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Abstract Low-pressure imprint is interesting to avoid
stamp deformation, stamp failure as well as polymer
recovery. When large-area stamps are prepared with a
stepping procedure, low pressure is required to optimize
the stitching. However, with low-pressure imprint, con-
formal contact between stamp and substrate is critical.
Admittedly, the imprint pressure required for conformal
contact depends on the stamp material and its thickness. To
get an idea to which extent the imprint pressure can be
reduced with a flexible stamp, we compared different
stamp materials and stamp architectures, single-layer
stamps and two-layer stamps. The two-layer stamps are
replica stamps, where the structures were replicated in a
thin layer of OrmoStamp, fixed by a backplane. On the
background of plate theory, we deduce the pressure
reduction compared to a Si stamp by calculating the
respective pressure ratio, independent from geometries. In
addition, temperature-induced issues are addressed which
are of relevance for a thermal imprint process. These issues
are related to the mismatch between the thermal expansion
coefficients of the stamp and the substrate, and in case of a
two-layer stamp, to the mismatch between the backplane
material and the top layer. The latter results in temperature-
induced stamp bending. On the basis of simple analytical
calculations, the potential of single-layer stamps and two-
layer stamps with respect to thermal imprint at reduced
pressure is discussed and guidelines are provided to assess
the imprint situation when replica stamps are used for
imprint. The results demonstrate the attractiveness of two-
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layer stamps for reduced pressure nanoimprint, even in a
temperature-based process.

1 Introduction

In general, high pressures are used with thermal nanoim-
print lithography (T-NIL) to ensure conformal contact
between stamp and substrate due to the limited flatness of
both. Typical pressures are in the range of 20-150 bar [1-
4] with stamps made from silicon (Si). This high pressure
results from two issues. On the one hand, a certain imprint
result within a certain time and at a certain temperature is
desired. On the other hand, the large-area conformal con-
tact asks for a certain pressure. But a high pressure induces
stamp deformation and bending [5], resulting in an
increasing residual layer height toward the center of the
stamp. Delicate substrate materials may even break under
high imprint pressure. In addition, high pressure induces
stress in the imprinted polymer; when the residual layer is
thin, this stress is high, and when the imprint time is short,
the polymer has no time to relax the stress; it will be fro-
zen-in. This frozen-in stress may result in recovery of the
material after stamp removal [6, 7]. Then the imprinted
elevated structures change their shape; they decrease in
height, the edges become rounded and the residual layer
increases in height, near the imprinted edges [7]. To min-
imize recovery, long imprint times or a low imprint pres-
sure are asked.

Therefore, replacement of the ordinary Si stamps by
more flexible stamps is advised to reduce the imprint
pressure required. For example, PDMS (polydimethyl-
siloxane) as a stamp material is well-known to provide
conformal contact even to curved substrates [8] without
external pressure. This property is exploited with
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capillary force lithography (CFL) [9], where filling of the
stamp cavities proceeds under capillary action, only.
Admittedly, the mechanical stability of PDMS structures
is limited and a collapse of structures with dimensions
below 100 nm is reported, due to the low Young’s
modulus [10]. To improve the mechanical stability,
PDMS stamps are often prepared as multi-layer, with a
hard top layer [11].

A number of other solutions have been proposed to
provide flexible, but still robust stamps, although devel-
oped under different aspects, e.g., for roll-to-roll processing
[12]; there, flexibility is required to wrap the stamp around
the processing roll. Standard stamps for a roll-to-roll pro-
cess are made from Ni [13], where the flexibility is con-
trolled by the foil thickness obtained in a galvanic process
[14]. In addition, two-layer stamps have been demonstrated
for roll processing and planar processing as well. Hybrid
stamps feature at least two-layers of different materials,
where the patterned stamp surface consists of a hard
material to ensure an accurate replication of the nanoscale
structures, supported by a more or less flexible backplane,
possibly with a soft intermediate layer [11]. Without
intermediate layer, the thickness of the backplane is
essential for the flexibility of the stamp obtained. For
example, a hybrid stamp from OrmoStamp (micro resist
technology) with a Ni-foil of 30 pm thickness as backplane
provides a flexibility that is high enough for mounting in a
roll-to-roll system [15]. However, roll-to-roll processes do
not inherently rely on low pressures.

