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and patterned media. It is not only suitable as a lithography 
technique (to define an intermediate mask on a substrate 
for further processing), but also for the direct patterning of 
functional surfaces, e.g. for optical purposes [light guiding 
(Weiss et  al. 2010), anti-reflection] as well as for device 
preparation in the field of organic electronics (Cedeno 
et al. 2002) or photovoltaics, where large area processing is 
asked for. Beyond planar processing also roll-to-roll or roll-
to-flat processing have already been demonstrated (Tanigu-
chi et al. 2011), opening routes inaccessible to conventional 
processing customary in microelectronics.

Though offering the benefit of avoiding typical lithog-
raphy limitations like diffraction and proximity effects, 
nanoimprint, as a mechanically based patterning technique, 
features restrictions related to its mechanical nature. It is 
a contact technique, so anti-adhesive layers, their applica-
tion and their durability (Schift et  al. 2005; Garidel et  al. 
2007; Scheer et al. 2008), are essential for a successful pat-
tern definition. Moreover, with high aspect ratio structures, 
the challenge increases dramatically (Hirai et al. 2003a, b), 
as the stamp contact area (where easy separation is required 
after the process) is large compared to the respective sub-
strate area (where good adhesion is demanded). The lat-
ter is a consequence of the fact, that nanoimprint typically 
is performed with thin polymeric layers (some 100  nm) 
on hard substrates, in contrast to typical hot emboss-
ing of polymeric films of some 100 μm thickness. There, 
prevention of adhesion to the stamp is of primary impor-
tance; good film adhesion to the bottom tooling can be 
provided by gluing or by selective roughening of the tool 
surface, and the relatively thick polymeric film is able to 
compensate some of the stress occurring during separa-
tion by elastic deformation. With nanoimprint, in contrast, 
the thin layers between the hard surfaces (substrate and 
mold) provide only small compensation of forces so that 

Abstract  When nanoimprint is not used for lithography 
purposes (NIL), but for the direct patterning of polymeric 
layers, high aspect ratio patterns may be of interest for a 
number of applications. The definition of such patterns in 
a nanoimprint process deals with two aspects, a successful 
filling of the high aspect ratio cavities of the stamp used, 
followed by a successful separation of the high aspect ratio 
structures defined in the polymeric layer on the substrate, 
from the stamp. These two aspects are addressed by shed-
ding light to the impact of capillary effects during the fill-
ing of high aspect ratio cavities, and to the deformation 
processes involved in the separation of the stamp from the 
polymeric structures, where adhesional energies have to 
be overcome without cohesional failure. Both aspects are 
discussed in terms of the geometries involved, the stamp 
geometries as well as the polymeric layer thickness, and 
correlations with thermally-assisted (T-NIL) and UV-
assisted (UV-NIL) processing are deduced. The aspects 
discussed are typical of a nanoimprint situation with thin 
polymeric layers on hard substrates.

1 � Introduction

Nanoimprint (NIL, nanoimprint lithography, Chou et  al. 
1996; Guo 2004; Schift 2008) has the ability to define 
nanometer-scaled patterns over large areas in parallel, and a 
lot of examples have already demonstrated its potential for 
applications in photonics, microsystems, microelectronics 
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adhesion to stamp and surface are most critical for separa-
tion. Guidelines derived for macroscopic processing (Zosel 
1985) should be observed to facilitate separation, but in a 
real nanoimprint process they are applicable only in parts: 
The choice of a separation temperature above room tem-
perature is often applied (typically with nanoimprint the 
pressure release occurs at 20–30  °C below Tg, the glass 
transition temperature) in order to make use of the mobil-
ity of secondary relaxation processes with polymers (van 
Krevelen 1990); separation at low temperature (to make 
use of thermal shrink for separation) is limited, as a typi-
cal imprint stack in thermal nanoimprint has low mass and 
thus low heat capacity, and as most often a manual separa-
tion is performed. A low separation velocity, decreasing the 
adhesional forces to be overcome, is beneficial; however, 
with typical structure heights in the micrometer-regime and 
below, realization is hardly possible.

