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Abstract Nanoimprint lithography (NIL) is more than a

planar high-end technology for the patterning of wafer-like

substrates. It is essentially a 3D process, because it repli-

cates various stamp topographies by 3D displacement of

material and takes advantage of the bending of stamps

while the mold cavities are filled. But at the same time, it

keeps all assets of a 2D technique being able to pattern thin

masking layers like in photon- and electron-based tradi-

tional lithography. This review reports about 20 years of

development of replication techniques at Paul Scherrer

Institut, with a focus on 3D aspects of molding, which

enable NIL to stay 2D, but at the same time enable 3D

applications which are ‘‘more than Moore.’’ As an exam-

ple, the manufacturing of a demonstrator for backlighting

applications based on thermally activated selective topog-

raphy equilibration will be presented. This technique al-

lows generating almost arbitrary sloped, convex and

concave profiles in the same polymer film with dimensions

in micro- and nanometer scale.

1 Introduction

Planar technology for semiconductor technology has taught

us that only the surface of a silicon wafer is structured, by

additive and subtractive techniques for the creation and

removal of thin films or parts of it [1]. It is essentially two

dimensional (2D), since the films (coatings with photore-

sist, metal, dielectrics layers) are thin in comparison with

the substrate, i.e., the silicon wafer. With the advent of

microtechnology and micromachining deep into the sub-

strate, the entire wafer has become integral part of the

device, which is often still 2D, since the bulk silicon often

constitutes a simple opening for a membrane device. An

approach toward 3D is using deep reactive ion etching

(DRIE) or deep X-ray lithography (DXRL, the ‘‘Li’’-part of

the so-called LiGA-technology), making it possible to use

the silicon bulk as a mechanical sensor, clamp or optical

microelements with registration [2–4]. Because these pro-

cesses mainly create binary structures with ultra-high

aspect ratios (HAR, width to height ratios of higher than

100:1 have been achieved), they are often named 2�D

(2.5D) techniques. Three dimension, in contrast to this,

means freeform design with undercuts, bridges, mem-

branes, convex and concave structures, combined with

vertical sidewalls. In general, 2�D is a term often used,

when the design freedom is strongly restricted by litho-

graphical boundary conditions, which is already given by

the substrate to which a 3D structure needs to be attached.

However, even advanced 3D processes have such restric-

tions, and are therefore ‘‘less than true 3D.’’ Similarly,

planar technologies deal with deep trenches, multiple

levels, undercuts for lift-off, sidewall decoration by in-

clined evaporation and conformal surface atomic layer

deposition (ALD), which make them truly 3D. Before

starting with the description of the nanoimprint lithography

(NIL) process, its 2D and 3D characteristics are summa-

rized in Table 1, including examples.

NIL is traditionally considered as a 2D process, most of

all, because it was first considered as an alternative to high-

end nanolithography, and therefore uses planar substrates

and thin film technologies [9–20]. But it is essentially a 3D

process, because it molds stamp topographies into a resist

layer by using capillary action and squeeze flow below
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surface protrusions and into cavities of a stamp with arbi-

trary shape, thus creating a specific thickness contrast [21–

23]. This is a local displacement of material into both

lateral and vertical directions, thus 3D. But at the same

time, it maintains many characteristics of a 2D process,

because it relies on a vertical movement of a stamp during

molding and demolding and therefore does not allow un-

dercuts. Also the etching of the nonzero residual layer is

predominantly anisotropic in vertical direction and there-

fore 2D. This is similar to the 2D characteristics of the

shadow exposure in photolithography, where the latent

image in the resist is converted into a binary profile by wet

development and etching of the resist in the exposed areas,

until the substrate is cleared. We can look at this charac-

teristic from two angles: (a) the ‘‘global versus local’’

aspect (also called farfield and nearfield), which mainly

means a distinction between the lateral extension of single

cavities and entire substrates and (b) the ‘‘surface versus

bulk’’ aspect, which means the ratio between the sizes of

the structure in comparison with the total volume in close

vicinity which is molded.

In the global view, i.e., for topographies over larger

distances, NIL can be considered as a 2D technique, as

long as planar substrates and stamps are used. ‘‘Pla-

narization’’ is achieved by local bending of stamps which is

often negligible in comparison with the structures to be

molded. Even roll-to-roll (R2R) processes are still planar

techniques because in the proximity of the stamp protru-

sions, it still behaves like a flat stamp, since the area of

contact (the ‘‘nip’’) is not zero (i.e., a line), but extended to

a few millimeters [24–29]. The difference in filling is less a

3D process but a directional one, i.e., that the pressure

builds up from the side rather in a wedge-like manner than

uniformly from top. Similarly, in R2R, the demolding is

done by delamination, which is still planar because it starts

with a minor wedge which is similar to a fully vertical

movement over the entire stamp. Therefore, although many

global aspects seem to be clearly 3D, the local aspect is

rather 2D. This distinction is similar to that in [30], where

the levels of dimensions and dimensional effects in NIL

were divided into nanoscopic (0.1–100 nm), sub-micro-

scopic (100–1000 nm), microscopic (1–100 lm) and

macroscopic ([0.1 mm) to handling size (wafers). In [21,

31–33], these aspects of 3D with respect to size ratios are

presented. Since a final structure with a specific desired

shape can be achieved with a range of processes, it is

particularly important to consider not only the so-called

aspect ratio of structures, but also the ratio of the structures

size to the underlying ‘‘connecting substrate.’’ From ex-

perience, the distinction between thin spincoated films with

some 10s of nano up to some micrometers, thin foils in the

range of some 10s up to 100s of micrometers and thick

plates seems appropriate, which has much to do with theT
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fact that in thermal NIL, high pressures are needed. Then,

the thinning of resists down to ‘‘almost zero’’ residual layer

is a challenge, while for thick plates, the ability of material

bulk to move laterally can lead to a fast unwanted thinning

of the substrate. Thin foils, in contrast to this, can be im-

printed easily at the surface, but are still restricted to flow

laterally over large distances. This shows that a good bal-

ance between the local and the global aspects is essential.