With planar processing under reduced pressure, where
flexibility of the stamp is primarily required to ensure
conformal contact, these concepts can be transferred [16].
Here, also polymeric materials are applied as stamps due
to their low modulus and thus easy deflection. Stamps
based on Teflon have been used for imprint at low
pressures [16]. Materials too soft like elastomeric PDMS
are not suitable as single-layer stamps, due to compres-
sion and deformation of the stamp structures even at
reduced pressure.

In order to compare different stamp concepts, we
calculate the relative pressure required for the deforma-
tion of single-layer stamps and two-layer stamps. Dif-
ferent materials and different thicknesses of the layers
involved are investigated. Two-layer stamps feature a
20-pum-thick OrmoStamp top layer. Stresses due to
thermal expansion of two-layer stamps are also consid-
ered. They result in bending. The investigation addresses
the assessment of an imprint situation at reduced pressure
with a two-layer stamp, in particular the interplay
between bending and pressure reduction. From the
results, the technically relevant range of potential back-
plane thicknesses is derived.
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2 Pressure reduction

The aim of this first section is to estimate the pressures
required to get conformal contact with both, an ordinary Si
stamp (pg;) and an alternative stamp (p,). We define pres-
sure reduction as the ratio p,/ps;. A similar situation in both
cases means a similar unevenness of all surfaces and
similar stamp geometries (overall stamp size as well as
structure size, density and height). In all cases, the thick-
ness of the Si stamp taken as a reference is set to 500 pm.

The pressure reduction estimated helps to quantify the
pressure required to obtain similar imprint results with the
respective alternative stamp, when the pressure pg; is
known.

2.1 Theoretical background

In order to bring a stamp and a substrate into the conformal
contact required for imprint, a deflection of the stamp (and
substrate) is necessary. Our calculation is based on the
well-known ‘plate equation’ [17], a differential equation of
fourth order for the deflection w of a plate under pressure.
The pressure depends on the thickness, the effective
Young’s modulus of the materials involved and the lateral
dimension. The deflection w has to compensate the existing
waviness of all components, the substrate, the stamp, and,
in case of a plate-based imprint system, the press plates as
well. To apply it to our problem, assumption of rotational
symmetry within a certain local area (see Fig. 1) is con-
venient. The plate equation then reads

= Do 64W+g 637W ! 62W+l aiw (1)
P = Deff 3 or )

ot o o

where w denotes the deflection in a direction perpendicular
to the plate of thickness d and p is the pressure acting on
the stamp. D denotes the effective bending stiffness
combining the thickness d, the Young’s modulus £ and the
Poisson’s ratio v of the respective materials. For a two-
layer stamp, D¢ (derived from the bending moment [18])
is given by

Wo
stamp

Tw(r) R

local area

Fig. 1 Deflection w(r) of a local area (e.g., a part of the stamp) of
radius R. The value wy is the maximal deflection (sketch not to scale)
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It comprises three terms, a first one referring to the
backplane alone (D;), a second one referring to the
OrmoStamp top layer (D,) and a mixed term (D,). With a
single-layer stamp, the thickness d, vanishes and only the
first term remains. E~ refers to a two-dimensional situation
with E" = E/(l—vz), the plate modulus [19].

Typically, this differential equation is solved by a linear
combination of potential solutions, e.g.,

w(r) =Ci+Cy-r* +Cs - r*. (3)

The constants are determined from the actual boundary
conditions, namely vanishing deflection and vanishing
change of deflection at the periphery (r = R), as indicated
in the sketch of Fig. 1.

With these boundary conditions, the solution for the
deflection w is given by

(@ =a e [ Q)]
o [1-2 G g

with a maximum deflection wy in the center. From Eq. (4),
the main parameters affecting the deflection under pressure
can easily be realized, the size of the deflected area with
radius R (entering the equation at a power of 4) followed by
the thickness d (entering the equation at a power of 3 via
D¢, see Eq. 2). Due to this power law dependence, these
geometry parameters often dominate the material choice,
even with a modulus differing by orders of magnitude.