With high aspect ratio structures also the filling of the 
stamp cavities in NIL may be challenging. A number of 
simulations have addressed this issue, where nanoimprint 
as a mechanical patterning technique highly depends on the 
geometries involved. Rowland et al. (2005) e.g. found that 
with narrow cavities the time required for filling is substan-
tially increased (compared to wider cavities), in particular 
when the stamp patterns are high. This is a consequence of 
the primarily lateral squeeze-in of polymeric material into 
the cavities, induced by the thin layers involved. Filling of 
high aspect ratio cavities is thus hampered, as a displace-
ment of the polymer in vertical direction is required. Other 
simulations by e.g. Jeong et al. (2002) have shown that for 
the filling of high aspect ratio, narrow cavities also sur-
face tension effects (capillary forces) are of impact. Both 
simulations assume continuum properties of the mate-
rials, thus, with polymers, they are no more applicable 
when the dimensions of the molecules are in the range of 
the stamp geometries involved. Taking the radius of gyra-
tion Rg (Strobl 1997) of a linear chain molecule as a refer-
ence, molecular size effects have to be expected with stamp 
geometries in the range of 10 nm (typical imprint polymers 
feature 102–103 monomers per chain). Molecular dynam-
ics simulations with oligomers have shown (Taga et  al. 
2010) that with molecular sizes in the range of the cavity 
size the forces required to fill the cavities increase substan-
tially beyond those expected from continuum mechanics 
simulations.

This contribution addresses two aspects related to high 
aspect ratio imprint, (1) the filling of high aspect ratio cavi-
ties and (2) the separation of high aspect ratio structures 
from the stamp. In order to elaborate basic issues, simpli-
fied model assumptions are used, easily described by ana-
lytical relations. By discussing the physical impact of these 
relations it will be shown that compromises are required 
to obtain both, successful filling and successful separation 

as well. With filling, capillary effects are addressed; with 
separation, the deformation of the structures in context 
with adhesion and cohesion is discussed. Both aspects are 
addressed in view of T-NIL (thermal nanoimprint) as well 
as UV-NIL (UV assisted nanoimprint), the two main nano-
imprint techniques applicable for the definition of high 
aspect ratio structures.

2 � Filling of high aspect ratio stamp cavities

Filling of high aspect ratio stamp cavities relies on both, the 
squeezing of polymeric material from below the adjacent 
elevated stamp structures into the cavity, proceeding under 
the external pressure applied, pext, as well as on capillary 
effects related to the polymer-air interface in the cavities, 
specified by the Laplace pressure ΔpLA. The latter is a pres-
sure jump across the interface, the difference between the 
pressure in the liquid (the polymer), pL, and the pressure 
in the gas phase (the air), pG, at the interface location. This 
pressure difference differs from zero with curved interfaces 
only, its height being directly related with the (2-dimen-
sional) curvature of the interface, κ, and the geometries of 
the capillary. In case of a circular capillary of radius R it 
amounts to

Rki and Rkj being the principal radii of curvature, γ the 
surface tension of the liquid (the surface energy of the pol-
ymer) and θ the contact angle the liquid (polymer) forms 
with the capillary surface. With a linear capillary of width 
w, a one-dimensional curvature is obtained, with Rkj = ∞ 
and Rki = cosθ/(w/2); thus the situation with a linear cavity 
is quite similar to the situation with a dot-like or circular 
cavity.

Figure 1 illustrates the situation; as contact angles in the 
range 0° < θ < 180° are generally possible, two situations 
may occur; either the polymer wets the capillary (θ < 90°) 
or it does not (θ > 90°). With a contact angle θ = 90° the 
Laplace pressure changes sign, being positive below 90° 
and negative above 90°. In the first case, the Laplace pres-
sure aids to fill the cavity—this is the most preferred situa-
tion. In the latter case the Laplace pressure opposes cavity 
filling (assuming an intended filling of the cavity in vertical 
direction z). Filling of the capillary requires a pressure drop 
within the polymer in z-direction, similar to a flow through 
a pipe (radius R, length L), where the mean velocity of flow 
(with a parabolic velocity distribution across the diameter) 
is given by

