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Abstract With nanoimprint, instabilities of the polymeric
layer between the substrate and the stamp are observed
when incomplete filling of the stamp cavities prevails,
resulting in capillary bridges and meandering structures.
Experiments show that instabilities may also affect the
initial situation of a thermal nanoimprint process. Already
at the beginning of the actual imprint step, the polymeric
surface may be highly non-uniform, with undulations of the
film thickness, polymeric bridges and de-wetted regions;
thus, the starting point for imprint may differ substantially
from the general expectation of a uniform spin-coated
layer. A detailed instability analysis considering the com-
bined effect of van der Waals forces, electrostatic forces
and temperature gradients under realistic imprint condi-
tions clearly identifies temperature gradients to be the
cause for high initial layer non-uniformities. We found that
during heat-up (before imprint) temperature differences of
10 °C may exist between the top and bottom hotplate of a
thermal imprint system. These temperature differences
result in the non-uniformities of the polymeric layer
observed, when stamp and sample are heated under low-
pressure contact, where some small but locally arbitrary
gaps exist between polymer and stamp. This result asks for
a reconsideration of the thermal nanoimprint procedure. It
also confirms the high impact of temperature control for
uniform, low-defect imprint results; this is critical not only
during imprint, but also during heat-up.
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1 Introduction

With nanoimprint, instabilities occurring in polymeric
layers are ‘Janus-faced.” In most cases they result in
imprint defects, e.g., when the imprint is performed in thin
polymeric layers in order to achieve thin or negligible
residual layers [1]. However, instabilities have also been
proposed to define specific patterns in a polymeric layer
with only (partial) contact to the elevated stamp structures,
e.g., to shape regular pillar arrays (LISA, lithography-in-
duced self-assembly [2]) or to replicate stamp structures
with the same tone as the stamp, without inversion (LISC,
lithographically induced self-construction [3]).

For these reasons, instabilities have been studied in
detail experimentally [4-6] as well as theoretically [6—13].
They develop, when small gaps between the polymeric
surface and the stamp are present. The main drivers are van
der Waals forces [13], temperature gradients [10] and
electrostatic forces [7, 8] that are counteracted by capillary
forces (surface tension). The time scale for their formation
depends on the viscosity of the layer. With instabilities, the
structures forming become visible when incomplete
imprints are ‘frozen-in,” either by cross-linking (UV-NIL,
UV-assisted nanoimprint) or by cooldown (T-NIL, thermal
nanoimprint). Due to the formation under physical inter-
action, the process is often termed ‘physical self-assem-
bly.” In UV-NIL, physical self-assembly is highly
correlated with bubble trapping [14—16].

Figure 1 gives typical examples of patterns observed
with imprinted samples, resulting from instabilities [18].
Within large cavities that are not completely filled, capil-
lary bridges (Fig. 1a) may have developed locally and may
span gaps of more than a micron in height; with a some-
what higher filling level, the bridges merge and form
meandering structures (Fig. 1b); and within linear cavities,
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Fig. 1 Typical examples for
physical self-assembly during
nanoimprint. Polymeric bridges
within wide cavities at low
filling level (a) and high filling
level (b) in the stamp cavities;
similar situation with wide line
cavities, again at low (c) and
high (d) filling level. With
narrow line cavities, typically
broken lines develop (e), with
complete de-wetting of the
polymer at the substrate at the
defect locations (f)

polymeric assembly is observed along the cavity edges
(Fig. 1c) at low filling levels, developing into a necklace-
like defective pattern along the cavity center at a higher
filling level (Fig. 1d). With smaller geometries, the
assembled polymer fills the whole width of the cavity and
defects result in an almost regular on—off pattern along the
lines (Fig. le), often with complete de-wetting of the
polymer at the substrate in between the assembled regions
(Fig. 1f). The results documented in Fig. 1 were obtained
with polystyrene during T-NIL at 190 °C, with a polymer
viscosity of about 10* Pas, within a typical imprint time of
<5 min. Similar patterns are observed with other polymers
at a comparable or even lower viscosity as reported by
other groups. Furthermore, the occurrence of instabilities is
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not restricted to T-NIL; such structures are also observed
with UV-NIL and, for example, capillary force lithography
(CFL) [17].