Due to the reversible nature of the underlying elastic
process, these equations can also be applied to discuss the
inverse problem addressed here, to find the pressure
required to remove an already existing deformation. Then
the deformation is given—it is the existing maximum
waviness (characterized by wy)—and the respective pres-
sure amounts to

Desr - wo
p:64-7eR4 . (5)
The ratio p./ps; indicating the pressure reduction under
comparable conditions (equal w, and R) then simply
reduces to the ratio of the respective effective bending

stiffnesses [20],

Pa Dy et
DPsi Dsicfr

2.2 Consequences

Five alternative stamp materials were investigated, Ni,
Borofloat (BF), PI (polyimide), PTFE (Teflon) and PDMS.
The Young’s modulus, the Poisson’s ratio and the thermal
expansion coefficients used in our calculations are listed in
Table 1. The two-layer stamps consist of the alternative
material as a backplane (Ni, BF, PI, PTFE and PDMS) and
a 20-pm-thick top layer from OrmoStamp, a material
specifically supplied for stamp replication (Ormo,
microresist technology). Following the standard replication
procedure given by the supplier results in an OrmoStamp
layer of about 20 um on the backplane. To meet realistic
conditions, all calculations are based on an OrmoStamp
layer thickness of 20 pm. Backplane thicknesses up to
1 mm are considered.

Figure 2 gives the pressure reduction as calculated from
Eq. (6) as a function of the thickness of the stamp itself or
of its backplane, d;. It documents by which factor the
pressure may be reduced when the imprint is performed
with an alternative stamp instead of a 500-pum-thick Si
stamp.

As obvious from Eqgs. (6) and (2), the most important
parameter is the stamp thickness and all curves increase
with a slope of three with thick layers in the double-log plot.
The vertical shift results from the difference in the modulus
E". Thus, thin stamps have to be used when imprint at a
reduced pressure is aimed at. However, with two-layer
stamps, the pressure reduction is limited by the bending
stiffness of the OrmoStamp layer, as indicated by the sat-
uration of the dotted curves for thin backplanes. The higher
the modulus of the backplane, the narrower the width of the
transition from the saturation regime, which is OrmoStamp
dominated, to the quasi-linear regime (in double log), which
is backplane dominated. With Ni, the transition is almost
abrupt; with PTFE, the curves of the single-layer stamp and
the two-layer stamp are almost coincident with a backplane
thickness of about 1 mm, only; and with PDMS, due to the
very low modulus, both curves do not meet in the range of
the backplane thickness investigated here. Admittedly, the
OrmoStamp-dominated regime is of limited technical
interest as there the backplane has lost its function to sta-
bilize the OrmoStamp layer.

Table 1 Material parameters
used for the calculations. (The

data for PDMS refer to Sylgard
184, DowCorning)

Ni Si BF PI Ormo PTFE PDMS
Young’s modulus E (GPa) 200 131 64 2.5 0.65 0.42 0.002
Poisson’s ratio v 0.31 0.18 0.2 0.34 0.3 0.46 0.5
Thermal expansion « (107(’/1() 13 2.6 3.25 20 105 130 310
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pressure ratio p,/ps;
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Fig. 2 Pressure reduction for different alternative stamps compared
to a 500-pum-thick Si stamp in terms of the pressure ratio p./ps; as a
function of the thickness of the stamp itself or its backplane, d;. Five
main materials are addressed (Ni, BF, PI, PTFE, PDMS), cither with
or without an additional 20-pm-thick top layer from OrmoStamp. Full
lines single-layer stamps. Dotted lines two-layer stamps. The fat part
of the lines indicates the range of availability of the respective films

In praxis, the pressure reduction estimated as shown in
Fig. 3 is relevant within different regimes only, characterized
by the availability of backplane materials and their handling
stability, as indicated by the fat part of the curves. Ni foils are
available in a range of 1 um up to some mm, and Borofloat
glass is available from 200 pm on; PI and PTFE foils are
provided in a range of 20 um up to some millimeter. In the
case of PDMS, the backplane is prepared by casting and
curing; thicknesses down to 10 pm are easily obtained,;
however, handling stability according to our experience asks
for a thickness of at least 200 um; otherwise, the PDMS is
easily disrupted in use. This mark-up clearly demonstrates
that with a stiff backplane (Ni and Borofloat), the OrmoS-
tamp-dominated saturation regime is not of practical rele-
vance. This is different with the more flexible backplane
materials. With PI and PTFE, where the modulus is in the
range of that of OrmoStamp, the influence of the OrmoStamp
top layer is only negligible with a backplane thickness higher
than about 100 and 500 pm, respectively. With PDMS,
where the modulus is more than two orders of magnitude
lower, the top layer, though only 20 pum thick, will always
affect the mechanical behavior of the two-layer stamp.

