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its removal is often provided by dry etching, and any over-
etching necessary due to the non-uniformity of the residual 
layer may reduce the lateral dimensions of the structures.

Often the master itself is used as the stamp in the imprint 
process; with T-NIL (thermal NIL) Si and SiO2-on-Si 
stamps are most prominent (Park et  al. 2004; Zhao et  al. 
2008), with UV-NIL (UV-assisted NIL) quartz stamps are 
widely used (Hess et al. 2004). Also replica stamps are of 
growing interest to reduce the overall costs of the process, 
so as, e.g., Ni shims (Hirai et al. 2002) replicated by means 
of galvanics and polymer-based replica prepared by the 
moulding of the master with an Ormocer (Mühlberger et al. 
2009; Schift et al. 2009), a PUA (polyurethaneacrylat) (Choi 
et al. 2004; Choi et al. 2011) or PDMS (polydimethylesilox-
ane) (Kim et al. 2001), often provided with a backplane of 
thin glass (Schmid and Michel 2000; Odom et al. 2002; van 
Delft et  al. 2010). With such composite stamps the thick-
ness of the polymeric layer is in the range of 10 µm up to 
some millimeters. The stamps (masters and replica) may be 
classified as hard stamps (Si, SiO2, Ni) or soft (composite) 
stamps (Ormocer, PUA, PDMS). This differentiation is of 
practical importance for the nanoimprint process. Compared 
to hard stamps (Scheer et  al. 2009), soft stamps provide a 
limited mechanical stability when elevated pressures are 
involved; but in contrast to hard stamps, soft stamps are able 
to absorb gases to some extent. This ability is characterised 
by the temperature dependent sorption coefficient. With 
hard stamps gas sorption is provided by the imprinted mate-
rial primarily. PDMS replica without backplane are used 
in capillary force lithography (CFL) (Suh and Lee 2002a), 
where the stamp is laid on the polymeric layer (containing 
residual solvent) at a somewhat elevated temperature with-
out any external pressure applied; the assembly is left for a 
sufficient time, often for hours and days, in order to allow 
the polymer to fill the stamp cavities by capillary forces.

Abstract  The role of capillary forces with nanoimprint 
is addressed. As the respective capillaries are the closed 
cavities of the stamp used for replication, the Laplace pres-
sure together with the pressure of the gas phase inside the 
cavities dictate the equilibrium pressure in the polymer. 
Whether the cavities can be successfully filled, depends on 
the external pressure available from the imprint system, set-
ting the pressure in the polymer, and on the sorption of any 
gaseous phase. Gas sorption is provided by the imprint pol-
ymer itself and may differ with different imprint materials 
and different imprint situations (imprint temperature, resid-
ual layer thickness). With soft stamps or composite stamps 
also the stamp itself may contribute to the overall gas 
sorption. Situations typical of different imprint techniques 
(thermal nanoimprint, UV-assisted nanoimprint, capillary 
force lithography) as well as of moulding during stamp rep-
lication are discussed in view of capillary effects. The dis-
cussion is illustrated by simple analytical estimations.

1  Introduction

Nanoimprint relies on the replication of the structures of 
a master into a thin polymeric layer on a hard substrate. 
When used as a lithography technique [nanoimprint lithog-
raphy (NIL) (Chou et  al. 1996; Guo 2004; Schift 2008)] 
any residual layer remaining below the elevated patterns of 
the stamp should be thin and, in particular, highly uniform; 
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Typically, with T-NIL high temperatures (well above the 
glass transition temperature of the polymer in use) as well 
as high pressures (10–100  bar) are involved (Chou et  al. 
1996; Scheer and Schulz 2001; Schift 2008). With UV-NIL 
the imprint at room temperature and at reduced pressure is 
most typical (Vratzov et al. 2003). Hybrid systems also pro-
vide elevated pressure and elevated temperature in addition 
to UV exposure (Kim et al. 2008). Some systems provide 
an evacuation of the gap (Roos et al. 2003) between stamp 
and sample before imprint. Alternatively, gas condensation 
has been proposed to improve cavity filling (Hiroshima and 
Komuro 2007).

Stamp replication by moulding and CFL both have to 
rely on capillary effects in order to fill the cavities of the 
stamps. With T-NIL, due to the high pressure available, 
capillary effects are of minor relevance; nonetheless they 
may contribute to filling when small stamp cavities are 
involved. UV-NIL is in between; capillary effects are most 
important when liquid resists are used.

This contribution addresses the question of how far cav-
ity filling proceeds when capillary forces are involved. The 
question is discussed in context with several typical situa-
tions during T-NIL, UV-NIL, CFL and stamp replication by 
moulding. The situations are analysed by simple analytical 
calculations considering gas sorption within the polymeric 
components involved.