Although these instability-induced patterns are well
known and are identified as defects when complete repli-
cation of the stamp structures is envisaged, the impact of
instabilities with respect to a successful imprint may be
much stronger than actually believed. This contribution
addresses the impact of instabilities with respect to the
‘initial condition’ for an imprint, and the results obtained
suggest the reconsideration of a generally accepted imprint
procedure where heating up of the imprint stack is per-
formed under low contact pressure to facilitate isothermal
conditions.
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2 Methodology of experiments

Thermal imprint experiments were performed in a labora-
tory imprint system [19] with polystyrene (PS, 350 kg/mol,
Sigma-Aldrich). The layer thickness was 500 nm; the
layers were baked for solvent removal (120 °C, 15 min,
hotplate). Prior to spin-coating, the Si substrates were
dehydration-baked (200 °C, 5 min, hotplate) to improve
adhesion. The stamps used are positive ones (elevated
structures, structure height 350 nm), almost completely
patterned with line structures (widths 300 nm-3 pm)
across the overall area of 1.5 cm x 2 cm. The stamps were
provided with an anti-sticking layer from the gas phase.
Stamps as well as substrates were cut from 100-mm-di-
ameter Si wafers with a thickness of 500 pm.

In order to investigate the ‘initial condition’ for an
imprint, T-NIL experiments were performed similar to a
conventionally accepted imprint procedure, but by omitting
the imprint step itself. Stamp and sample were heated to the
imprint temperature (190 °C) under low-pressure contact
(400 N) to assure isothermal conditions for the imprint.
When the imprint temperature was reached after about
20 min, (rapid) cooldown (water shock-cooling) was ini-
tiated without applying any imprint pressure. Thus, the
situation prevailing at the beginning of a typical imprint
process was frozen-in. The results are documented by
scanning electron microscopy (SEM) measurements.

3 Discussion of experimental results

Typical experimental results obtained after simple heat-up
and cooldown, without applying the imprint pressure are
shown in Fig. 2. When interpreting them, one has to bear in
mind that under low-pressure contact during heating, a
locally differing gap between stamp and substrate will
exist, due to the limited flatness of all surfaces involved,
the press plates as well as the Si substrate and stamp. The
low pressure applied results in a local contact (which may
even change due to thermal expansion of the components
during heat-up), with gaps of locally varying width
between the (structured) stamp surface and the surface of
the polymeric layer on the substrate. Figure 2a shows a
local capillary bridge of more than 1 pm in height,
developed within a wide cavity of the stamp; the formation
of the bridge resulted in a strong rearrangement of the
polymeric layer around the bridge as suction effects toward
the bridge have depleted the surrounding area, which is
locally de-wetted. Even without complete bridge forma-
tion, the polymeric surface may look as if it were ‘boiling’
(Fig. 2b), with undulations in the micrometer range and
heights of up to ~500 nm. The surface undulations (and

Fig. 2 Topographies obtained with a layer of PS when heated to the
imprint temperature in low-pressure contact to a patterned stamp,
followed directly by cooldown, without an imprint step. Each SEM
micrograph is complemented by a sketch of the situation. a Polymeric
bridge of more than 1 pm height, surrounded by a highly de-wetted
region; b polymer surface looking as if boiling, the undulations
representing the initial status of an instability formation in a wide
cavity; ¢ similar situation with a line structure in the stamp: The
undulations are correlated with the stamp lines; d transition from a
non-contact region (fop) to a contact region (bottom) between
polymer and stamp surface. In non-contact, the elevated lines guide
the undulations, and in contact, the cavities dominate due to the action
of capillary forces

bridges) observed have a periodicity in the range of some
micrometers; they are a consequence of the interaction
between the polymer and the stamp surface occurring
during heat-up.

In locations where the stamp is patterned, the stamp
topography results in a local modulation of the interaction
forces and thus in guiding effects for the instabilities. Such
a situation is shown in Fig. 2c, d, where the stamp features
lines of 400 nm in width and a period of 1.6 um. Though
without any contact to the stamp protrusions, the linear
undulations visible correspond to the elevated lines of the
stamp, but their period is sometimes different (Fig. 2c, top
part of SEM micrograph); one undulation may correspond
to adjacent stamp protrusions; alternatively, due to local
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suction, single protrusions are missing. The sketch corre-
sponding to the SEM micrograph indicates this.