In view of pressure reduction without impact of the
OrmoStamp top layer, a thin Ni backplane is the optimum
choice.

3 Temperature-induced bending
When temperature is involved in the process, thermal

expansion has to be taken into account. With single-layer
stamps, it is an issue when the thermal expansion of the
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substrate does not match the thermal expansion of the
stamp. Thermal mismatch results in differing lateral shifts.
When the imprint system allows shifting, positional or
dimensional errors limit the replication accuracy. In case
that shifting is prevented, damage of either the stamp or the
sample may occur.

With multilayer stamps, the lateral shifts are primarily
determined by the mismatch between the backplane and the
substrate. In addition, temperature will lead to a bending of
the stamp when there is a mismatch between the backplane
material and the top layer. Bending will increase the
replication errors. Strong bending may lead to coiling, if
the stamp is not clamped. Strong bending may also cause
delamination of the top layer and thus stamp failure.
However, the focus of our investigation is the bending of
two-layer stamps.

For a discussion of the effect of thermal expansion, the
radius of curvature caused by the mismatch of the back-
plane and the top layer of a two-layer stamp is estimated
first, again assuming a 20-pm-thick OrmoStamp top layer.
For this purpose, we specify the temperature difference as
AT = 100 K. This specification allows an easy scaling of
the results to any process temperature desired by extrapo-
lating linear relationships.

3.1 Theoretical background

Temperature drives thermal expansion. When expansion of
the stamp is hindered by tight clamping, neither elongation
nor bending occurs, but high thermal stresses develop
inside the stamp. The situation with a two-layer stamp is
sketched in Fig. 3.

The clamped situation for two different scenarios is
shown in Fig. 3a/b; either the top layer features higher
thermal expansion (a)—this is, e.g., the case with
OrmoStamp on Ni, or the bottom layer features higher
thermal expansion (b)—this is, e.g., the case with
OrmoStamp on PDMS. In the clamped case, the magnitude
of the thermal stresses amount to o7 = E' x o x AT, for
the respective material. They are high in case of a high
modulus, as indicated by the interrupted scale of the stress
axis in Fig. 3a and may result in stamp failure.

On the other hand, when some expansion is admitted in
the imprint system, the thermal stresses relax to some
extent. Figure 3c/d shows the situation with unhindered
expansion where the two-layer system adopts a situation of
force equilibrium. Then one layer is subject to tensional
stress (o7 > 0), whereas the other layer is subject to
compressive stress (o7 < 0). The stress resultants represent
a couple of forces and thus a moment inducing bending,
either topward (positive curvature, Fig. 3d) or downward
(negative curvature, Fig. 3c).
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Fig. 3 Two-layer stamp scenarios for a clamped (a, b) and an
unclamped (c, d) stamp. For each situation, the thermal stresses (g; in
case of the clamped situation and o; in case of the non-clamped
situation) in the layers are sketched exemplarily

Following the procedure of Ohring [21], the moment M
is calculated from the stress distribution o7 (z) by inte-
grating across the total thickness of the stamp. With a two-
layer system (z-direction and layer thicknesses (d;, d,)
according to Fig. 3c), it amounts to.

L(di—dy) 5 (di+d>)
My = oir-z-dz+ / Oar -2 dz
—3(di+d2) 3 (di—d>)
= %dldz (o2r —a11) = %dldz -Aor (7)
with o1r :0 ;(ocz — o) ~ATo% cdy; o= (n
—o) ~AT~%J1 = —0 ~Z—;. and Aor = (o — o)

AT BB (d +dy).
EVd\+EYd,

All quantities with the index 1 refer to the backplane, all
quantities with the index 2 refer to the 20-pm-thick
OrmoStamp top layer. E; is the equi-biaxial modulus
Ey = E (1—v), in accordance with the equi-biaxial nature
of temperature-induced stresses.