(1)∆pLA = pG − pL = γ · κ = γ ·
(

1

Rki
+

1

Rkj

)

= γ · 2
cos θ

R
,

(2)v̄ =
1

3η
R2 ·

∆p

L
,
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with p the local pressure, Δp/L the pressure difference 
across the tube length and η the viscosity of the fluid. With 
nanoimprint, the respective pressure drop is the difference 
between the pressure in the polymer at the bottom of the 
cavity (as obtained from the external pressure applied pext) 
and the respective pressure pL at the interface, acting across 
the height z. (With the microscopic geometries involved 
here gravity can be neglected.)

When hard stamps are used with T-NIL and UV-NIL, the 
situation is even more complicated, as the capillaries are 
closed ones. (With soft stamp materials (Suh et al. 2009), 
featuring permeability for gases, the situation is less criti-
cal, in particular when long processing times are provided, 
allowing the enclosed gas to diffuse through the stamp.) 
With a closed capillary, compression of the gas phase may 
occur, as the pressure within the gas is defined by Eq.  1 
again, with

the latter relationship being exact only without deformation 
of the interface—for a simplification of the arguments such 
an assumption is made, stating that the interface still repre-
sents a spherical surface. Furthermore, any change of the 
surface energy and contact angle due to pressure is ignored.

Equation  3 then states that with a wetted capillary the 
pressure in the gas phase is higher than in the liquid, so 
that, in a combined effect of pext and ΔpLA, (pext + ΔpLA), 
the gas is compressed, resulting in a self-acting suction 
of the polymer in vertical direction into the capillary. In 
contrast, in the non-wetting situation, the gas phase is at 
a pressure lower than the liquid and will be hardly com-
pressed. Then, a filling of the capillaries is only possible 
with (pext − ΔpLA) > 0. When the external pressure is low, 

(3)pG = pL + ∆pLA ≈ pL + 2γ
cos θ

R
,

as it is the case with UV-NIL, then the polymer is unable to 
enter the capillary due to the negative contribution of ΔpLa. 
Only with high external pressures as used in T-NIL a cavity 
filling against the Laplace pressure is possible.

As the Laplace pressure increases with decreasing cav-
ity width the effect becomes more pronounced with small 
geometries. To give an estimate, a maximum Laplace pres-
sure (with γ ≈ 30 mN/m) of about 0.5 bar will be reached 
with a capillary of 1 μm radius, whereas with a 10 nm cap-
illary a value of 50 bar is obtained, a pressure in the range 
of typical processing pressures with T-NIL. These values 
indicate that T-NIL may be able to provide filling even 
in situations under non-wetting conditions, as long as the 
cavities are not too small. In the non-wetting case, the fill-
ing of cavities with T-NIL becomes the more limited the 
smaller the cavities, and cavities of some 10 nm may not 
become filled. With UV-NIL, no cavity filling at all is pos-
sible in the non-wetting case. UV-NIL has ultimately to 
rely on wetting and the support of the capillary action for 
a filling of cavities. But due to the geometry dependence of 
the Laplace pressure, this support is high for small cavities 
only, micrometer-sized cavities remain unfilled, those are 
filled with non-compressed gas. Only with increased pro-
cessing times the gas remaining in the cavities will diffuse 
into the polymer, thus enabling cavity filling in an indirect 
way. But in-diffusion is a timely process, in particular with 
low temperature and low pressure, as it is the case in UV-
NIL. These issues suggest an evacuation of the process-
ing chamber to improve the filling situation with UV-NIL, 
a measure applicable for UV-NIL with spin-coated layers 
only. With a dispensed liquid resist evacuation may be in 
conflict with resist evaporation. To solve this problem it 
was proposed to exchange the air against a special gas that 
condenses at a low over-pressure, so that a filling of the 
cavities is provided by the collapse of the gas volume in the 
cavities (Hiroshima and Komuro 2007).

Nonetheless, for T-NIL and for UV-NIL as well, a wet-
ting situation is the more beneficial one for cavity filling. 
Unfortunately, the wetting situation opposes an easy sepa-
ration, as addressed below.