The aim of this paper is to demonstrate the 3D charac-

teristics of the NIL process, over the entire process chain,

and to emphasize where this ‘‘more than 2D’’ character

makes NIL different from traditional lithography. It will be

a review of work performed at Paul Scherrer Institut (PSI)

during the last 20 years of research and development on

molding processes, and will contain some unpublished data

and figures which illustrate these 3D properties of NIL [30,

34]. In addition to that, some key results from other sources

with relevance to 3D will be shown. As an example for 3D,

the TASTE process (thermally activated selective topog-

raphy equilibration) will be presented, a process which

enables to fabricate 3D surface topographies using electron

beam lithography (EBL) and selective thermal reflow, with

a backlight device as an example. This is a process mainly

used for mastering. This review is complemented by two

other recent papers where two important aspects of mold-

ing have been presented, the similarities of NIL and LiGA

and the description of the NIL process chains [35, 36],

including the main process steps such as origination,

replication and pattern transfer. A range of further 3D

micro- and nanostructures based on NIL can be found in

[37]. In the following, the toolbox approach for NIL with

focus on 3D processes will be presented, followed by ap-

plications with 3D features.

2 The 3D challenge to NIL

2.1 NIL process chain and toolbox

The NIL process chain comprises the main processes such

as origination, replication and pattern transfer [36, 38–40],

which is often not complete if process cycles are iterated or

combined with other processes. For example, stamp

manufacturing may include a replication step for stamp

copying and the pattern transfer may include a bonding

step by reverse NIL. This becomes even more complicated

if other molding processes are integrated in the toolbox of

replication, e.g., replica casting and injection molding, in

which a surface pattern is generated on a bulk element [36,

39], or microcontact printing (lCP), in which an ink is

transferred from the protrusions of a stamp to a surface [41,

42]. Furthermore, the toolbox of pattern transfer may

contain many processes with 3D quality, e.g., if

electroplating [43] is used or membranes are structured

[44]. Replica molding, replica casting, and injection

molding are all dealing with the bulk quality of a material,

and injection molding is a typical example where 3D flow

simulations are done. However, also here, it is difficult to

distinguish which quality really is 3D in a local micro-

scopic world and which in a global one. As long as only

single processes of the toolbox have to be replaced, 3D NIL

will not be a severe challenge for process development. 3D

aspects, however, become prominent if the vertical move-

ment of polymer during molding has to be managed. An

overview about the NIL toolbox is given in [39]. Figure 1

shows schematics with different processes for 3D topog-

raphy origination, replication and pattern transfer.

2.2 Origination

Origination is often performed by a lithographic process

which is either a direct complement of NIL, but not ap-

plicable for high-volume, large-area manufacturing, or so

complex that it is still a challenge to achieve reproducible

results either within a large array of identical structures or

between different exposures [45–66]. An example for the

first case is EBL, and for the second case grayscale

(modulated-dose) EBL with defined step heights [45–48].