The moment M7 results in bending; the respective radius
of curvature R, for the two-layer stamp amounts to [17,
20]:

Dty
My

R. = — (8)

D¢ refers to Eq. (2), with E' replaced by E,,.

3.2 Consequences

The absolute value of the radius of curvature for a two-
layer stamp induced by a temperature difference of
AT = 100 K is given in Fig. 4 as a function of the back-
plane thickness. In all cases, the top layer is 20-pum-thick
OrmoStamp. The radius of curvature is positive for PTFE
and PDMS but negative for Ni, BF and PI. It is similar in
orthogonal directions (R, = R, = R.,), thermal bending
results in a spherical shape. Similar to Fig. 2, the fat part of
the curves indicates the range of technically available
backplane thicknesses.

The higher the radius of curvature, the lower the bend-
ing of the stamp; thus, a high radius of curvature R, indi-
cates a beneficial situation.

With a thin backplane, left to the respective minimum,
the curves are without technical relevance, as this is the
regime where the backplane has lost its functionality to
stabilize the stamp (OrmoStamp-dominated regime), as
already discussed. The position of the minimum is at a
backplane thickness where the bending stiffness of the
OrmoStamp layer is equal to the one of the backplane
(D, = D, in Eq. 2). Right to the minimum, the radius of
curvature increases; this is the technologically interesting
regime. In this backplane-dominated regime, the radius of
curvature increases with the square of the backplane
thickness (see Eq. (8) and considering Eqgs. (7) and (2)).

Discussion of the impact of the radius of curvature for
imprint requires to define a specific stamp size L. When the
radius of curvature is smaller than the lateral stamp size
(R. < L), the stamp coils. A coiled stamp can no longer be
brought into conformal contact to the substrate by vertical
motion of the imprint tool. In view of a realistic imprint
situation, we define the minimum curvature radius allowed
as the one with R. = L. Then, the edges of the bended
stamp feature an angle of <30° with respect to a horizontal
plane. This lower limit is indicated by horizontal dash-
dotted lines in Fig. 4 for stamp sizes of 2 x 2 cm?, 10 cm
and 300 mm diameter [22]. As expected, this lower limit
becomes more critical with increasing stamp size.

For the most uncritical stamp size, 2 x 2 cmz, all back-
plane materials can be used almost without restriction; PI
and PTFE backplanes have to be thicker than about 50 pum;
Ni foils of about 15 pm still work. Only PDMS, the back-
plane material with the lowest modulus should be thicker
than 500 pm. With a wafer-size stamp of 10 cm diameter,
the two-layer stamp with the PDMS backplane drops out.
(This result is in accordance with experiments obtained with
a hybrid stamp prepared from PDMS with a top layer of
20 pm-thick OrmoStamp, a similar architecture as calcu-
lated here. This hybrid stamp was used with capillary force
lithography at a temperature of 190 °C; the temperature-
induced deformation was as high as to frustrate conformal

@ Springer



486 M. Papenheim et al.
100 ] . . :

'E' 4—Ni

— i o—— BF 4 - 4

& Pl e_’”

° #+— PTFE 3 1

= 1 +—PDMS 1 o

E: 2 :
=

2 10° ] [ ]

S

3 3oomme_ AL L ® 1

Y =2

5 B e | [+ 11 B I ] @ |

)

- I e N . o S o | i

o 1 . I}

o i _

10° - - - 10° . . .
10° 10’ 102 10° 10° 10" 102 103

backplane thickness d; [um]

Fig. 4 Radius of curvature of a two-layer stamp with a 20-pm-thick
OrmoStamp top layer on different backplanes, subject to a temper-
ature difference in AT = 100 K. The fat lines indicate the range of
availability of the respective films

contact.) In case of PI and PTFE, a backplane thickness of
more than 150 pm is advised. Wafer-size stamps of 300 mm
diameter with a backplane of PI and PTFE require a thick-
ness of about 300 um and even the thickness of a Ni
backplane should be increased to at least 40 um when these
stamps are used in a thermal process. (As a matter of cause,
a more stringent definition of a minimum radius of curvature
tolerated may be advised in view of a misplacement of the
imprinted structures; this will in particular rise the critical
limit for large stamp sizes).