2 � Capillaries with nanoimprint

With nanoimprint, the capillaries involved are the trenches 
within the stamp. These trenches may be linear ones (long 
lines) or more dot-like ones (holes). In contrast to most 
capillary-related phenomena the capillaries with nanoim-
print are closed ones (Scheer et  al. 2013). Accordingly, 
when the capillary fills any gas contained in the trench vol-
ume initially has to become compressed and may enter the 
surrounding material by sorption. With capillaries, the pres-
sure difference between the gas phase and the liquid phase 
is the well-known Laplace pressure (Landau and Lifschitz 
2007); its size is defined by the two-dimensional curvature 
of the interface, κ, and the surface tension of the liquid, the 
polymer, γpol, in contact to the capillary wall, the stamp.

When an equilibrium is reached, the interface has 
adopted a minimum area representing a spherical or cylin-
drical cap (Suh et al. 2004). Then the curvature, κ, is sim-
ply related to the respective geometry of the cavity, b, and 
the Laplace pressure ΔpLa amounts to

with θ0 the equilibrium contact angle between the stamp 
and the polymer, and f a factor. f and b amount to 1 and 

(1)�pLa = pg − ppol = γpol · κ = γpol · f ·
cosθ0

b

w/2 (the half-width of the cavity) in case of a long, linear 
cavity and to 2 and r (the cavity radius or cavity half-width) 
in case of a dot-like, circular or square cavity. Thus, the 
Laplace pressure differs by a factor of two only in these 
extreme cases, with rectangular cavities lying in between.

The equilibrium contact angle is not an independ-
ent parameter but depends on the materials in contact, 
the stamp and the polymer. Assuming the simplest rela-
tionships, the Young equation (Young 1805; Good 1992) 
describing the equilibrium contact angle cos θ0 as a func-
tion of γpol and the surface energy of the stamp, γstamp, 
where the interface energy is defined as the geometric mean 
(Good 1992) of the two materials in contact, the Laplace 
pressure can be expressed by the respective material con-
stants according to

Curves for the contact angle and the Laplace pres-
sure as a function of the surface tension of the polymer 
in contact to a stamp of different surface energy are given 
in Fig.  1. With values γpol ≤ γstamp the spreading regime 
(*) is entered, with the contact angle equal to zero (com-
plete wetting) and maximum values of the Laplace pres-
sure. Only with values γpol > γstamp a contact angle θ0 > 0 
develops and the Laplace pressure decreases. At values 
γpol ≥  4γstamp the magic boundary (θ0 =  90°) is crossed 
and the Laplace pressure changes its sign, going from 
positive to negative values (only positive values are shown 
in Fig.  1b). Negative Laplace pressures are problematic 
as they counteract a self-filling of the cavities without an 
external pressure applied.

The calculation of the Laplace pressure in Fig.  1b is 
based on a linear cavity of half-width b = w/2 = 100 nm. 
Assuming cavities of 10 nm half-width as the smallest 
ones, realistic Laplace pressures in an imprint situation 
may be ten times higher than the values shown in Fig. 1b. 
[A lower boundary (about 10  nm) for the capillaries dis-
cussed here is suggested, as molecular size effects (Taga 
et  al. 2010) and, e.g., thin-film induced mobility changes 
(Roth and Dutcher 2005) are not considered with the con-
tinuum-equations used].

Most relevant regimes in the context of nanoimprint are 
marked in Fig.  1. With an anti-sticking layer (ASL) on a 
stamp the surface energy typically varies from around 
10 mN/m for an excellent ASL up to values of about 20 
mN/m for a still useful ASL (Schift et  al. 2005; Scheer 
et  al. 2008). The polymer surface tensions feature similar 
values in the range of around 30–40 mN/m with T-NIL 
and UV-NIL as well, T-NIL tending towards lower values 
during the process due to the increased processing tem-
perature. Equilibrium contact angles are in the range of 
60° ≤  θ0 ≤  85° and 65° ≤  θ0 ≤  90°, respectively. Such 

(2)�pLa =
f

b
· γpol

(

2

√

γstamp

γpol
− 1

)

.
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values have also been observed experimentally (Bogdan-
ski et al. 2008). With CFL the surface energy of the stamp 
(PDMS) has a fixed value, about 20 mN/m, decreasing with 
increasing temperature. Polymer surface tensions are simi-
lar to the ones with T-NIL and UV-NIL, resulting in contact 
angles of 50° ≤ θ0 ≤ 70° (Suh and Lee 2002b, 2004). With 
PDMS-moulding (MLD) often no anti-sticking layers are 
used, in particular when a photoresist pattern is replicated. 
In this case a typical surface energy of the stamp is about 
40 mN/m with a polymeric pattern and 60–70 mN/m with 
a Si/SiO2 pattern of the template. With a surface tension 
of ≈20 mN/m molding with PDMS proceeds in the spread-
ing regime.