In contrast to NIL, they require specific resist materials

with dose–depth contrast characteristics. NIL, and in par-

ticular thermal NIL, is unique because it can pattern a

range of functional materials by simple mechanical contact

and 3D material displacement. Photolithography (PL) and

EBL have made tremendous progress toward exposing

resists to defined levels of doses with high lateral resolu-

tion, taking into account proximity effects by using so-

phisticated software [49]. These dose levels are

transformed into height levels in appropriate wet devel-

opers, by adjusting the dose–development rate, e.g., of

positive PL and EBL resists. Due to inhomogeneity in

material properties or the limitations of control of the

software–hardware interface (e.g., splitting a design into

sub-fields), often roughness issues arise, additional to the

fact that wet development is an isotropic process which

leads to edge rounding. In contrast to this, 3D lithography

based on two-photon absorption by direct laser writing has

raised interest [8, 50]. Also here, the roughness is not only

due to process issues, but also due to discretization (data

discretization, exposure in scanning or vector-mode with

defined increments). Other new processes are currently

explored by heated scanning probe tip-based lithography

[51–53]. The first allows the creation of almost freeform

structures by scanning a high-intensity voxel (above the

resist’s pronounced threshold of polymerization) through a

negative resist, and the second by decomposing the poly-

mer into volatile units by the heat transferred from a heated

Nanoimprint lithography: 2D or not 2D? A review 417

123



tip to the resist. Apart from this, multilevel PL using suc-

cessive steps of lithography and etching is still an option

for specific applications requiring only a low number of

levels [54]. Vertical sidewalls are characteristic for binary

patterning, but it is still a challenge to generate defined

sidewall inclination or even cylindrical or spherical shapes

with smooth surfaces. For this, isotropic etching processes

or surface energy minimization of thermoplastic structures

by thermal reflow [54–59], including strategies for selec-

tive reflow, have been developed. In Fig. 2, three examples

are presented for such 3D structures based on self-limiting

processes. In Fig. 3, an elongated stepped structure is

transformed into a smooth slope by selective reflow [7, 60–

64]. As has been shown with the molded pyramids, pattern

inversion is used if the desired convex shape cannot be

achieved directly, here from anisotropically etched\100[

silicon molds with 2 lm width. Similarly, concave molds

with perfect spherical shape could be fabricated from

isotropically etched silicon or SiO2 [65]. Then, the corre-

sponding convex structure can be fabricated by molding

too. Convex microlenses with perfect spherical shape can

be directly formed from thermal reflow of thermoplastic

polymer granules or box-type resist structures. However,

complex structures (non-spherical, half-lenses, sloped and

vertical sidewalls, as well as combinations of convex and

concave structures) are difficult to achieve with such pro-

cesses which use homogeneous substrate or mold materials

and fixed resist heights (starting from binary structures)

[66]. Therefore, the TASTE process was developed which

is based on selective thermal reflow. The capabilities of

this process will be explained in the following in more

detail.

TASTE is a process with many variants. It is essentially

based on the generation of a localized material contrast in

an originally homogeneous material, either a 3D profile

after development of an exposed spincoated film or alter-

natively after exposure of a 3D relief which was patterned

by imprint. This enables the further selective processing of

the modified material while the non-modified stays unal-

tered [61]. The ‘‘local’’ process can be done by scanning

exposure using EBL, the ‘‘global’’ process by heating the

entire film up to a temperature where this part of the resist

gains an enhanced ability to flow. A polymer such as

poly(methyl methacrylate) (PMMA) is characterized by its

molecular weight, which makes it both applicable as

positive resist in EBL and also as thermoplastic material

for molding. As a coincidence, the reduction in the mole-

cular weight by exposure with typical doses of electrons

used in EBL results in ‘‘two thresholds’’ below which the

PMMA can be characterized by a distinct contrast in

etching in standard wet developers such as MIBK (methyl

isobutyl ketone) but also in which the glass transition

temperature is lowered to such an extent that exposed

polymer chains gain a mobility in which significant flow

Fig. 1 Schematics with different processes, a origination by dose-

modulated EBL, b multilevel structures after development. Post-

processing by c sloped structures after selective thermal reflow,

d hard stamp by proportional etching and e casting of soft stamp,

f peel demolding, g imprint with hard or soft stamp f and h demolding

[39]
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can be achieved. As can be seen in the dose–development

rate–depth–Tg relation in Fig. 4, a dose of e.g., 225 lC/cm2

leads to a reduction in the molecular weight (here number

average molecular weight Mn instead of the weight average

molecular weight Mw) from 40 kg/mol (nominal Mw

120 kg/mol) of the untreated material down to 7.0 kg/mol

and a reduction in the initial Tg,EBL from 122 to 100 �C,

and for 400 lC/cm2 down to 4.3 kg/mol and a Tg of 90 �C.

By choosing an initial (nominal) Mw of 120 kg/mol, a good

compromise between properties needed for both EBL and

NIL can found, i.e., a Mw high enough to provide sufficient

contrast of unexposed and exposed resist and a Mw low

enough that a low-enough viscosity of the resist during

typical imprint temperatures of about 180 �C is achieved

(see Fig. 5). This way, by using a 1-lm-thick PMMA film

as an EBL resist, 225 lC/cm2 results in a removal of

200 nm and the second dose 400 lC/cm2 of 800 nm, while

the unexposed resist exhibits negligible dark erosion. A

resist topography or pattern imprinted prior to exposure

will stay unaltered in unexposed areas, while development

and reflow processes can be entirely confined to areas of

exposed resists. This makes it possible to provide solutions

of mixed micro- and nanostructures. We can speak of

thresholds, as long as contrasts are high enough, but it is

evident that every process needs to be calibrated with re-

spect to structural sizes and resolution. This is particularly

important since the reflow temperature used for TASTE is

typically chosen near the Tg,EBL of the initial material,

which represents a range of a few �C rather than a distinct

temperature in which softening sets in (see Fig. 5). This

way, since the reflow process is different from the standard

reflow of spherical and cylindrical lenses to achieve

minimum surfaces (which is typically near the imprint

Fig. 2 SEM micrographs of 3D shapes: a pyramids (2 lm footprint)

by molding of a \100[ silicon stamp after anisotropic etching.

b Convex lenses by molding of concave cavities in a silicon oxide

wafer after isotropic etching. c Convex spherical shapes by thermal

reflow of PMMA granules at high temperatures (180 �C). Pho-

tographs adapted from [65, 66]. Reproduced by permission. � 2015

IOP Publishing

Fig. 3 SEM micrographs (cross

sections) of 3D topographies in

1-lm-thick PMMA fabricated

by selective thermal reflow at

moderate temperatures. With

different combinations of

temperature and time, linear

slopes with similar shapes can

be achieved (red frames) [7,

60]. Reproduced by permission.

� 2015 Elsevier
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temperature, i.e., around 180 �C), we will find an interde-

pendence of both temperature and time, i.e., long reflow

times will also affect unexposed areas but will result in

similar shapes as higher reflow temperatures for smaller

times (see Fig. 3). Thus, possibilities to optimize final

structures are provided. A reduction in Tg of more than

20 �C, however, even for the highest step in an EBL-ex-

posed structure, is sufficiently large to enable selectivity.