Figure 2d documents an even more complex situation, a
transition from undulations (due to instabilities) to capil-
lary filling. Obviously, the gap between stamp and sample
increases slightly from the front to the back of the SEM
image (in the sketch this is indicated from left to right).
With a higher gap (top of SEM picture, left in the sketch),
undulations are visible below almost each elevated line of
the stamp. With a decreasing gap (bottom of SEM picture,
right part of sketch), the undulations come into contact to
the stamp surface and capillary forces drive the filling of
the stamp cavities: All cavities are discernable in the lower
part of the SEM picture; the cavities are only partially
filled, as visible from the rough polymeric surface. The
matching of the linear undulations with the elevated lines
of the stamp is best documented at the left of Fig. 2d,
where the undulation line continues as the (imprinted)
elevated stamp line (see dash-dotted mark), with the partly
filled cavities left and right of it.

These results document that already before the start of
the actual imprint step, during heat-up, the polymeric sur-
face has lost its flatness. Most critical may be a situation
like the one shown in Fig. 2a, where the whole polymer has
assembled in a high bridge, with no more polymer
remaining in the area surrounding it. Thus, in a thermal
imprint, where the heat-up is performed under low-pressure
contact, a highly non-uniform layer thickness of the poly-
mer may prevail at the beginning of the imprint, in contrast
to what is expected generally, a uniform layer. This adds a
further complication to the issue of volume conservation
during imprint into spin-coated layers, a situation already
suffering from non-uniformity due to pattern size effects
[20, 21].

The results observed were obtained without an inten-
tional temperature difference between stamp and sample
and without any external field applied. Thus, electrostatic
forces and temperature gradients are not expected as
driving forces for instabilities; only van der Waals forces
remain, which generally are expected to be low compared
with the other two. Therefore, a detailed analysis of the
theory of instabilities was performed in order to identify
the reasons for the experimental results obtained.

4 Instability analysis

Our assessment is based on the general concept of a ‘linear
stability analysis’ of thin films, the theory on this basis
being provided by Schiffer [6, 7, 10, 11] and the classical
analysis by Vrij [13]; but in contrast to Schiffer, who
discussed the different driving forces separately, we com-
bine them and apply them to a typical thermal imprint
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situation, where the polymer is confined between the stamp
surface and the substrate surface and the polymer—air
interface either feels the interaction to the substrate or to
the stamp, depending on the distance to the respective
surface (and thus the strength of the respective combined
interaction force). The analysis covers van der Waals for-
ces, electrostatic forces as well as temperature gradients as
driving forces for the instability.

Before combining the effect of all these forces under
realistic imprint conditions, the three driving forces will be
discussed separately and the principles of linear stability
analysis are briefly reviewed, reduced to the main equa-
tions required for an understanding of the results.

4.1 Procedure with linear stability analysis

With stability analysis, a purely laminar flow of the poly-
mer within a thin layer (in an x—y plane) is assumed, with
the continuity equation (volume conservation, Poiseuille
equation) relating the height h of the polymer layer to the
pressure gradient within the layer—for simplicity reasons,
we restrict our analysis to a planar problem (flow in x di-
rection only, see Fig. 3). At the substrate, a vanishing
velocity is prescribed (no-slip boundary), and at the free
surface (polymer/air interface), the velocity is maximum.
The force per area that is effective across the polymer/
air interface (where the maximum flow proceeds) is sepa-
rated into two main components, a stabilizing component,
DPswab, and a destabilizing component, pges. The latter is
composed of contributions from van der Waals forces as
well as potential electrostatic forces and temperature gra-

dients,  pges = pvaw + Pet + par-  The  stabilizing
| |12 | |
d_| mp . L
X
(a) (b)
instable
<
+ T *
% A
23
Q0
g 0
z © Ae
stable
(c)

layer thickness

Fig. 3 Smooth polymeric layer (a) on a substrate with an air gap to
the stamp (sketched without patterns here for simplicity) becomes
unstable (b) and develops undulations (amplitude J, wavelength 1) on
its surface; stable and instable regions in the wavelength-layer
thickness regime (c)
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component always present is the Laplace pressure due to
surface tensions with curved surfaces, pgap, = Apra =
—vK, with y the surface tension of the polymer and « the
curvature of the surface, here k = d?h/dx>. (The Laplace
pressure is defined as the pressure difference between the
pressure inside the liquid and the pressure in the adjacent
gas phase, Apr, = Pliquid—Pgas)-