With respect to capillary filling Fig. 1 already indicates 
typical issues. Moulding with PDMS in the spreading 
regime can safely rely on high Laplace pressures for cavity 
filling. When, in order to improve separation after mould-
ing, the surface of the template is provided with an ASL 
[this may be required when undercut structures are involved 
(Möllenbeck et al. 2007)], the situation becomes less ben-
eficial, as the contact angle increases (θ0 ≈  60°)  and the 
Laplace pressure decreases accordingly. When moulding 
with higher surface tension materials (Ormocer 41 mN/m, 
Finn et  al. 2013 and PUA 35  mN/m, Choi et  al. 2011) 
spreading will still prevail in case of higher-energy mas-
ters like Si or SiO2, without an ASL. However, successful 
separation after moulding asks for an ASL. Then, with an 
ASL of good quality (≈10 mN/m), the contact angle is near 
90° and only small Laplace pressures prevail; even negative 
Laplace pressures are conceivable under unfavourable con-
ditions. Thus, moulding with an Ormocer or PUA may be 
problematic. The strategy followed to formulate such mate-
rials with a fluorine (Tsunozaki and Kawaguchi 2009) or 
siloxane additive or component (Choi et al. 2004; Yoo et al. 
2004) lowering the surface tension suggests an improve-
ment not only of separation but also of filling. Surface ener-
gies as low as ≈ 20 mN/m are reported for such materials 
(Choi et al. 2011; Finn et al. 2013).

CFL, due to its beneficial surface energy of ≈20 mN/m 
can benefit from still relatively high Laplace pressures for 
cavity filing, almost independent of the moulding mate-
rial used. T-NIL und UV-NIL work in a range of moder-
ate Laplace pressures. With UV-NIL the Laplace pressure 
tends to be even lower than with T-NIL, due to room tem-
perature processing. The better the ASL of the stamps used 
the lower the Laplace pressure; thus UV-NIL with excellent 
ASLs turns out to be problematic; very low surface ener-
gies of the stamp may even induce negative Laplace pres-
sures that counteract filling.

3 � Gas sorption with imprint‑relevant materials

Complete filling of a closed cavity is only possible when 
any gas contained in the stamp cavities, be it at atmospheric 
pressure or below atmospheric pressure, is absorbed by or 
dissolved in the material surrounding the enclosed gas, the 
polymeric material used for the imprint or the stamp (in case 
of a soft stamp or a composite stamp), or both. Physically, 
the gas has to diffuse into the adjacent material. In case of 
CFL it will not only diffuse into the stamp but even through 
the stamp, which is particularly supported by applying an 
external vacuum during CFL. Most critical are situations 
where the amount of material able to absorb any gas is com-
parably small; this is the case with hard stamps, in particular 
when also the volume of the imprint polymer is reduced to 
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Fig. 1   Equilibrium contact angle (a) and Laplace pressure (b) as a 
function of the surface tension of the polymer or resist used, γpol. The 
curves refer to different surface energies of the stamp, γstamp, the cav-
ity half-width b is assumed to 100 nm. The arrows in (a) as well as 
the grey line in (b) (both marked by asterisk indicate the spreading 
regime (θ0 =  0) and its boundary. Regimes for typical imprint situ-
ations are marked: T-NIL: γpol 30-35 mN/m (elevated temperature); 
γstamp 10–20 mN/m, according to ASL used. UV-NIL: γpol 35–40 
mN/m (room temperature); γstamp 10–20 mN/m, according to ASL 
used. CFL: γpol 30–40 mN/m (depending on process temperature); 
γstamp ≈20 mN/m, according to PDMS. MLD (molding): γpol 20 
mN/m (PDMS); γstamp 30–40 mN/m (polymer stamp) or 60–70 mN/m 
(stamp from Si or SiO2/Si). For moulding with higher surface tension 
materials (Ormocer, PUA) and with masters featuring an ASL see text
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get low or negligible residual layers. The worst case situation 
discussed in paragraph 4 will be the one with zero residual 
layer, where all initial gaseous filling of a cavity has to be 
contained in the polymer when the cavities are filled.

For a diffusion-based process the primary material 
parameter is the diffusion constant D, the material constant 
within the differential equation describing a diffusion pro-
cess. Together with the concentration gradient it defines 
any particle transport through a material (diffusion cur-
rent). Typically, concentrations c representing a solution to 
the diffusion equation feature an argument combining time- 
and space- behaviour, c(x/2√Dt) (Crank 1975).

Additionally, in case of gas sorption, further material 
parameters (Crank 1975; van Krevelen 1990; Merkel et al. 
2000) are the sorption constant S and the permeability con-
stant P. The quantity S in units [cm3(STP)/(cm3 bar)] gives 
the volume of gas under standard conditions [standard 
pressure and temperature (STP)] that can be absorbed in a 
polymeric material or a membrane per volume at a partial 
pressure p of, e.g., 1 bar. The permeation coefficient P in 
units [cm3(STP)/(s.bar) × cm/cm2] gives the volume of gas 
(STP) passing per time and area across a membrane of a 
certain thickness at a certain pressure difference.