3 � Separation of high aspect ratio stamp structures

To illustrate the situation during the separation of sample 
and stamp, again a simplified view is assumed as sketched 
in Fig.  2. The stamp is assumed to feature vertical side-
walls, with no surface roughness. Without surface rough-
ness, adhesion between two materials (without chemical 
bonding) under normal forces is adequately described by 
the thermodynamic work of adhesion (adhesional energy 
per area), wadh, in particular under very slow separa-
tion velocities. Successful separation requires an energy 
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Fig. 1   Situations with filling of vertical capillaries (no gravity); with 
θ  <  90° the capillary is wetted by the polymer (a), with θ  >  90° it 
is not (b). The Laplace pressure across the interface is indicated by 
the arrows. With closed capillaries as typical of T-NIL and UV-NIL 
(stamp structure height H) the pressures within the gas phase (pG) and 
in the liquid phase (pL, pext) are substantially different with both situ-
ations (see text)
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exceeding wadh, which, however, does not disrupt the poly-
meric material. Furthermore, with a uniform material with-
out voids, cohesion is adequately described by the thermo-
dynamic work of cohesion (cohesional energy per area), 
wcoh. Simplifying further the interaction between the mate-
rials to be primarily caused by non-polar van der Waals 
forces (Lorenz forces, Israelachvili 2011), adhesional and 
cohesional energies are given by

with γp the surface tension of the polymer and γs the sur-
face energy of the surface in contact with the polymer (the 
stamp or the substrate), both at separation temperature. The 
adhesional energy (two dis-similar surfaces in contact) is 
described here in correspondence to the cohesional energy 
(two similar surfaces in contact) by the geometric mean of 

(4)wadh = 2
√

γsγp and wcoh = 2 · γp,

the surface energies of the two materials involved, follow-
ing Fowkes (Good 1992). Figure 3a illustrates Eq. 4, giv-
ing the adhesional energy of a polymer (surface tension 
40  mN/m) to a surface of varying surface energy γs. The 
cohesional energy (80 mJ/m2) is indicated.

With a typical, well-prepared (de-hydration baked) 
imprint substrate (Si, oxide) the surface energy is high (80–
100 mJ/cm2), resulting in a high value for wadh to the sub-
strate, a beneficial situation to overcome adhesional failure 
there. However, in order to provide preferential separation 
at the stamp-polymer-interface, the surface energy of the 
stamp (often prepared from similar materials as the sub-
strate) has to be decreased substantially. Typically, values 
of γs ≤ 20 mJ/cm2 are obtainable when anti-sticking layers 
are applied (Beck et al. 2002; Jung et al. 2005; Schift et al. 
2005). The lower the surface energy of the stamp the lower 
the adhesion.

Unfortunately, a low surface energy comes along with 
a non-wetting situation of the stamp cavities. Under the 
above made assumptions the contact angle follows the 
relationship

The contact angle θ according to this relationship is indi-
cated by the broken lines in Fig.  3b, considering a filling 
of the stamp cavities at similar temperature (as typical for 
UV-NIL) and at elevated temperature compared to separa-
tion (as typical for T-NIL). A contact angle θ ≥ 90° indi-
cates the transition from a wetting to a non-wetting situ-
ation. With UV-NIL, relying ultimately on wetting for a 
filling of the capillaries, this restricts the regime of ‘ben-
eficial’ stamp surface energies to values of γs > 10–15 mJ/
m2. With T-NIL, as discussed above, a filling of cavities can 
be obtained with even larger contact angles, the only limit 

(5)cos θ = 2

√

γs

γp

− 1.