With these assumptions, the differential equation gov-
erning the temporal and spatial behavior of the layer height
h(x, t) is given by

Oh(x,1) d (K D
ot —a (%'a(pslab _pdes)>

B h
NE'@ —“/@—Pdes (1)

The approximation refers to the linearity of the analysis,
neglecting products of differential terms. (Due to the
constant value of the gas pressure, the pressure change in
the liquid reduces to the change of the Laplace pressure,
dpiiquia/dx = d(pgastpLa) /dx = dApra/dx).

Now a small, stochastic undulation of the surface, 9, is
assumed (see Fig. 3), in accordance with Eq. (1). Any local
height modulation can be approximated by a series of periodic
functions [13] (Fourier series), each of them having a different
amplitude J; (with J; < 1), time constant t; and periodicity as
characterized by the respective wave number k;. Finally, only
one of these undulations is of interest; it is the one with the
fastest growing amplitude. Only a growing amplitude (a posi-
tive time constant, 7; > 0) will result in an amplification of the
small, stochastic undulation and thus may induce an instability
in the film, the fastest growing one overriding all others, so that
finally only this one survives (decreasing amplitudes (z; < 0)
do not lead to instabilities). With this single undulation, the time
constant features a minimum, 7., = 7*; this minimum time
constant is correlated with a single local periodicity as descri-
bed by the wave number k(t,;,) = k* = 2/A*, A* being the
respective local wavelength.

The stability limit is given by t; = 0, resulting in a crit-
ical wavelength Ac = 2*/2, as discussed in detail by Vrij
[13]. Undulations with a wavelength 1 > Ac grow in
amplitude and thus result in instabilities, undulations with
wavelengths 1 < Ac decay, and the layer remains stable.
Thus, curves 2*(hgy) as given below are within the instable
regime, although only a factor of \/2 away from the sta-
bility—instability transition. A general picture of the regimes
and their boundary defined by Ac is sketched in Fig. 3c.

For simplicity, only the equations for a single undulation
are given here. The undulated polymer height is described
as

h(x,t) = ho(1 + 0 - exp(jkx + /7)), (2)

resulting in a characteristic equation of

3
;:;Lf]- (yk4+ag;‘fsk2>, (3)
that correlates the growth rate 1/t with the mean height
ho (the initial layer height of the polymer), its surface
tension 7, its viscosity # at the imprint temperature and
the change of the destabilizing pressure pges with A. (In
deriving Eq. (3) from an insertion of Eq. (2) into
Eq. (1), all changes of the thickness that are not linear
were neglected, in accordance with ‘linear stability
analysis’).
The maximum growth rate is obtained for

v 27 2_ 1 Opdes
( )_(F> =Ty
Thus, the final wavelength visible in an experiment, 2* (the
‘most unstable wavelength’), depends on the surface ten-
sion only, whereas the time constant also involves the
viscosity. Any ‘real’ surface undulation requires a negative
change of the respective destabilizing pressure with layer
thickness, dpg.s/dh < 0. For the calculations, values typical
of PS at the imprint temperature were used,
(190 °C) = 31 mN/m and n(190 °C) = 10* Pas.

In the following, the most unstable wavelength 1* is
given as a function of the initial layer thickness hg. The
destabilizing pressure is given by the sum of all potential
contributions, the van der Waals forces (pyqw), the
electrostatic forces (p.) and the temperature gradients
(par). Before discussing the combined effect of all
destabilizing pressures, each component is addressed
separately.