In the case of ‘simple’ gases, where no specific interac-
tion with the polymer/membrane occurs, the diffusion con-
stant remains constant [D ≠ D(c)] and the following rela-
tionships are valid (van Krevelen 1990; Sperling 2001) as 
long as the pressure is not too high:

the second relationship representing Henrys’ law with p the 
partial pressure in case of a gas mixture. Thus, the permea-
tion constant is linearly related to the sorption constant. As 
diffusion constants for simple gases in polymeric materials 
are almost similar (D ≈ 105cm2/s, van Krevelen 1990), the 
behaviour is governed by the sorption constant S. Similarly, 
the concentration c of a gas in the polymer/membrane is lin-
early proportional to the sorption constant S; the higher the 
partial pressure p of the respective gas the higher the con-
centration achievable. This is understandable in view of a 
material offering some empty space (the free volume of a 

(3)P = D · S, c = S · p,

polymer). The free volume provides a continuous connec-
tion through the whole polymer, although with a limited 
permeability (like a membrane); this free volume can be 
filled with compressed simple gases; when both surfaces 
are open the gas can pass through or be pumped through the 
polymer. This simple picture also allows to understand that 
polymers used above their glass transition temperature, Tg, 
due to their higher free volume and higher segmental mobil-
ity, provide a higher sorption for gases than polymers used 
below their Tg. The temperature behaviour of all parameters, 
D, S and P, follows an Arrhenius relation [~exp(–ΔE/RT)], 
with R the gas constant and positive and/or negative activa-
tion energies (ΔE) as well. The material parameters used 
in Sects.  4 and 5 are listed in Table  1. The values for air 
were calculated on the basis of a composition of 79 % N2 
and 21 % O2, taking into account the respective partial pres-
sures. (In order to hold the calculations simple Henrys’ law 
is used throughout the calculations, although a nonlinear 
relationship might be more correct at high imprint pressure.)

For the calculations performed here only the sorption 
constant is required. Typical sorption data used in the next 
paragraphs are given in Fig. 2. Figure 2a shows the sorp-
tion of a typical polymer used for T-NIL as a function of 
temperature. The sorption for O2 is higher than for N2, with 
differing temperature dependence. The resulting sorption 
for air amounts to 7–9 % at 1 bar, depending on the temper-
ature. Figure 2b compares typical situations with nanoim-
print. With T-NIL, polymers are processed above their Tg, 
featuring medium values of air sorption (S ≈ 8 % bar−1 at 
170 °C). With UV-NIL operating at room temperature sorp-
tion may be smaller (S ≈ 2–3 % bar−1 for a polymer below 
its Tg, see van Krevelen 1990). Sorption data for specific 
UV-NIL materials are not at hand. We assume maximum 
values similar to those of a polymer at room temperature, 
≈6 %bar−1 at most, lower than with T-NIL. The high sorp-
tion reported for PDMS (S ≈ 10–25 % bar−1, Merkel et al. 
2000) represents a specific characteristic of this elasto-
meric material often made use of. Gas permeation through 
the PDMS (P being high due to the high sorption S, Eq. 3) 
will not be considered here. Therefore, the calculations for 
PDMS rather document a ‘worst case’ situation.

Table 1   Data used for the estimation of the sorption of gas within the imprint polymer and the stamp, together with its temperature dependence

Generally, data for imprint polymers above Tg are used with T-NIL, data for polymers below Tg are used with UV-NIL

S(298 °C)/bar−1 ΔE/R/K References

polymer > Tg N2 0.054 +0.29.103 van Krevelen (1990)

O2 0.117 −0.07.103

polymer < Tg N2 0.02 −0.21.103 van Krevelen (1990)

O2 0.047 −0.57.103

PDMS N2 0.09* +0.8.103** *Merkel et al. (2000);  
**van Krevelen (1990)O2 0.18* −0.5.103**
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4 � Impact of gas sorption

With data for the sorption of air on hand the filling of cavities 
can be estimated by simple analytical calculations. Cavities of 
the same size and a height H are assumed in the stamp. For a 
worst case calculation (see Fig. 3) the stamp is assumed to be 
rigid, and the polymer material available per area is assumed 
to be sufficient to fill the stamp cavities, without any residual 
layer remaining (Vpol = h0

.Atot = H.Acav = Vcav). Thus, under 
these worst-case conditions, all the air residing in the cavi-
ties at the beginning of the imprint (Fig. 3a) has to become 
absorbed in a polymer volume equal to the cavity volume 
(Fig. 3c). (Any air gap due to non-conformal contact between 
stamp and sample surface is neglected.) Furthermore, the gas 
is assumed to behave like an ideal gas (no transition to a liq-
uid state), following the relationship pV/T = const.

