting force and achieve the deepest retained imprints.
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1 Introduction

Metal nanoimprinting is a fabrication technique
currently applied to a wide variety of miniaturized
systems (Guo, 2007). The pattern is generally trans-
ferred from a rigid template onto a polymer or pho-
toresist, and afterwards etched into the metal. A dif-
ferent approach is to transfer the pattern directly from
the template onto a metal layer by plastically de-
forming the metal (Cross et al., 2006). The objective
of this study is to investigate numerically the capa-
bility of the metal to retain imprints when directly
indented by a template with protruding contacts of
various shapes. Specifically, each protruding contact
is either rectangular, circular, or wedge shaped.

The challenge originates from the size-
dependent plastic properties of metal layers at the
sub-micron size scale (Zong et al., 2006), for which
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conventional classical plasticity models have proven
to be non-suitable. The approach used in this study is
discrete dislocation plasticity (van der Giessen and
Needleman, 1995), where plasticity in the metal film
originates from the collective motion of discrete dis-
locations. This simulation technique has been suc-
cessfully employed in the prediction of size effects in
metals by indentation (Widjaja et al., 2005) as well as
by imprinting with equispaced contacts (Nicola et al.,
2008; Zhang et al., 2010).

2 Methods

An infinitely long thin film of height h=200 nm
on an elastic substrate of height hs=50 nm is imprinted
by a rigid template (Fig. 1). If the choice of a thicker
elastic substrate was made, shallower retained im-
prints would be obtained for the same imprinting
depth. The template is made of arrays of equispaced
indenters of different shapes, i.e., rectangular, wedge,
and circular. Imprinting occurs at a constant velocity
U =5x10° nm/s to the final imprinting depth Umax=
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10 nm. The 2D analysis is performed on a unit cell of
width W comprising n indenters with center-to-center
spacing w. Contact between template and metal is
assumed to be perfectly sticking during indentation
by prescribing

0,04, 1) =0, U,(6,N)==0, %€Au (1)

where h=hs+hs, and Acontact iS the surface in contact.
The remaining top surface is free:

Xl g A:ontact'

0, (%, h) =0, (%,h) =0,

Fig. 1 2D model of a metal thin film on substrate im-
printed by a rigid template with protruding contacts
with rectangular, wedge, or circular shapes

Because of the sticking nature of the contact, the
bottom surface cannot expand during imprinting.
Periodic boundary conditions are imposed at the left
and right boundaries of the unit cell:

U, (0, %,) =1, (W,%,) =0,
{UZ(O’XZ)_UZ(\N,XZ):O, VXZ. (2)

The metal layer is taken to have the elastic
properties of aluminum: Young’s modulus E=70 GPa
and Possion’s ratio £=0.33. For simplicity, plasticity
in the substrate is ignored and the substrate is as-
signed the same elastic constants as the film. Equis-
paced dislocation sources with critical strength zn,c=
50 MPa are positioned at the top surface. The source
density is pnc=0.14/nm. Dislocations can glide on
two sets of parallel slip planes, each of which contains
one dislocation source. The slip planes are oriented
alternatively either at 54.75° or at 125.25° with the
X1-axis. This mimics in two dimensions the slip planes
for easy glide of a face centered cubic (FCC) crystal
imprinted along the [010] direction (Rice, 1987). The
magnitude of the Burgers vector is b=0.25 nm. Ob-

stacles with strength zos=150 MPa are randomly
distributed in the metal with density pons=30/um?.
Dislocation nucleation occurs when the resolved
shear stress on a source exceeds its critical strength
during the nucleation time t,c=1x10"°s. Then two
dislocations with opposite Burgers vector are gener-
ated at a distance Lny.. The glide velocity V' of the Ith
dislocation is proportional to the Peach-Koehler force
f " according to

f'=BV' ©)

with the drag coefficient B=10"* Pas.

3 Results and discussion

Simulations are performed for templates of dif-
ferent shapes, all having indenters spaced by w=
400 nm. Each unit cell contains six indenters to re-
duce statistical variations.

The geometric characteristics of the indenters
are the followings: the width of the rectangular in-
denter is a=50 nm, the angle of the wedge indenter is
6=160°, and the radius of the circular indenter is
r=130 nm. The particular geometries are chosen to
give approximately the same true contact area (pro-
jected on the x;-axis) for the three indenter shapes at
the maximum imprinting depth. Force-displacement
curves during indentation and unloading are shown in
Fig. 2a. The imprinting force is calculated at the top
surface as

To reach the maximum imprinting depth, a force of
approximately 1380 N/m is required for wedge and
circular indenters, while a lower force, 840 N/m, is
needed for the rectangular indenter. This is a rather
unexpected result in that the contact area for the rec-
tangular indenter is larger than that of the other in-
denters for u<10 nm. This can be seen in Fig. 2b,
which gives the evolution of the contact area during
loading and unloading. The contact area for the rec-
tangular indenter during imprinting is clearly constant
and equal to a=50 nm. In the case of the wedge and
circular indenters, the contact area plotted here is the
real area of contact between the indenter and the
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metal layer, projected in x;-direction. The contact area
increases at a larger rate when the indenter is circular.
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Fig. 2 The imprinting force (a) and the true contact
area (b) projected on the x;-axis for different indenters
shapes