A final word has to be said about the use of pinning.

Since reflow is based on energy minimization of surfaces,

convex spherical and cylindrical surfaces are favored, or in

case of flat surfaces with roughness, an entirely smooth-

ened surface. The use of pillars of the same material but

high Mw (and thus Tg) inhibits the formation of convex

structures, thus resulting in a flat on top of the resist. This

pillar (in Fig. 6 shown as a ridge along two steps exposed

with different doses) is covered at its sidewall by the ma-

terial of the steps and (provided that there is enough ma-

terial to flow upwards), due to this ‘‘pinning’’, generates a

slope starting from the corner of the flat. At the same time,

a second pinning takes place at the substrate surface where

the lowest step begins to flow. A staircase slope of only a

few steps can thus be transformed into a continuous slope

between two pinning points, provided that none of these

pinning points moves and that flow is confined (i.e., within

one or two steps). This ‘‘stable’’ case is compromised if

either the unexposed pillar is able to deform or the surface

near the lowest step is not pinned, i.e., in the case when it is

covered by a thin residual layer of the same material and

the material is able to move. In the first case, a convex

crest, and in the second case, a concave depression will

form. Both processes are not assuming energy minima

different from convex lenses or totally equilibrated films;

therefore, an ‘‘intermediate equilibration’’ needs to be tar-

geted at which the reflow process is stopped. Since TASTE

reflow processes can be made selectively slow in com-

parison with reflow aimed to form lenses, there is enough

time to interrupt the process in which intermediate surface

equilibration within the ‘‘envelope’’ of the steps is possible,

thus enabling freeform surface contours. The main task is

to balance the need for resolution in lateral and vertical

direction, and the writing time. Here, TASTE would enable

to smoothen out roughness imminent to the process and

enable to balance between surface finish (which is in

principle also a resolution issue) and writing time. As with

the continuous slopes, a balance has then to be found to use

Fig. 4 Dose–development rate–depth–Tg relation: by choosing an

initial Mw of 120 kg/mol, a good compromise is possible between

properties needed for both EBL and NIL [61]

Fig. 5 Schematics showing the

mechanical properties (storage

module G0) of typical

thermoplastic polymers and the

dependence of their glass

transition temperature Tg on the

molecular weight Mw [62]
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as few steps as possible to generate smooth surfaces with

desired contours. In Fig. 7, stepped structures have been

fabricated and reflowed into convex and concave lenses

with spherical shapes. For comparison, both structures

were transferred into silicon using DRIE and replication by

thermal NIL.

2.3 Replication

Almost any 3D topography can be replicated by molding

[67–89]. Since NIL is a replication process, in which a

‘‘copy’’ with negative polarity is created, the main chal-

lenge is that the viscous material is able to wet surfaces and

penetrate into the cavities. This is normally enabled by

channels (like in injection molding) or simply by the slit-

like gap between the stamp and the substrate. While the

precoated material is compressed between the protrusions,

it is able to flow into the empty cavities into which the

material is molded, until it conforms to the surface

topographies and cannot flow further. Specific molding

patterns can be achieved by porous membranes (e.g., for

screen printing). Therefore, it is basically a process gov-

erned by wetting, viscous flow and capillary action of a

material which is distributed, injected or redistributed.

Interestingly, two observations about the filling of cavity

were found already at the beginning of research on NIL

nanorheology, i.e., the abrupt filling of binary cavities by

capillary action (so-called capillary bridges) and the con-

tinuous contact angle-based filling of 3D cavities with in-

clined sidewalls. In the first case, one was surprised to see

that the mold filling can be essentially a binary process,

with polymer ‘‘jumping’’ to the top (ceiling) of the cavity.

This is caused by hydrodynamic instability, which is

mostly dependent on the height of the cavity and the

polymer viscosity. Then, either one or several mounds will

form in the center of the cavity or, as seen in Fig. 9, cap-

illary bridges form around stamp protrusions sinking into

the thin polymer layer. In the second case, the contact

Fig. 6 Schematics with

different shapes from thermal

reflow of stepped structures

after dose-modulated EBL,

a with and b without window

opening. c and d show slopes

due to pinning at substrate,

d and f concave shapes with

central depression due to

covered substrate, c and

d pinning at non-exposed

ridges, e and f convex crests due

to moderate exposure of top

ridges
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angle-based filling of structures, this behavior was clarified

in more detail by using cavities with inclined sidewalls.

This is the case if the polymer is able to form an equilib-

rium state and create the contact angle and thus the ‘‘en-

ergy optimized’’ surface. The polymer tries to contact the

mold’s sidewall with a specific angle and therefore moves

into a cavity while trying to maintain this equilibrium. In

case of typical NIL resists on antisticking layer (ASL)-

coated stamps with an angle of around 90� (99� for the case

here, mr-I T-85 from micro-resist technology GmbH), for

vertical sidewalls, this would be a flat surface, while for the

inclined sidewalls a meniscus with a depression between

neighboring sidewalls with opposed inclination. Both ef-

fects happen in a state where almost no squeeze flow is

present. A possible finding is that 3D cavities are probably

easier to fill than 2D cavities, which applies for smooth

surfaces with no pinning and polymer contact angles.