w
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Fig. 2   Sketch of situations during separation of the imprinted struc-
tures from the stamp. The separation is assumed to start with fully 
filled cavities. a Definition of geometries (stamp with pattern size s, 
cavity width w and height H; hr, residual layer remaining in the poly-
mer) as well as normal stresses within the polymer in the region of 
elevated stamp structures, σS, and in the cavity region, σW. A move-
ment of the (rigid) stamp by Δ in vertical direction is indicated by 
the dashed line. b Situation after separation within the elevated stamp 
pattern region. The stress in the cavity region has increased compared 
to (a), see text
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Fig. 3   Adhesional energy of a polymer (surface tension 40 mN/m) to 
a surface of varying surface energy γs. The adhesion increases with 
increasing surface energy. a Situations typical of the substrate con-
tact and the stamp contact are marked by the vertical bars. Successful 
separation requires a cohesional energy that is higher than the adhe-
sional energy to the stamp, as well as a preferential (high) adhesion to 

the substrate. b Detail within the range of low surface energy: adhe-
sional energy to the stamp and contact angle. For the contact angle an 
equal temperature is assumed for filling of the cavities and for separa-
tion (Tfill = Tsep, similar to UV-NIL) as well as an elevated tempera-
ture (Tfill > Tsep, similar to T-NIL)
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for the stamp surface energy is given by the deposition 
process of the anti-sticking layers and its physics. Typical 
values obtainable with silane-based anti-sticking agents 
are in the range of 10 mJ/m2 < γs < 20 mJ/m2 (Jung et al. 
2005), where a careful estimation of the evaluated values 
is required in order not to mis-interprete a rough surface, 
that typically develops with thick layers. Thin anti-sticking 
layers chemically bonded to the surface (as envisaged for 
long-term stability) are most often incomplete, disordered 
monolayers (Scheer et al. 2008). Thus, with T-NIL the situ-
ation is less critical than with UV-NIL, because the cavity 
filling and the separation typically proceed at different tem-
peratures (and contact angles and surface energies typically 
decrease with increasing temperature).

For a further discussion of the separation process, let us 
assume a typical imprint situation with γp = 30–40 mN/m 
(wcoh  =  60–80  mJ/m2) and γs  =  15–20  mJ/m2 (wadh  =  
42–56  mJ/m2) for the stamp; the ratio between the cohe-
sional and adhesional energies per area then amounts to 
1.2–1.4. Furthermore, let us assume that the stamp shown 
in Fig. 2a is moved by some distance Δ in vertical direction  
as indicated, as a consequence of an external separation 
force applied. Without stamp roughness, the movement 
provides shear forces along the stamp sidewalls only, 
thus no friction occurs; the separation force acts in verti-
cal direction, resulting in normal stresses (force per area), 
σS within the elevated stamp area and σW within the cavity 
area of the stamp. For further simplification, let us restrict 
the discussion to a single period (s + w) of a periodic pat-
tern, with a pattern size s of the stamp and a cavity width w, 
as indicated in Fig. 2a.

In the initial situation the polymer adheres to the stamp 
and to the substrate surface, so that any movement of the 
stamp by Δ results in a deformation of the polymeric layer 
(stamp and substrate deform much less and are assumed 
rigid). Furthermore, as the stress required to deform a layer 
by the same amount Δ is larger with thin layers than with 
thick layers, the normal stress in the elevated stamp region 
is higher than in the cavity region, σS  >  σW. The same 
applies to the deformational energy per area, wdef, which 
can be described by

with Wdef being the total energy of deformation and assum-
ing small deformations only with ε, the strain, (represent-
ing the relative deformation occurring, here ε = Δ/h), with 
h the respective layer thickness and the volume involved 
V = Ah. As a consequence from Eq. 6, under our conditions 
with Δ = const the deformational energies per area differ 
by the same factor, a, as the respective stresses,

(6)wdef =
1

A
Wdef =

1

A
·

1

2
σ · ε · V =

1

2
σ · ∆,

(7)Wdef ,S : Wdef ,W = σS : σW = (H + hr) : hr = a.

It should be mentioned that the assumption of small 
strain (Hooke’s law) used here does not restrict the state-
ments. Admittedly, with polymers a large strain situation 
may be already met at small stresses. In that case the stress 
is usually assumed to be proportional to the strain ratio 
(or extension ratio), λ, with λ = (h + Δ)/h in terms of the 
parameters used here. As λ and ε are related by ε = 1 + λ, 
the last factor (Δ) in Eq.  6 would simply have to be 
replaced by (h + Δ) to account for large strain. The general 
arguments used are not affected by this change.