(4)

h:/’Lo

4.2 van der Waals forces

The result obtained with van der Waals forces is sum-
marized in Fig. 4. For calculation, an imprint situation as
sketched in Fig. 4a is assumed. The interactions between
polymer and substrate as well as between polymer and
stamp are considered, different from the approach of
Schiffer [6] involving polymer—substrate interaction,
only. According to our knowledge of the literature, this
is novel. The imprint stack is shown in Fig. 4a, the
polymer on the substrate with an air gap to the stamp
(left) or, in more detail, including the native oxide
(shox = 1 nm) of the Si stamp and the Si substrate
(similar to Seemann [22]) as well as the anti-sticking
layer (sasp. = 1 nm) of the stamp (right). To the best of
our knowledge, such realistic conditions have never been
considered before by other groups. The van der Waals
interactions across the polymer layer (indicated as pj in
Fig. 4a) and across the air gap (indicated as p,; in
Fig. 4a) are given by [23]
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Fig. 4 Impact of van der Waals forces with instabilities. a Sketch of
the respective situation; within the cavity, the stack is composed of
seven layers, contributing to the van der Waals forces. b Most
unstable wavelength as a function of the mean layer thickness,
calculated for two different materials, Si and SiO,

1 (A A
= (2 + 22 ) 4c 5
Ppol on (hg + (ho n S)3> + C ( a)
1 A3 A4 AS
e = +— + + +G,
p 61 <(d “ho)  (d—ho+s)]  (d—ho+ 2s)3) ?

PvdW = Ppol — Pair,

(5b)

with A the polymer height, d the gap between stamp and
substrate surface and s = s,0x = Sasr. the thicknesses of
the native oxide and the anti-sticking layer, respectively.
Interactions that remain constant when the polymer height
changes are indicated by the additional constants C; and
Cy—they do not enter Eq. (4). For an estimation of the
respective Hamaker constants (A4;), we followed the
approach of Israelachvilii [23, 24] based on image forces
(see Table 1). Data for the dielectric constants (required for
calculation of A;) were taken from the literature [23].

The most unstable wavelength A* as a function of the
initial layer thickness for a stamp cavity height of 500 nm
is given in Fig. 4b; in addition to Si as the material for
stamp and substrate (as most often used in T-NIL) also a
curve for SiO, (as used, e.g., in UV-NIL) is given. With
thin layers, the interaction of the polymer with the substrate
is most prominent, increasing thicknesses resulting in an
increase in the wavelength observed. The exponent n for
the wavelength dependence (A* ~ hg) is in accordance
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with classical results obtained by Vrij [13] and also with
the results obtained by Schiffer [6]. As expected, with thin
layers there is no more difference between Si and SiO, as
the stamp material. This part of the curve, related to the
substrate—polymer interaction, is responsible for the de-
wetting of the polymer at the substrate, as discussed in
detail with stability issues of thin films in general [25].

With thick layers (small air gap in the stamp cavity), A*
decreases again, as the interaction between polymer and
stamp surface is most prominent now. (The asymmetry of
the curves results from the logarithmic scaling and the
presentation as a function of the initial layer height. A
logarithmic presentation as a function of the gap height
(H—ho) would show the opposite asymmetry).

4.3 Electrostatic forces

In order to calculate the impact of electrostatic forces
(Fig. 5), the same correlations for p.; were used as in the
literature [6, 7]. The force per area acting on the polymer/
air interface is

U2
(epoth + (d — ho))’

(6)

Pel = —€0€pol (3p01 - 1)

The force per area of electrostatic interaction is indepen-
dent from the polarization direction (~ U?) and thus always
negative. As a consequence, any electrostatic interaction
will result in a destabilization.

Strong interactions induced by electrostatic forces
require the application of a voltage between the stamp and
the polymer. This is possible, but it does not represent a
conventional T-NIL situation. Conventionally, the stamp
and the substrate are clamped together in the imprint sys-
tem; thus, they are at almost similar potential. Nonetheless,
a potential difference may exist across the imprint stack,
and this is due to potential differences in the work function
of the materials used for the stamp and the substrate, quite
similar to the work function difference resulting in band
bending at the surface of a field-effect transistor. The sit-
uation is sketched in Fig. 5b. With Si as both, the stamp
and the substrate material, differing doping levels result in
a potential difference, but this potential difference will be
well below the energy corresponding to the band gap of Si.
We assumed voltages of <1 V to calculate this case. With
a metal stamp and a p-doped Si substrate, somewhat higher
voltages may develop; we assumed voltages of <10 V to
consider this case. The assumption of 100 V clearly refers
to an externally applied voltage.