The 3D quality is not only because of the surface to-

pography, but also because the films can become so thin

that it cannot be considered as homogeneous any more. In

this case, an influence of the two interfaces of polymer-to-

ambient and polymer-to-substrate has to be considered.

However, the question whether there is a thickness-de-

pendent Tg, e.g., when using films much below 50 nm

thickness, is still open. A further source of inhomogeneity

could be the segregation of internal release agents toward

the surface during spincoating or imprint. This is different

from the concept of double resists with different molecular

weights or even different properties. In the future,

functional materials will play a prominent role in appli-

cation where the polymer film is not only considered as an

intermediate layer for pattern transfer, but for new devices.

Examples are resists made from block copolymers, with

crystalline entities or filled with particles.

2.4 Demolding

In the best of cases, demolding is entirely a 2D process,

which means that the stamp is lifted and detached from the

structures in vertical direction [90–105]. For ideal struc-

tures with vertical sidewalls and no shrinkage, one would

only have to distinguish between a state of adhesion on all

surfaces, separation from horizontal planes, a state of

sliding along vertical sidewalls and a state of complete

separation, after a sudden detachment. Already slightly

inclined sidewalls (with a so-called draft angle of a few

degrees), like in Fig. 8, will change this sequence into a

disruptive separation of these two surfaces without any

sliding movement. The 3D quality is becoming important if

deformation occurs before or during this separation, i.e.,

due to the sliding movement along vertical sidewalls. Ex-

tensive research has been performed on the shrinkage of

the polymer structure which can be large enough that a

pillar-like structure can shrink away and detach from the

sidewalls before a vertical movement sets in. For thermal

NIL, this can be during cooling, when different thermal

expansion coefficients of polymer and silicon stamp be-

come effective, and for UV-NIL this is due to crosslinking.

Fig. 7 SEM micrographs of silicon stamps (top) and replication in

polymers (bottom) with 3D slopes and lens-like structures with

concave and convex shapes. The stamps with stepped (top left) and

smooth (top right) surfaces were either fabricated from multilevel or

from reflown resist (520 nm depth). Photographs adapted from [61].

Reproduced by permission. � 2015 Elsevier
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Sidewall friction can be so high that thresholds to break or

stretch fragile structures may be exceeded. Such processes

are size dependent, since the material undergoes stress

which needs to be balanced by cohesion within the molded

material and adhesion to the substrate. Due to the shrink-

age, structural details may also smoothen out, such as small

pillars and sharp tips. Nevertheless, it is possible to mold

sharp tips or ridges with\10 nm radius (see Fig. 9).

As in replication, the quality of demolding is as a

function of mechanical properties of the material and thus,

in thermal NIL, of temperature. In addition to the softness

and tendency to deform at temperatures slightly below Tg,

the polymer might glue better. In contrast to this, abrupt

breaking is more probable at temperatures near ambient

due to brittleness or extensive shrinkage. An example re-

duction in demolding force by using an optimized tem-

perature is presented in Fig. 10. While elongation or rims

may be tolerated for pattern transfer, breaking is not only

creating defects but will contaminate the stamps. This is

particularly severe if highly crosslinked silicon containing

Fig. 8 SEM micrographs showing the 3D (incomplete) filling due to

the formation of a contact angle-based meniscus with a nearly vertical

and b sloped sidewalls, and c white light interferometry showing

binary filling due to capillary bridges in a thermal NIL process.

Photographs adapted from [77, 79]. Reproduced with permission.

� 2015 a AVS and b IOP Publishing
Fig. 9 SEM micrographs showing a elongated ridges in PMMA

during demolding with 50 % elongation, b rims from elongations near

the sidewalls or c an molded PMMA structure from an anisotropically

etched \100[ silicon wafer with a sub-20 nm top. Photographs

adapted from [21, 40]. Reproduced by permission. � 2015 Elsevier

Fig. 10 Demolding force measured at different demolding tem-

peratures in thermal NIL for a stamp with 500-nm-high pillars with

vertical sidewalls. A more than 35 % lower demolding force can be

found at 82 �C in comparison with demolding at 70 and 90 �C. Graph

from [93]. Reproduced by permission. � 2015 Elsevier
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resist is used, which cannot be cleaned in O2-oxygen

without damaging the stamp. Since in demolding, zero

defectivity needs to be achieved, a reduction in the forces

during demolding is vital for any kind of process opti-

mization. This is not only achieved by surface smoothen-

ing, but also by geometrical optimization of the entire

stamp (both locally and globally). In NIL, a defined draft

angle would be highly desired as long as this would not

result in structural variations of lateral sizes due to the

residual layer etch.

2.5 Pattern transfer and post-processing

The typical pattern transfer process in NIL is the residual

layer (window opening, breakthrough) etch, followed by

the transfer into the substrate [106–122]. This can be done

by anisotropic proportional etching, as long as a sufficient

‘‘resist height budget’’ is provided. In case of PMMA on Si,

as presented in Fig. 11, an etch ratio of almost 1:1 can be

achieved, which is the prerequisite for structural preser-

vation. Wet processes are, e.g., needed for lift-off pro-

cesses, and for lateral removal of material. By using a lift-

off resist (LOR), undercuts can be created below the pat-

terned resist, either under single structures or below an

array of structures. Thus, a channel can be created or a

perforated membrane (Fig. 11).