Based on these arguments and based on the fact, that a 
mean normal stress may be defined as.

the stresses within the cavity region and in the elevated 
stamp region can be expressed by

 
Equations  7 and 9 are of general impact for the sepa-

ration process, as they result in a specific separation 
sequence. Separation of the stamp from the polymer is 
obtained, when the deformation energy provided to the 
polymer by the stamp movement Δ exceeds the adhesional 
energy, wadh. This situation is first met within the elevated 
stamp regions (see Fig. 2b), where the stress is higher than 
in the cavities, namely for wdef,S  >  wadh. Upon separation 
within s, the stress σS drops to zero, so that the mean stress 
now acts on the cavity region w only, resulting in a jump of 
the cavity stress from its initial (small) value σW to

What follows depends on the size of this jump in stress. 
In case that σW* gives rise to a deformation energy per 
area of wdef* > wadh, the cavity region becomes separated, 
too. But in case that σw* results in a deformation energy 
per area of wdef*  >  wcoh, the polymer layer becomes dis-
rupted and cohesional failure occurs. Assuming some slight 
fixing of the polymer to the cavity walls, the region most 
prone to cohesional failure is the bottom of the structures, 
as a strong local deformation occurs there during spring-
back of the residual layer. Such a rip-off at the bottom of 
the structures can often be observed experimentally (Hirai 
et al. 2003a, b).

Figure  4 illustrates the separation process by indicat-
ing the stresses (σS , σW , σ̄ , σ ∗

W) and the energies per area 
involved (wadh, wcoh) with an ongoing progress of separa-
tion, indicated by a linear increase in Δ. The adhesional 

(8)σ̄ =
s · σS + w · σW

s + w
,

(9)

σW = σ̄ ·
b + 1

ab + 1
and σS = a · σW = σW ·

hr + H

hr

= σW

(

1 +
H

hr

)

, with b =
s

W
.

(10)σ ∗
W = σ̄ ·

W + S

W
= σ̄

(

1 +
S

W

)

.
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and cohesional energies differ by a factor of about 1.4, 
according to the simplifying assumptions made. The ratios 
s:w and H:hr are varied.

Figure  4a refers to s  =  w and a small stamp height, 
H = 2 h. When the elevated stamp structures separate from 
the stamp at some displacement Δ, the stress in the cav-
ity region jumps to σ ∗

W; but as this stress results in a defor-
mation energy beyond wadh, the cavity region separates 
from the stamp, too, almost simultaneously with the ele-
vated stamp region. With an increased height of the stamp 
(Fig. 4b), H = 10 h, the separation proceeds similarly, how-
ever, separation occurs at a lower displacement Δ, due to 
the increased factor between σS and σW. As σW is lower than 
in case a, the jump occurring to σ ∗

W is higher, which results 
in a higher dynamic loading to the polymer at the time the 
jump occurs.

Figure 4c refers to a changed duty cycle of the stamp, 
2s =  w, and H =  10  h as before. As the ratio s/w alters 
the maximum stress in the cavity region after the first 

separation, σ ∗
W, this limiting value is reduced, it amounts to 

1.5 times the mean value here. Therefore, when separation 
occurs in the elevated stamp area, the jump in the cavity 
stress to σ ∗

W results in a deformation energy still below the 
adhesion limit; thus a further increase in Δ is required to 
separate the cavity region of the stamp, as indicated. The 
case s < w obviously results in a successive separation, first 
in the elevated stamp regions, then in the cavities.