First the situation without Laplace pressure (ΔpLa = 0) 
and without sorption (S =  0) is investigated. Under these 
conditions, when the stamp cavity is filled up to a height z 
(Fig. 3b), the gas phase becomes compressed and the gas 
pressure pg is given by

Here pg0, V0 and T0 refer to the initial situation, the ini-
tial gas pressure (atmospheric pressure or below), the ini-
tial temperature where stamp and sample are brought into 
contact, and the initial volume available for the gas phase 
V0 = Vcav = A.

cavH, with H the total height of the cavity. T is the 
imprint temperature and V is the volume available for the gas 
in an intermediate filling situation (Fig. 3b), V = Acav

.   (H − z),  
with z the filling level counted from the stamp surface. As 
shown in Eq. (4), the resulting pressure in the gas phase is a 
function of one single parameter, the relative amount of fill-
ing of the cavitiy, z/H.

This equation can be modified quite simply to account 
for gas sorption. With a sorption S > 0 the initial volume 
of the gas phase is V0 = Vcav + S.Vpol = Acav

.    H(1 + S)—the 
gas not only fills the cavity but some amount of it is already 
absorbed in the polymer before stamp contact; at some fill-
ing level then the volume available for the gas amounts to 
V = Acav

.   (H − z) + S.Vpol = Acav(H(1 + S)−z). If, in addi-
tion, it is assumed that more polymer is available than sim-
ply the one required to fill the cavity, say Vpol = a.Vcav, then 
this further factor a (relating the polymer volume available 
per cavity to the cavity volume itself) enters the correla-
tion, additionally. Equation (4), modified to account for gas 
sorption and polymer availability, then reads:

with S the sorption constant and a the relative availability 
of polymer, a = Vpol/Vcav. The factor a may comprise not 
only the imprint polymer available, when the imprint is 
performed with a certain residual layer; it may also com-
prise the additional polymer volume in a soft stamp that 
is able to absorb gas. In case the imprint polymer and the 
soft stamp have different sorption values the term (a.S) 
in Eq.  (5) can be replaced by (apolSpol  +  astampSstamp) to 
account for this situation. As indicated in Eq. (5), there are 
now two parameters defining the pressure in the gas phase, 
z/H and a.S, the total sorption.

So far only the pressure in the gas phase has been 
accounted for. Now, in a second step, the cavity has to be 
considered as a closed capillary; then, depending on the 
contact angle, a certain curvature of the interface develops. 
This curvature is related to a positive (or negative) Laplace 
pressure ΔpLa across the interface. Thus, the pressure in the 
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a Initial: the cavities (height H, area Acav) are filled with air at some 
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liquid, the polymer, can be estimated from the pressure in 
the gas phase according to

with ΔpLa given by Eq. (2). Equation (6) gives the pressure 
in the polymer when an equilibrium, steady-state situation 
with a certain filling level z is reached. Without gravity and 
without flow the pressure in the polymer is constant. The 
pressure in the polymer is the pressure that has to be pro-
vided by the imprint system.

Figure 4 depicts the situation of a partly filled cavity at 
a similar pressure in the polymer, with a negative (Fig. 4a) 
and a positive (Fig.  4b) Laplace pressure of similar size 
denoting the pressure difference between polymer and gas 
at the meniscus. (—the initial situation was dissimilar; 
the cavity might have been evacuated initially in case of 
Fig. 4a but was at atmospheric pressure in case of Fig. 4b). 
With a positive Laplace pressure the pressure in the poly-
mer is lower than in the gas phase, and the gas is easily 
compressed; the positive Laplace pressure aids to fill the 
cavities. With a negative Laplace pressure the pressure in 
the polymer is higher than the pressure in the gas phase; 
the filling of the capillary is hampered and requires an 
increased pressure in the polymer.

Figure 5 shows the equilibrium pressure in the imprint 
polymer as a function of the relative amount of cavity fill-
ing, z/H. The worst-case situation is calculated, imprint 
with a hard stamp, minimum polymer volume available 
(a =  1) and no pre-evacuation (pg0 =  1 bar). Curves for 
different values of the Laplace pressure are given; maxi-
mum values of (positive) Laplace pressure in a typical 
imprint situation amount to about 30  bar (dot-like cavity, 
10 nm radius, compare Fig. 1b). Figure 5a refers to a situ-
ation without sorption, S =  0. Without Laplace pressure 
(ΔpLa = 0), a 50 % filling requires a pressure of 2 bar, as 
expected. With a Laplace pressure of +1  bar this filling 

(6)ppol = pg

( z

H
, a · S

)

−�pLa

level is already obtained with a pressure of 1  bar, as the 
Laplace pressure acts similar to an external pressure. With 
a Laplace pressure of 10 bar, the cavities become self-filled 
by 90 %. Any further filling will require external pressure 
(pressure in the polymer beyond atmospheric pressure) 
which has to be provided by the imprint system. With nega-
tive Laplace pressures any filling of the cavities requires 
external pressure, as at least the Laplace pressure has to be 
overcome to hold the gas in the cavity. (When the pressure 
in the polymer is below atmospheric pressure, there is cap-
illary suction between the stamp and the sample.)