Further post-processing can be achieved by functional-

ization, creation or modification of structures from an ini-

tial structure, assembly or thermal bonding, mix- and

match with another technique. All of these processes have

in common that the original structure is a means to make a

second step possible. During the last year release of

structures in membrane-like devices, additive and sub-

tractive techniques such as etching, lift-off and electro-

plating were demonstrated and used for different

applications [5, 33, 43, 44, 91, 114, 135].

2.6 First conclusion: 2�D and 3D in the context

of local and global aspects

Is NIL therefore ‘‘more than 2D’’ or ‘‘less than true 3D’’?

In the context of this review, the transition from 2D to

freeform 3D in Table 1 is understood as increasing com-

plexity. The two intermediate definitions (2�D and 3D) are

used due to fundamental differences in complexity.

Therefore, in my opinion, it is better to talk about 2D and

3D and keep in mind that real 2D is always more than 2D

and true 3D is always less than freeform 3D. In Table 2,

the 2D and 3D aspects are summarized, but with the dis-

tinction between ‘‘local’’ and ‘‘global.’’ The global view of

NIL will be on the substrate–topography relation, while

local means single-cavity aspects. They are substantiated

with examples which are considered as typically 2D and

3D. In the following, we will see that it is still not easy to

keep this distinction between 2D and 3D valid. For ex-

ample, while R2R, substrate conformal imprint lithography

(SCIL), thermoforming and liquid transfer imprint lithog-

raphy (LTIL) are locally 2D, they are globally 3D. In

contrast to this, all 2D and 3D cavities on large planar

substrates are globally 2D, as long as lateral shrinkage does

not lead to shear over the entire substrate.

3 NIL applications with 3D characteristics

3.1 Binary and multilevel applications

Many of the NIL applications which were first published

were essentially 2D, i.e., applications which could have

also been performed by other photon or electron-based

lithography, but needed cost-effective solutions for which

other current high-resolution lithography would not have

been reasonable. The manufacturing of such devices, pat-

terned magnetic media [123–126], wire grid polarizers

[127–130] and high-brightness light emitting diodes (LED)

Fig. 11 SEM micrographs of a proportional anisotropic etching by

RIE and b isotropic underetching of a lift-off resist in a solvent

penetrating through the 200-nm resist pores. Photographs adapted

from [7, 33]. Reproduced by permission. � 2015 Elsevier
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[131–135] is essentially the patterning of binary structures.

While this is basically also the case for high-end lithog-

raphy in semiconductor microchip manufacturing, the NIL-

based dual damascene process used for creating electrical

wires in the contact layer of a microprocessor has gained

attention because it enables to reduce the total number of

process steps for the 8 wiring levels (each of them con-

sisting of two sub-levels), simply by using multilevel

stamps with T-shaped structures. This would enable to

pattern both sub-levels in one step [136] (Fig. 12), i.e., the

lateral wires and vertical through-holes (vias), both aligned

to each other. After electroplating both levels, the surface is

planarized by chemical mechanical polishing (CMP) be-

fore the next connecting metal double layer is added. A

similar concept was proposed by Hewlett-Packard for its

self-aligned imprint lithography (SAIL) process [137]

(Fig. 13). Also here, by adding one level (or more) to the

stamp, a multilevel resist pattern is created which is thin-

ned down one after the other. Thus, subsequent windows

are opened to the substrate followed by a material-selective

etching process. This can be used for the patterning of two

metal layers on top of each other. It allows using one

lithography step instead of one with precisely aligned

levels (‘‘encoded’’ in the stamp). This even enabled the

large-area manufacturing of electronics on flexible sub-

strates in a R2R process, where the ability of subsequent

alignment is limited. However, although in both cases a

multilevel approach was chosen, these processes are still

2D in principle, because they rely on proportional etching

of the imprinted layer. Multiple etching steps into an im-

printed resists with 3 levels enable to successively employ

different pattern transfer processes. The stamp levels have

to obey certain rules, i.e., the upper level has to be placed

on the lower level, and no undercuts are allowed. This

mask is essentially a double mask with different ‘‘height

budgets’’ for pattern transfer.

Applications with ‘‘more than 2D’’ characteristics can

be found in the areas of photonics and plasmonics, micro-

and nanofluidics, tissue engineering, and biomimetics

[138–143]. Special variants of NIL such as reverse NIL

enable the fabrication of multilevel structures for negative

index metamaterials and Fabry–Pérot filters, or biologically

inspired omniphobic surfaces with undercuts. They are all

applications where the concept of planar technology is still

valid, or stacking of different layers, films and components

is done [118–120].

Table 2 2D to 3D in NIL, with examples [5, 31, 62, 122]. Reproduced by permission. � 2015 AVS

2D 3D

Local Global Local Global

Origination Projection or scanning beam

lithography, moderate AR

Wafer-like substrate and

stamp, surface topography

Slopes, concave and convex

topography, high AR

Bendable molds,

crowning, inflatable

molds, MESAs

Replication Vertical stamp movement, complete

(binary) molding with enough

polymer ‘‘budget’’

Restricted lateral flow,

homogeneous residual

layer, roll embossing

Non-vertical stamp

movement, contact angle-

based/incomplete filling,

meniscus

Bent stamp for roll

embossing, printing on

topography

thermoforming, high

shrinkage

Demolding Vertical movement with immediate

detachment from horizontal walls

and sliding at vertical sidewalls

Separation movement

perpendicular to

structures, parallel plates,

large rolls

Enlongation, ripping, defects,

collapse, shear

High lateral shrinkage,

inhomogeneous

detachment/

delamination due to

bending

Pattern

transfer

Isotropic residual layer and substrate

etching, multilevel process with

proportional or successive etching

Conformal casting, LTIL,

electroplating vertical

bonding, stacking

Underetching, overgrowth,

surface smoothening,

conversion of steps into

slopes

Thermoforming, bending,

flipping, deforming

Example Anisotropically etched Si with double

resist

Bent hybrid stamp with

metal backbone

Mixed 3D structures (NIL,

EBL and TASTE)

Thermoformed foil with

nanopillars
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3.2 Continuous topography applications

In addition to the multilayer applications presented before,

there are processes with global or local 3D structuring. As

global 3D processes, printing on fibers and thermoforming

of prepatterned films have been developed [26, 122].