Figure  4d finally refers to the most critical situation, 
s > w, the values s =  2w and H =  10 h are chosen here. 
When separation is met with the elevated stamp region, 
the jump of the stress within the cavities may result in a 
deformation energy exceeding the cohesional energy per 
area, wcoh, so that cohesional failure occurs. (Even with 
cohesional energies higher than the one assumed here on 
the basis of non-polar van der Waals forces, the argument 
holds, due to the high value of σ ∗

W.)
These simple arguments indicate that due to the specific 

difference in stress occurring in elevated stamp regions 

Fig. 4   Visualization of a 
separation process, illustrated 
by the stresses involved (see 
text) increasing with increasing 
displacement of the stamp Δ. 
A similar mean stress (due to 
an external separation force) 
is assumed. The cohesional 
and adhesional energies per 
area are indicated, defining 
the ultimate stress values for 
adhesional failure (success-
ful separation) and cohesional 
failure (rupture). (Calculations 
for linear stamp geometry. For 
transfer to other stamp geom-
etries see text.) a Equal line 
and space width (s = w), low 
stamp height (H = 2 h): Low 
dynamic loading, simultaneous 
separation. b Equal line and 
space width (s = w), high stamp 
height (H = 10 h): Increased 
dynamic loading, simultane-
ous separation. c Decreased 
stamp line width (2 s = w), 
high stamp height (H = 10 h): 
Low dynamic loading, succes-
sive separation. d Increased 
stamp line width (s = 2w), high 
stamp height (H = 10 h): high 
dynamic loading, cohesional 
failure

σW

σS

wadh

wcoh

hr

‚simultaneous‘
separation

stamp displacement ∆

σ

w
σw*

σ

σW

σS

wadh

wcoh

hr

‚simultaneous‘
separation

σ

w

stamp displacement ∆

σw*

σ

stamp displacement ∆

σw*

σW

σS

wadh

successive 
separation

wcoh

hr

σ

w

σ

σW

σS

wcoh

wadh

(a)  s = w, H = 2 (b)  s = w, H = 10

(c) 

s < w, H = 10

(d)  s > w
H = 10hr

cohesive 
failure

σ

w

stamp displacement ∆

σw*

σ



1897Microsyst Technol (2014) 20:1891–1898	

1 3

and cavity regions, the separation of stamps with struc-
tures s > w is most critical, whereas at s ≤ w the risk for 
cohesional failure is much lower, in particular with s ≪ w; 
dynamic loading increases with increasing ratio of stamp 
height to residual layer height, H/hr. A direct correlation 
with the aspect ratio of the imprinted structures, H/w, is not 
possible, as the residual height remaining, hr, is of impact.

This separation behaviour again differentiates the 
imprint process compared to an embossing process. With 
embossing, the factor H/hr is small, so that the stresses act-
ing in the elevated stamp regions and in the cavities are 
(almost) equal, and the different situations illustrated in 
Fig.  4 are hardly observed, in particular as other effects 
(thermal shrink, surface roughness, etc.) may cover them.

With imprint, too, thermal shrink (with T-NIL) or curing 
shrink with (UV-NIL), both in the same range, will alter 
the separation process. With excellent anti-sticking layers, 
a gap may develop between stamp and polymer in the cav-
ity region, so that separation of the elevated stamp region 
is required only, and thus separation is performed easily 
(Shibata et  al. 2010). Even without a gap, the tensional 
stresses in the polymer within the stamp cavities have the 
same direction as the ones induced by an external separa-
tion force, thus assisting separation. The situation would be 
similar as in Fig. 4, the main difference being that the sepa-
ration already occurs at lower values of external stamp dis-
placement Δ. With high shrinkage stress in vertical direc-
tion, as expected with high aspect ratio patterns, successive 
separation may occur in reversed order, first aseparation in 
the cavity regime and then in the elevated stamp region. 
The respective behaviour may simply be estimated from 
Fig. 4 by adding a constant (shrink-induced) pre-stress σ0 
to the stresses resulting from the stamp movement Δ. A 
stress induced by shrink is proportional to the volume and 
thus proportional to the respective polymer height. Thus 
the shrink-induced stress in the elevated stamp region is 
lower than in the cavity region, σS0 < σW0, with σW0 = aσS0, 
in contrast to theseparation-induced stresses (Eq. 9). Thus 
an effective shrink-induced stress σ0 has to be added in the 
cavity region to account for this situation with