Results for the most unstable wavelength are given in
Fig. 5a for the three voltage levels. Only with high initial
layers (low gaps to the stamp) the electrostatic interaction
results in a distinct decrease in A* and thus in a stability
limitation. This is due to the fact that the interaction
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Table 1 Hamake.r constants Interacting interfaces Hamaker constants
calculated according to the

image force method [22, 23] Polymer/air—polymer/native oxide of substrate A= —488 x 107207

from dielectric constants (Si:
11.6; oxide: 3.8, polymer (PS):
2.55; ASL: ~ 3.8)

Polymer/air-Si substrate
Polymer/air—ASL/air

A, =—1484 x 1072
Ay =136 x 107207

Polymer/air-ASL/native oxide of stamp Ay = 0x 107207

Polymer/air-Si stamp

As=1484 x 1072 ]

The value obtained for A4 is negligible with our samples, due to the negligible difference in dielectric
constants at the ASL/native oxide interface; we determined the ASL data for our samples from spectro-

scopic ellipsometry measurements

10
U=1V (work function Si)

3 10+
= u=10V \
X
S 10°]
g U = 100 V (external voltage)
T 10
«©
g (@)

107 + +

10° 10' 102
mean layer thickness h / nm
qU=E,-E, <1V
E VAC
L I e
E
F EG
EV
p-Si polymer n-Si (b)

Fig. 5 Impact of electrostatic forces with instabilities. a Most
unstable wavelength as a function of the mean layer thickness,
calculated for three different potential differences. b Sketch of
respective situation without an externally applied voltage; between
the Si stamp and the Si substrate, a potential difference of <1 V may
exist due to differences of the work function Ey of the materials
involved

between polymer and stamp across the air gap (where the
electric field is higher than in the polymer) increases
inversely proportional to the gap height. The higher the
voltages acting, the lower the limiting values A*.

4.4 Temperature gradients

For an estimation of the impact of temperature gradients
(Fig. 6), again the equation given by Schéffer [10] for pat
was used, together with his estimated values for the sound
velocity. The force per area is denoted by

10
:E,_ AT, = 1°C (during imprint)
<
=
£ 10%] AT, = 10°C (during heat-up)
g
o
[
>
s
a
10 @
10° 10! 102
mean layer thickness h,/ nm
200
=
o v ()
< 150 AT, «
o i
] H
© 100 )
@ \ %
Q top / bottom
g 501 hotplate
0 . ‘ . ~ time/min
0 5 10 15 20 25 30

Fig. 6 Impact of temperature gradients with instabilities. a Most
unstable wavelength as a function of the mean layer thickness,
calculated for two different temperature gradients. b Measured
temperatures of the fop and bottom hotplate in a typical imprint
system. Temperature differences of AT, = 10 V were recorded
during heat-up; during imprint the temperature difference is lower,
AT, =1V

2Kair Kpol AT
Ueff Kairh + Kpol(d - hO) ,

PAT = —

with i, and k0 the thermal conductivities and ucgr the
effective sound velocity in the polymer on a Si substrate.
(Parameters [10]: 1, = 0.034 W/Km; Kp, = 0.16 W/
Km, Ueff = 265 m/s)

We only assumed a certain temperature gradient
between stamp and substrate to calculate the respective
effect. As we did not intentionally provide any temperature
difference between stamp and substrate (most often T-NIL
is performed as an isothermal process), we measured the
temperature profiles of the lower and upper hotplate of a
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typical imprint system during heat-up. The respective
curves are given in Fig. 6b. We found that temperature
differences of up to 10 °C may temporarily exist during
heat-up, before an isothermal state is reached (where in
general the imprint is performed). Such a difference may
result from differing thermal loads in direct contact to the
hotplates, using parts of the heating energy supplied in
being heated up. Thus, we assumed a maximum tempera-
ture difference of 10 °C. In order to have a lower limit, too,
we assumed a temperature difference of 1 °C, which may
result from independent (non-correlated) control of the
temperature of both press plates.