Thermoforming is done from flat films which are locally

stretched and bent until they conform to the outlines of a

microcavity (see Table 2). If the film is patterned in ad-

vance, e.g., with a pillar structure, this film can be used to

decorate both the bottom and the sidewalls of a mi-

crochannel. In [122], this was used to cover part of poly-

meric fuel cells with superhydrophobic surface patterns.

Textile fibers with surface patterns along their axis can be

done by extrusion, but for arbitrary surface patterns, e.g.,

perpendicular to the fiber, roll embossing has shown some

promising results. However, patterning of fibers with di-

ameters of 180 lm is not easy, because too high pressure

can flatten a monolithic fiber when imprinting on its sur-

face. The fiber is ‘‘multi-facetted’’ rather than entirely

round. By using a core with a higher Tg material, the

cladding can be imprinted. [26]. A hybrid three-dimen-

sional nanofabrication method for producing vascular tis-

sue engineering scaffold was employed by rolling up a

patterned foil (so-called Swiss roll) [144]. In the following,

an example for a local 3D process is presented (Fig. 14).

Here, the TASTE process was used to generate a con-

tinuous funnel between micro- and nanochannels, which

Fig. 12 a Schematics of a dual damascene process for the generation

of a wiring layer in an IBM PX750 microprocessor, b Wires

integrated in dielectric layer. c Imprint of transparent 3-level stamp

into a dielectric precursor (UV-curable resist). d New copper layer

after breakthrough-etch, electroplating, metal thinning by chemical

mechanical polishing [136]. Reproduced by permission. � 2015 AVS Fig. 13 a SEM micrograph of a patterned resist used for patterning

transistors in flexible electronics. b–e Schematics of a self-aligned

imprint lithography (SAIL) process by using multilayer stamps for self-

aligned patterning. b Imprint of 3-level stamp by SAIL into a resist on

multilayermetallization. cResidual layer etch of first level and etching of

bothmetal layers. dResidual layer etch of second level andmetal etching

of upper metal layer [137]. Reproduced by permission. � 2015 Wiley
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are needed to allow DNA molecules to penetrate into

nanochannels without a mechanical threshold [145, 146].

For this, the process was optimized that reflow allowed to

generate a slope both in vertical and lateral direction,

bridging the gap between 1-lm-deep and 10-lm-wide

microchannel to 30-nm-wide and 30-nm-deep nanochan-

nel. This process can be further enhanced to fabricate de-

fined wedges with tapers both in x- and y-direction [147].

As it has been outlined in the beginning, even these pro-

cesses have some 2D properties. Therefore, they are en-

abling to use replication techniques to fabricate copies

from originals planar, either to be directly used, e.g., for

stretching, bending and rolling, or to use them as an aux-

iliary mold for surface decoration of 3D molds, which are

used for true 3D molding processes such as thermal in-

jection molding [148, 149]. Before coming to the appli-

cation of TASTE for the pixelized waveguide display

illumination, a typical process chain is described in Fig. 15

from origination to replication using different process.

4 Pixelized waveguide display illumination

In the following, an example for a pixelized waveguide for

illumination of displays is presented which includes dif-

ferent aspects of 3D: (a) The fabrication of 3D surface

topographies by mix- and match of NIL and grayscale

EBL, (b) the transformation of stepped into smooth struc-

tures using the TASTE process, (c) the replication of these

structures by NIL with different replication processes with

the ability to scale this up by using R2R NIL. This resulted

in a demonstrator with a single LED for illumination. For

this, single steps were developed to improve an existing

process chain still based on binary structures. This 2D

structuring has already met customers’ requirements.

Another demonstrator based on these 2D structures is

presented in more detail in [28, 31, 150–152]. Here, we put

the process into the context of 3D patterning with different

issues for modulated-dose EBL, fabrication of stamps with

smooth slopes by thermal reflow and transfer into bendable

stamps for R2R processes. Once scaled up to full screen

size, these 3D structures inherently offer capabilities for

higher brightness illumination.

4.1 Monolithic back- or frontlight illumination

devices

For the illumination of displays, i.e., for liquid crystal

(LCD)-based tablets and for electronic ink readers, differ-

ent concepts have been developed [153–157]. The main

difference between backlight illumination for transmissive

and frontlight illumination for reflective pixel matrices. In

both cases, light is coupled from discrete light sources into

a screen-sized guide from one or several of its edges, which

on its path illuminates the switching elements either from

the back or from the front of the screen. Due to the need to

reduce the thickness of the final device, these guides are

nowadays realized as monolithic sheet waveguides, instead

of composing them from sheets with different optical

purposes. Light from edge-mounted white light LEDs en-

ters the edge of the waveguide and is reflected internally

until it exits through optical features imprinted onto the

surface toward the display. This outcoupling can be done

by binary diffraction gratings, by prism-like mirrors or a

combination of both. The challenge is to distribute the light

evenly over the entire area. For this, these elements have to

be placed in a ‘‘gradient’’ along the light propagation, for

which the density would need to be low near the point-

source like LEDs and high at the end of the waveguide.