 
S being the shrink factor (S < 1) and H the stamp struc-

ture height, as before.
Stamp roughness, however, changes the situation, for 

filling the cavities as well as for separation after imprint. 
With primarily vertical roughness (as obtained with stamp 
preparation by lithography and RIE (reactive ion etch-
ing)) filling may be enhanced by wicking (Bico et  al. 
2001) within the open, vertical capillaries along the 
stamp sidewalls, whereas horizontal grooves (as obtained 
with stamp preparation by deep reactive ion etching in a 

(11)σ0 = σW0 − σS0 = (a − 1)σS0 ∝ H · S,

BOSCH-process (e.g. Sakamoto et  al. 2011) may modu-
late the surface shape, pinning at the ridges hindering cav-
ity filling (Mayer 2012). During separation, any roughness 
increases the surface area and may result in local normal 
forces along the sidewalls and thus frictional effects, in 
particular with horizontal grooves. These frictional effects 
are especially important in situations with high aspect ratio 
structures, where the stamp cavities are narrowand compa-
rable to the roughness (Hirai et al. 2003a, b). The separa-
tion process may then result in a permanent deformation of 
the structures (over-expansion) as long as the cohesional 
energy is not exceeded.

Although the calculation presented in Fig. 4 is based on 
the assumption of linear stamp geometries from Eq. 8 on, a 
transfer to arbitrary periodic patterns (e.g. dot patterns) is 
easy. Then the ‘weighting factors’ for the stresses are not 
the geometries s and w, but the respective areas, As and Aw 
(elevated area of stamp pattern and cavity area), and Eq. 8 
changes to.

Accordingly, as a similar mean stress σ̄ has to be consid-
ered to compare the linear situation with e.g. a dot pattern, 
the only change will be the size of σw and σs compared to σ̄. 
Consequently, in case of a checkerboard pattern (s = w and 
As = Aw) the situation is identical to Fig. 4a, b. In case of a 
stamp with a dot pattern (s < w) or a stamp with a hole pat-
tern (s > w) the effect is stronger than the one for a stamp 
with linear geometries (Fig.  4c, d). In particular, with a 
hole pattern of the stamp (imprinted isolated polymeric pil-
lars) the risk for cohesional failure (Fig.  4d) is extremely 
high, as the sharp rise of σw increases in magnitude (due to 
the higher value of σ ∗

w).
Furthermore, the considerations may also be applied 

to more realistic stamps with inclined sidewalls. With 
inclined sidewalls the polymeric deformation increases in 
magnitude from the top of the sidewall (ε(σw)  =  εmin) to 
the bottom of the sidewall (ε(σs)  =  εmax), corresponding 
to the local sidewall slope, so that all values between σs 
and σw exist somewhere along the sidewall. With a small 
slope (almost vertical) of the sidewall only, Eqs. 8 and 12 
are still applicable and any friction along the sidewalls 
during separation can safely be neglected. With a sidewall 
slope of decreasing magnitude (increasing inclination) 
the sharp drop of σs (and sharp rise of σw) upon reaching 
wadh in Fig. 4 will proceed more and more gently the more 
inclined the sidewall is. A correct calculation then requires 
including (adding) a third contribution in Eq. 12 to cover 
the projected area of the sidewalls. This third contribution 
may even be used to cover surface roughness of the side-
walls due to lithography and etching, which often results 
in vertical corrugations. Such corrugations increase the 

(12)σ̄ =
AS · σS + AW · σW

AS + AW

.
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effective area of the sidewalls without a strong contribution 
to friction.

4 � Summary and conclusion

Simple assumptions were made to illustrate the impact of 
capillary action for the filling of high aspect ratio cavities 
as well as the separation of the respective replica from the 
stamp after imprint. With filling, a wetting of the stamp 
cavities would be beneficial. It is in particular required in 
cases, where only low pressures are provided in the pro-
cess, as in UV-NIL. As wetting requires low contact angles, 
which cannot be provided with the small surface energies 
that are beneficial for separation, a compromise has to be 
found. Furthermore, as both aspects, filling of stamp cavi-
ties and separation after the process, are strongly dependent 
on the geometries involved, not only the stamp geometries, 
but also the height of the respective polymeric layers, an 
understanding of these geometric aspects is vital for a suc-
cessful imprint of high aspect ratio structures.
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