For all values of the Laplace pressure the curves of 
Fig.  5a coincide and tend towards infinity for high z/H. 
A complete filling (100  %) is not possible without air 
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sorption; this has to be expected from Eq. (4) as with z = H 
the denominator becomes zero. This is different when sorp-
tion is considered as shown in Fig.  5b. The curves refer 
to a typical situation in T-NIL; an imprint temperature of 
170 °C is assumed (typical of the imprint of PS) and a sorp-
tion of S = 0.08 bar−1, in accordance with Fig. 2. Now a 
complete filling of the cavities is possible with a finite value 
of pressure. Without the help of Laplace pressure 20 bar are 
sufficient to fill the cavities; with a positive Laplace pres-
sure the pressure required will be reduced to about 10 bar; 
even with a negative Laplace pressure of up to −30  bar 
complete cavity filing is obtained at pressures of 50 bar. As 
pressures of 20–100 bar are quite typical of T-NIL (Scheer 
et al. 2005), any cavity can be filled, largely independent of 
the situation (polymer and stamp surface energy). Aiding or 
hindering by a positive or negative Laplace pressure is an 
issue with cavities of small geometry only; larger cavities 
(>100 nm in width) of any geometry are well characterized 
by ΔpLa = 0 (see Fig. 1b). With a residual layer remaining 
(a > 1) the situation will be even more relaxed.

Figure  5c shows a situation with a low sorption level 
(S = 0.02 bar−1) as might be typical of UV-NIL with a hard 
stamp at room temperature. Again the cavities are filled 
with air under atmospheric pressure, initially. Complete 
filling of the cavities is not possible without any external 
pressure, even at high values of the Laplace pressure—this 
was already expected from the results shown in Fig.  5a. 
Even under favourable conditions (high positive ΔpLa) a 
pressure of 50–60 bar is required for complete cavity fill-
ing; with negative values of ΔpLa a high pressure is already 
required to fill the cavities to some extent. With limited 
external pressure provided by the imprint system UV-NIL 
has to rely on positive Laplace pressures. Small cavities 
(high Laplace pressure) are easier to fill than large ones 
(zero Laplace pressure). At similar pressure in the polymer 
the filling level obtainable with small cavities is higher than 
with large cavities. Thus, availability of pressure in a UV-
NIL imprint system is a crucial issue. The only means to 
improve the situation is to provide a much larger volume of 
polymer that can absorb the air, either by imprinting with a 
high residual layer (or a thick transfer layer or planarization 
layer below the imprint polymer, Xu et al. 2004) in case of 
a hard stamp, or by using a soft stamp that can absorb air 
efficiently. Furthermore, pre-evacuation of the gap between 
stamp and substrate will relax the situation.

5 � Temperature and quality of ASL

Figure  6 summarizes the temperature dependence of all 
parameters involved. As the data set available is most reli-
able for a polymer typical of T-NIL, the data for a medium 
value of sorption with a positive temperature dependence 

are used (first 2 lines of Table 1), together with a surface 
tension value corresponding to PS. The curves are given 
over a temperature range of 0–200 °C. Thus, not only the 
T-NIL situation is covered, but important aspects of room 
temperature (RT) processing with UV-NIL are included. 
Though different, the surface tension of materials used for 
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to wide cavities. Red curves referring to maximum Laplace pressures 
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T-NIL and UV-NIL is in the same range, and the tempera-
ture dependence is quite similar. Thus, with respect to sorp-
tion a relaxed situation (highest S) is assumed for UV-NIL 
with a hard stamp, here.

Figure 6a gives the sorption for air. At RT it amounts to 
about 0.055 bar−1, a value about twice as large as the value 
taken on the basis of available data (Table  1) for the cal-
culations in Fig. 5c, but still lower than the data used for 
T-NIL in Fig. 5b. The temperature dependence corresponds 
to an Arrhenius-type behaviour according to the parameters 
listed in Table 1.