The respective result is shown in Fig. 6a. Similar to the
electrostatic case, the curves decrease with high layer
thickness (low gap) only, and only distinct temperature
differences limit the stability.

4.5 Combined effect

Figure 7 gives the most instable wavelength as a function
of the initial layer thickness, when all destabilizing forces
act in parallel. The gap height assumed is again 500 nm.
Figure 7a, b assumes a maximum temperature difference of
1 and 10 °C, respectively and gives results for the three
different voltages taken as an example, 1, 10 and 100 V.
The combined curves are dominated by van der Waals
forces with small layer thickness (hy < 50 nm) as well as

-
o
N

AT, =1°C

-
o
&

-
o
&

107}

wavelength 1 / ym

(@)

10%

10+

oo T TT
AT,=10°C U =1V, 10V

0% U =100V

107}

wavelength '/ ym

(b)

10° : :
10° 10 102
mean layer thickness h / nm

Fig. 7 Most unstable wavelength as a function of mean layer
thickness under the combined effect of all forces. a Low temperature
gradient (1 °C), b increased temperature gradient (10 °C); voltage
levels similar as Fig. 4
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with small gap height (gap (d—ho) < 50 nm). The center
region (50 < hy < 450 nm) is dominated by temperature
gradients and electrostatic forces. The temperature differ-
ence defines some upper limit (see dashed line): with
AT =1 °C, potential differences of some volts are already
effective to further limit the most unstable wavelength and
with AT = 10 °C, some 10 V are required to become
effective. Roughly, at low temperature differences the
intermediate range is dominated by electrostatic forces, but
at high temperature difference the temperature gradient
predominates the electrostatic forces, in particular without
an external voltage applied. The limiting character of the
temperature gradient becomes clear-cut when comparing
Fig. 7a and b: The curve for U = 10 V is decreased in
Fig. 7b compared with that in Fig. 7a.

Within the center regime, the curves are almost flat (the
most unstable wavelength is almost the same for a wide
range of mean layer thickness values); thus, it is not pos-
sible to derive an indication for the cause of the instability
(whether it is induced by a temperature gradient or by an
electrostatic interaction) from a characteristic change of the
wavelength with the layer thickness.

In our system, with temperature differences up to 10 °C
during heating and without intentionally applied voltage
(U < 1 V), undulations with a wavelength around 10 pm
have to be expected, almost across the whole range of
initial (mean) layer thickness. This corresponds to our
experience (see Fig. 1, 2).

Finally, Fig. 8a gives the maximum growth rate for
three different viscosities—the value of 10* Pas is typical
of our imprint polymer PS at a temperature of 190 °C.
Again a temperature difference of 10 °C was assumed and
a voltage difference of 1 V, similar to the conditions in our
experiment. As expected, the maximum growth rate
decreases with increasing viscosity (Eq. 3). For a typical
imprint situation with total times of an imprint cycle
(heating, imprint, cooldown) in the range of 10-15 min at
elevated temperature (above the glass transition), a growth
rate of about 107> s! (see horizontal line in Fig. §,
referring to #/1 = 1) becomes critical. A small undulation
of the polymer height may be amplified, so that the top of
the stamp cavity is reached and a bridge forms. With the
different viscosities assumed, an initial mean layer thick-
ness above about 200, 300 and 400 nm may result in
physical self-assembly for viscosities of 10%, 10° and
10° Pas, respectively (see * in Fig. 8a). This is in agree-
ment with the finding that a reduced imprint temperature
reduces the defect density.

Figure 8b shows the situation with different gap heights,
0.5, 1 and 1.5 um; again, by valuating the curves with
respect to the critical growth rate (107> s~ '), the accepted
knowledge is confirmed, a high gap reduces the risk of self-
assembly. As indicated in the figure, a relative filling level
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Fig. 8 Maximum growth rate as a function of mean layer thickness
under the combined effect of all forces; the temperature gradient
assumed is 10 °C. a Effect of different viscosities (10%, 10° and
10 Pas) of the polymer. b Effect of different gap heights (0.5, 1 and
1.5 um) at AT = 10 °C and a viscosity of 10* Pas. The horizontal
line refers to an imprint time (15 min) equal to the time constant #*

above 40, 50 and 55 % would result in self-assembly with
gaps of 0.5, 1 and 1.5 pum, respectively.