It is most instructive to combine the consequences
drawn from the radius of curvature (Fig. 4) with those for
pressure reduction (Fig. 2). The reasonable demand for a
minimum value of R, as discussed, further limits the
technically suitable backplane thicknesses of Fig. 2 when
two-layer stamps are used in a temperature process. These
findings are implemented in Fig. 5. In this view, Fig. 2
represents the technically relevant range of pressure
reduction with a room temperature process, whereas Fig. 5
refers to a temperature-driven process. Only the two-layer
stamps are shown in Fig. 5 as only these are affected by
bending.

Though the technically relevant range of backplane
thicknesses is highly restricted in case of a temperature-
driven process—even with Ni a backplane of about 20 pm
is advised to limit bending—the pressure reduction is still
substantial. It amounts to more than two orders of magni-
tude even with a 300-mm-diameter imprint. This is more
than sufficient to make flexible stamps highly attractive for
thermal imprint at reduced pressure.

The lower limit of pressure reduction for the three
stamp sizes taken as an example is indicated by the
arrows. Ni still features the widest range of backplane
thickness; however, Ni is not the preferred material for an

@ Springer

backplane thickness d, [um]

Fig. 5 Pressure reduction for different two-layer stamps compared to
a 500-um-thick Si stamp in terms of the pressure ratio p./ps; as a
function of the thickness of the backplane. Five backplane materials
are addressed (Ni, Borofloat, PI, PTFE, PDMS), with a 20-um-thick
top layer from OrmoStamp. The full lines indicate the technically
relevant range of backplane thickness; the arrows indicate the critical
limits for different stamp sizes, 2 cm (thin lines), 10 cm (medium
lines) and 300 mm (fat lines) wide. The calculation refers to a
temperature difference of AT = 100 K

imprint on Si because its thermal expansion is four times
higher. Therefore, when Si samples have to be imprinted
Borofloat is the first choice. A two-layer stamp with a
200-pum-thick Borofloat backplane provides a pressure
reduction to less than 10 bar, even when 100 bar is the
respective pressure with a Si stamp. Admittedly, a Ni
stamp would be a good choice for imprint on a polymeric
substrate like PI—its temperature stability (230 °C) is
sufficiently high to serve as a substrate in a thermal
imprint process. The stamps with polymeric backplanes
(PI and PTFE) are well suited for thermal imprint on
polymeric substrates, PI for substrates with a lower and
PTFE for substrates with a higher coefficient of thermal
expansion (compare Table 1). In contrast, the use of
PDMS-based two-layer stamps for thermal processes is
restricted to smallest stamp sizes. Larger stamps require a
backplane thickness of more than 1 mm.

The investigations conducted provide interesting infor-
mation with respect to two-layer stamps. Two-layer stamps
provide the huge benefit of easy preparation; the structured
surface is simply obtained by replication, no dry-etching
process is required. Admittedly, their mechanical behavior
does not provide benefits compared to single-layer
stamps—the pressure reduction is similar to that with sin-
gle-layer stamps of the same thickness and material. But
the easy preparation of two-layer stamps by replication in
combination with a substantial pressure reduction pinpoints
their high attractiveness, not only for room temperature
processes but also for thermal processes.
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4 Summary and conclusion

This study compares the imprint pressure required with
alternative single-layer and two-layer stamps with the
respective pressure required with a 500-pum-thick Si stamp.
The pressures required are compared independent of
geometry parameters in terms of a pressure ratio, deter-
mined from the plate equation. Apart from the material
properties (E, v), the main influence parameter is the stamp
thickness. Different alternative materials (Ni, BF, PI, PTFE
and PDMS) were investigated, either with or without a
20-pum-thick OrmoStamp top layer. With two-layer stamps,
temperature-induced deformation was considered too,
where differences in thermal expansion result in an addi-
tional bending of the whole stamp. From the availability of
films, the handling capability and a minimum curvature
allowed in a thermal process, the range of technically rel-
evant backplane and stamp thicknesses was derived, for a
room temperature and a thermal process as well. The
investigations conducted for a temperature difference of
100 °C can easily be extrapolated to other processing
temperatures. The basic discussion provides an assessment
of the imprint situation with a two-layer stamp.

The results demonstrate the high attractiveness of two-
layer stamps even for thermal nanoimprint due to the
substantial pressure reduction provided for large-area
conformal contact in combination with an easy way of
preparation.
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