Figure 6b shows the surface tension of PS as an exam-
ple, according to the relationship given by Guggenheim 
(van Krevelen 1990),

with values γpol,0 and Tc for PS amounting to 63.3 mN/m 
and 967  K, respectively (van Krevelen 1990). Whereas 
the surface tension is around 40 mN/m at RT, it amounts 
to about 30 mN/m at temperatures typical of T-NIL. This 
decrease results in a decrease of the equilibrium contact 
angle θ0 and a corresponding increase of the Laplace pres-
sure ΔpLa (see Fig. 6c, d). The surface energy of the stamp 
is dictated by the ASL on its surface. To account for the 
quality of the ASL (and potential aging effects) values of 
γASL between 10 mN/m (excellent quality) and 20  mN/m 
(low quality) are assumed (Scheer et  al. 2008). Its tem-
perature dependence is negligible in case of a hard stamp. 
[—Generally, the temperature dependence is primarily 
a consequence of thermal expansion effects (Israelach-
vili 2011)]. Figure 6c gives the equilibrium contact angle 
θ0, assuming ASLs of 10–20  mN/m. With T-NIL, contact 
angles are 50° < θ0 < 80°; with RT processing as typical of 
UV-NIL the contact angles are higher, where good ASLs 
increase the risk to cross the 90° borderline (red) and to 
enter the regime of negative Laplace pressures—this was 
already indicated in Fig.  1. Thus, for RT processing, an 
excellent ASL rather hampers cavity filling.

Figure  6d shows the maximum Laplace pressures cor-
responding to Fig. 6c, when assuming a cavity half-width 
of 10 nm. Thus, with cavities ranging from w/2 = 10 nm 
to micron sized cavities the Laplace pressure varies from 
ΔpLa,max to ΔpLa = 0. With RT processing, the ASL qual-
ity severely affects the processing result as the Laplace 
pressure varies substantially with γASL. With an ASL of 
10 mN/m, ΔpLa becomes negative for temperatures below 
about 30 °C, in accord with the crossing of the 90° bound-
ary in Fig.  6c. Best filling (high ΔpLa) goes along with 
high γASL,—in conflict with an easy separation of the rep-
lica from the stamp after processing. With T-NIL ΔpLa is 
always positive and higher than with RT processing.

(7)γpol = γpol, 0 ·

(

1−
T

Tc

)11/ 9

, Figure 6e finally shows the pressure in the polymer ppol 
required for a complete filling of the cavities (z/H =  1) 
as calculated for the worst-case conditions (hard stamp, 
lowest polymer volume available for sorption (a = 1), no 
pre-evacuation). This pressure has to be provided by the 
imprint system used. The black curve refers to ΔpLa =  0 
and represents the situation with wide cavities, where fill-
ing is hardly aided by capillary effects. The curves in 
red refer to maximum values of the Laplace pressure as 
given in Fig. 6d; only positive Laplace pressures are con-
sidered. As already expected from Fig.  5d, the pressure 
required for complete cavity filing does not differ too much 
between situations with low positive Laplace pressure (red, 
γASL = 10 mN/m) and zero Laplace pressure (black). The 
crossover between both curves corresponds to the transi-
tion to negative Laplace pressures at about 30 °C in Fig. 6d. 
Only with inadequate ASLs (γASL =  20  mN/m) complete 
filling is obtainable at pressures only slightly exceeding 
1 bar, at high temperature, a situation of hardly any prac-
tical impact. Again the results confirm that with a hard 
stamp and a low volume of polymer available for sorption 
of gas the imprint system has to provide external pressures 
beyond ≈10 bar in order to fill stamp cavities of differing 
size completely (black curve).

This is different when a stamp features one single cavity 
size, only. Then the Laplace pressure corresponding to this 
cavity size may be used for complete cavity filling under 
low external pressure. Figure  7 exemplarily shows this 
situation, referring to single-sized cavities of 10  nm and 
100  nm half-width, respectively, in a hard stamp. In both 
cases an imprint with a residual layer is assumed (a = 1.5); 
the sorption data are similar to Fig. 6a. Due to the increased 
volume of polymer available for sorption, the pressure 
in the polymer now decreases with temperature at a high 
Laplace pressure (red curves). With single-sized cavities of 
10  nm half-width and an ASL of medium quality (14–16 
mN/m) a regime is met where almost atmospheric pressure 
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is sufficient for cavity filling. This may be an interesting 
experimental regime, in particular for RT processing, when 
very small cavities are involved, only. With larger cavities 
(100  nm half-width) the effect of the Laplace pressure is 
already negligible and complete cavity filling requires at 
least 10 bar of external pressure, almost independent of the 
quality of the ASL (blue curves).

6 � Total sorption and pre‑evacuation

Complete filling of the cavities without pre-evacuation of 
the system highly depends not only on the gaseous sorption 
of the material involved (S) but also on the amount of mate-
rial provided for sorption, as indicated in Eq. (5) by the fac-
tor a, the ratio of cavity volume to polymer volume avail-
able per cavity. Figure 8a gives the pressure in the polymer 
required for a complete filling of the cavities (z/H = 1) as a 
function of the Laplace-pressure for different values of a.S 
as a parameter, according to Eq.  (5), without pre-evacua-
tion. With high values of a.S in the range of 10–100 bar−1 a 
complete filling of the cavities is possible at almost atmos-
pheric pressure even without the aid of a positive Laplace 
pressure. Such a situation exists in case of CFL or mould-
ing, where ample polymeric material is involved to absorb 
any gaseous medium, as shown in Fig.  8b. As also indi-
cated there, the situation with T-NIL and UV-NIL is less 
beneficial. Situations with differing polymer availability 
are shown; a ≥  1.5, e.g., characterizes residual layers of 

increasing thickness. With mixed cavities (ΔpLa =  0) the 
pressure required for complete filling is reduced but stays 
in the range of 8–10  bar with T-NIL and 15–20  bar with 
UV-NIL. Only with very small cavities (high ΔpLa) and 
thick residual layers (a > 1.5) the external pressure required 
for complete filling stays below 10 bar. In any case, the 
pressure available experimentally is set by the imprint sys-
tem used and is thus limited.