Furthermore, Fig. 8b is able to explain our experiments
in Fig. 2c, d. With a certain initial layer thickness, the
growth rate is more than one decade higher with a gap of,
for example, 1 pm than with a gap of 1.5 um. Therefore,
self-assembly is formed below the elevated stamp struc-
tures first, as shown in Fig. 2c. Without stamp topography,
the most unstable wavelength is dictated by A* as calcu-
lated; with a stamp topography featuring a differing period
p, the local force modulation results in a compromise; in
parts the surface undulations follow A*, in parts they follow
the stamp period p, as visible in Fig. 2c, d.

In view of the initial situation for imprint, as primarily
addressed here, we have to state that the temperature dif-
ference during heat-up is the most critical issue with our
process. With our temperature difference of 10 °C, the
most unstable wavelength is about 10 pm, in full agree-
ment with our experiments (Fig. 1, 2).

4.6 Consequences
Without an externally applied electric field, temperature

gradients are by far most critical with respect to the for-
mation of instabilities. The measurements obtained in our

laboratory system (as documented in Fig. 6a), where a
temperature difference of 10 °C was measured during heat-
up, are not unrealistic. With commercial imprint systems,
even higher temperature differences were found, during
heat-up and also during cooldown (up to 35 °C), and even
during the imprint step (full pressure applied), temperature
differences of up to 5 °C were measured.

To avoid instabilities during heat-up and thus to main-
tain a uniform initial polymer layer before the imprint
starts, the gap between stamp and polymer has to be con-
trolled, as documented in Fig. 8b. Temperature differences
during heat-up are only critical when low-pressure contact
is provided during heating—with a high gap (e.g., realized
by spacers between the stamp and the substrate), instabil-
ities are not provoked and the initial film thickness remains
uniform, as spin-coated.

Temperature differences during imprint are critical as
well, as there exists a small gap within the stamp cavities
that are not yet completely filled—there the structures
typical of physical self-assembly (see Fig. 1) will develop.
With long cooling times (no shock-cooling), temperature
differences also become critical during cooling, as the
polymer still has a low viscosity at temperatures above the
glass transition, and again a small gap may exist in the
stamp cavities due to the high pressure still applied during
cooldown, when typical imprint procedures are followed.

The calculations show that temperature control is most
critical with T-NIL; in particular, temperature differences
between top and bottom hotplate (stamp and substrate)
have ultimately to be avoided. This refers not only to the
actual imprint step, but also to the heating and cooling step.
Instabilities may form already during heat-up, before the
imprint, resulting in a highly non-uniform initial layer, as
already stated experimentally by Chaix [4]. We think that
these results suggest a reconsideration of the setup used for
thermal imprint, or a reconsideration of the imprint pro-
cedures followed.

5 Summary

Experiments were performed to characterize the heat-up
phase during thermal imprint, where a low-pressure contact
is installed in order to assure isothermal conditions. As
soon as the imprint temperature was reached, cooldown
was initiated, without any imprint phase under elevated
pressure. The experiments revealed a highly non-uniform
surface of the polymer, instead of the conventionally
assumed uniform thickness of the spin-coated layer. Such a
non-uniformity has ultimately to be avoided in order not to
affect the uniformity of the imprint, beyond the one
resulting from pattern density differences in the stamp.

@ Springer
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In order to understand the effects, a linear stability
analysis was performed, considering the interplay of the
Laplace pressure on the one hand and destabilizing forces
due to van der Waals interaction, electrostatic interaction
or temperature gradients on the other hand. The analysis
clearly shows that without an externally applied voltage
any temperature difference between stamp and polymer
during heat-up or imprint is crucial. We could identify a
temperature gradient of about 10 °C occurring during heat-
up in our imprint system to be the reason for the effects
observed. As a consequence, temperature differences
between stamp and sample are most critical and have to be
avoided; problems during heat-up should be minimized by
holding a distinct gap between stamp and substrate instead
of assembling the imprint stack without spacers and heat-
ing under low-pressure contact; alternatively, heating-up
has to proceed under a high pre-pressure that is already
sufficient to close any gap existing between polymer and
stamp due to the wavyness of all surfaces involved.
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