Fig. 3a shows the metal top surface profile at the
maximum imprinting depth umax=10 nm. The material
in between imprints forms, in all cases, very pro-
nounced pile-ups with irregular shape. The irregular
shape of the pile ups and imprints is caused by the
discrete nature of sources and dislocations. The dis-
location sources distribution is non-symmetric and
therefore causes asymmetry in the deformation of the
metal film. Also, a large number of dislocations glide
out of the metal free surface during indentation and
leave displacement steps there. These dislocation
steps are also responsible for the discontinuous evo-
lution of the contact area for the cases of wedge and
circular indenters.

Note that the profiles in Fig. 3a are shown using
independent axes for a better visibility of the imprints.
In fact, the correct proportions of each imprint is
shown in Fig. 3b; i.e., the real imprint is wider than it

is deep (the imprinting depth is only u=10 nm, while
the projected contact area is approximately 50 nm).
After unloading and relaxation, part of the deforma-
tion is lost due to elastic spring-back. The retained
imprints are shown in Fig. 4. During unloading and
relaxation, the metal profile becomes even rougher
and more irregular. This is particularly true for the
imprints obtained by rectangular indenters, which are
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Fig. 3 The top surface profile for different shapes at
the maximum imprinting depth un,;,=10 nm (a); One
of the imprints in the unit cell (dependent axes) (b)
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Fig. 4 The top surface profile for different shapes after
unloading and relaxation (a); One of the imprints (de-
pendent axes) (b)
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also the deepest. Since most electronic applications
require bonding of the patterned metal film with other
layers, polishing of the final surface is advised to
flatten the top surface.

To demonstrate how the material piles up in
between imprints during indentation, Fig. 5 shows the
displacement distribution in the X,-direction and the
corresponding dislocation distribution at the maxi-
mum imprinting depth. The flow of material appears
the most evident in the case of the rectangular in-
denters (Fig. 5a), where well-defined triangular re-
gions of materials are pushed up by the imprinting.
The reason the triangular regions are so clearly de-
fined is that the contact area is constant for the rec-
tangular indenters during imprinting; therefore, the
locations of high stress concentration do not move. As
a consequence, only a few dislocation sources, those
that are in the highly stressed region close to the edges
of the contact, are very active and slip occurs on
preferential slip planes. These are the slip planes lo-
cated at the borders of the triangular regions. The
dislocation density in the metal is rather low, since
many dislocations have left the material through the
free top surface or have been absorbed into the in-
terface between the film and substrate.
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Fig. 5 The distribution of displacement in x,-direction

for rectangular (a), wedge (b), and circular indenters (c)
at the maximum imprinting depth

To better characterize the final patterns, Table 1
gives the depth of the center of the imprint dimp,
measured from the original film height h=250 nm,
and averaged over the imprints in the unit cell; i.e.,

1 n
Oimp = _Z

1=1

h-x, (Wl —ﬂ)‘,
2

where n is the number of indenters in the unit cell.
The deepest imprints are obtained by the rectangular
indenters, while the shallowest by the circular in-
denter. We measure the width of the imprint wim, at
h=250 nm, and average over the number of imprints
in the unit cell. The results in Table 1 show that the
opening of the imprints has, for all templates, a rather
large standard deviation. In the case of the rectangular
indenters, it is noteworthy that on average the opening
of the imprint is twice the size of the indenter.

Table 1 Average imprint depth and width

Shape imp (NM) Wimp (NM)
Rectangular 8.08+9.96% 107.28+65.28%
Wedge 5.02+9.39% 153.27+38.34%
Circular 6.19+12.10% 156.92+41.28%

4 Conclusions

We have presented discrete dislocation simula-
tions of the nanoimprinting of metallic thin films by a
rigid template. The template is made of an array of
equispaced indenters of various shapes, namely rec-
tangular, wedge, and circular. The shape of the in-
denters is chosen such that the final contact area is
approximately the same. Results show that for the
chosen indenters spacing, w=400 nm, the template
with rectangular indenters appear the most suitable to
pattern the metal, because: (1) it requires a lower
imprinting force than the other templates; (2) it pro-
duces the deepest retained imprints.

The reason is that imprinting with rectangular
indenters occurs at a constant contact area. Therefore,
slip occurs only on selected slip planes, facilitating
push up of material between the imprints.

Also, for all template shapes considered:

1. The final surface profiles are strongly affected
by the dislocation activity.

2. The obtained patterns are rather irregular:
each imprint is different from the neighboring ones.

3. Material pile ups between indenters are very
pronounced. For electronic applications the metal
would require polishing of the top surface.
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