When pre-evacuation of the gap between stamp and sub-
strate is provided by the imprint system, the situation dif-
fers as shown in Fig. 9. It is assumed that during pre-evac-
uation not only the existing gap, but also the polymer has 
been evacuated; a pre-evacuation down to 0.1  bar is con-
sidered. Now the pressure range in the polymer is about a 
factor of 10 smaller than before, and the interesting regime 
of strong pressure change occurs within a much smaller 
range of Laplace pressures (Fig.  9a). This is the case as 
the Laplace-pressure is independent of the gas pressure 
but represents a pressure difference between gas phase and 
polymer, its value depending only on the materials in con-
tact. (We suggest that any change of surface tension of the 
polymer is negligible within this pressure range). At a total 
sorption of only 0.02 a Laplace pressure of +4 bar is suffi-
cient to fill the cavities completely at atmospheric pressure; 
with a total sorption of 0.1 the aid of Laplace pressure is 
not even required. Figure 9b indicates the situations typi-
cal with T-NIL and UV-NIL only, where pre-evacuation of 
the cavities in the hard stamp is of technical relevance. Fig-
ure 9b shows that now moderate residual layers (a ≈ 1.5) 
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and small Laplace pressures are efficient to substantially 
reduce the external pressure required for complete cav-
ity filling, in particular for not too low sorption values. 
As expected, pre-evacuation improves the situation sub-
stantially when hard stamps are involved in UV-NIL and 
T-NIL. Nonetheless, pre-evacuation asks for a more sophis-
ticated imprint system and requires additional time, as the 
small gaps between stamp and substrate highly reduce the 
efficiency of pumping. Furthermore, liquid resists as some-
times used with UV-NIL preclude any evacuation.

7 � Stamp material

As already shown in Fig. 8 the total sorption a.S is a good 
indicator of the characteristic situation of different imprint 
techniques. With hard stamps in T-NIL and UV-NIL, a.S is 
relatively low, increasing with processing temperature. In 
case of moulding the large volume of moulding material 
results in high values of a.S. With CFL, the stamp mate-
rial itself, PDMS, provides ample volume to absorb gase-
ous species, again resulting in high values of a.S. A similar 
effect should occur when T-NIL or UV-NIL are performed 
with a soft stamp (e.g., from Ormocer, PUA or PDMS) or 
with a composite stamp featuring, e.g., a glass backplane 
(Schift et al. 2009). Assuming a minimum thickness of the 
soft material in a composite stamp of about 10 µm and cav-
ities of below 500 nm in height, a value of 20–100 may be 
estimated for the parameter a, depending on the geometries 
and the density of the cavities. Even with a moderate sorp-
tion of only 0.05 bar−1, below the one of PDMS, values of 
a.S beyond 1 are obtained easily. Thus, with respect to sorp-
tion, soft stamps are of interest as they provide high total 
sorption, as indicated in Fig. 10, together with the typical 
situations for UV-NIL, T-NIL, CFL and moulding. The use 
of a soft stamp or composite stamp is of similar effect as a 
pre-evacuation and thus provides an interesting alternative 
to hold the imprint system simple and the process quick. 
However, the stability (Delamarche et al. 1997; Hui et al. 
2002; Schift et al. 2009; Finn et al. 2013) with respect to 
mechanical and thermal loading and with respect to clean-
ing solvents may limit the use of soft stamps with nanoim-
print despite their beneficial sorption property.

8 � Summary and conclusion

Simple assumptions were made to illustrate the impact 
of capillary action on the filling of closed cavities in an 
imprint process and the role of the pressure in the polymer 
that has to be provided by the respective imprint system. 
Typical imprint situations with T-NIL, UV-NIL, CFL as 
well as moulding were addressed in the context with the 

property of the polymeric materials involved to absorb the 
gas initially contained in the cavities. Without pre-evacu-
ation of the cavities a complete filling requires an imprint 
pressure in the range of 10 bar or more, unless a high vol-
ume of polymer is available to absorb the gas enclosed. The 
use of soft stamps or composite stamps has been shown to 
substantially relax the imprint situation.

It has to be emphasized that equilibrium conditions 
were calculated throughout, without considering any time 
dependence of cavity filling. Time dependence will be 
addressed in a forthcoming paper.
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