Additionally, they should lead to preferred light emission

in the direction perpendicular to the waveguide. The den-

sity gradient can be achieved by variation of the sizes of

these gratings or simply by increasing the number of small

Fig. 14 Tapered inlet for nanofluidic applications in 1-lm-thick

resist, bridging the gap between a 10-lm-wide microchannel and a

30-nm-wide square nanochannel: a SFM micrograph with stepped

and smoothed inlet, b three different tapers. Photographs adapted

from [144, 145]. Reproduced with permission. Copyright � 2015

AVS
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identical elements (pixels) in the same area. In Fig. 16,

such a density gradient is illustrated by variation of the size

of the outcoupling grating. Depending on the number and

location of LEDs, the gratings have to be arranged over the

entire waveguide by sophisticated computation which takes

into account their placement in x–y, their orientation u, and

at the same time avoiding overlaps and stray light. Due to

the multimode behavior of the waveguide and the color

dispersion from the white light on its way, often additional

surface gratings are needed to block modes which would

result in unwanted color effects. In Fig. 17, an example of

an outcoupling element with bent outline is presented,

including linear surface gratings which were prepatterned

in the resist by NIL.

4.2 Fabrication process based on TASTE

The stamp fabrication can be done as described in the

origination section [7, 60–62]: Here the 3D process needs

to be adapted to large area, considering varying density,

requiring identical structuring for each angular orientation

u in x–y, avoiding flats at the top (which is still charac-

teristic of the reflow process due to the unexposed ridge),

without visible stitching marks between EBL exposure

Fig. 15 Process chain comprising the key processes origination,

replication and pattern transfer, here for 30� slopes with 1 lm height.

The binary surface in the prepatterned resist line grating has 500 nm

period and 250 nm depth. Imprint parameters for both PMMA and

mr-I T85: 180 �C for 10 min at 15 MPa. Photographs adapted from

[61]. Reproduced by permission. � 2015 AVS

Fig. 16 Pixelized lightguide surface for backlighting devices: schematic and micrographs with outcoupling elements with varying size from the

beginning to end of the lightguide
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fields, but also in sub-field stitching (characteristic prop-

erties of Gaussian beam EBL). At the same time, writing

time issues have to be respected, by keeping the number of

dose steps as low as possible and dose differences between

first and last step small enough that high exposure currents

can be used without changing the aperture. For the current

size and design, a process window was found which al-

lowed writing a test design. The characteristic sizes are as

follows: area 16 9 16 mm2 for a single LED-based

waveguide, EBL exposure field 320 9 320 lm2, 4.5 lm

sub-field stitching and 20 nm step size. The simulation of

optical texture was based on 74,000 grating units, and the

optical design (i.e., orientation and density variation) was

optimized for uniform illumination (collimation) in the

active area, similar to [158, 159]. The slopes in the

prepatterned 2-lm-thick resist were designed to exhibit a

blazed angle a with approx. 45�. The outcoupling pixel

elements were designed to have identical shape and sizes,

but placed individually according to a precalculated map

(see Fig. 18). Overlaps of single elements were avoided.

Due to the large field size, the correction of the proximity

effects which is characteristic for EBL, and particularly for

3D grayscale lithography, was of specific interest. Using a

simulated point-spread function for exposing 2-lm-thick

PMMA resist with 100 keV electrons, the simulation was

performed for 20 9 20 lm2 large areas using the GenISys

Beamer software [49]. The density of the 20 9 20 lm2

pixel elements was varying from 100 lm (distance from

center to center) near the LED down to 40 lm at the other

end of the waveguide. At distances below 50 lm, the

proximity effect has to be considered (see Fig. 18). This

requires a dose compensation to avoid potential modifica-

tion of geometry (e.g., inclination).

The replication for such structures is straightforward,

similar to those already published in [31, 70, 160, 161].

The first step is a replication into Ormostamp� by UV-NIL

(see Fig. 15). These master copies, showing the outcou-

pling elements as protruding prisms, were then used for

thermal imprint. Another process chain was the replication

into polydimethylsiloxane (PDMS) which was then used

for UV-NIL. In addition to the 3D structures, surface

structures for mode breaking were integrated by imprint

into the resist surface prior to grayscale lithography, using

the process described in [62]. Figure 19 shows the

qualitative outcome of such a replication, in this case a

polymer film with a surface imprinted grating. The device

was fabricated and tested. The white light was illuminating

the screen with a homogeneity which proved to be satis-

factory for the current application (details may not be

disclosed), which was based on a non-optimized sawtooth

structure and only basic compensation of the proximity

effect. Therefore, significant further improvements can be

expected once 3D structures are required.

4.3 Further steps for upscaling

For full screen manufacturing, i.e., of a full sized reader,

this method would be dependent on high throughput 3D

EBL, or laser-based alternatives with lower resolution.

From the process described above, it becomes evident that

Fig. 17 SEM micrograph of an example of an outcoupling element

on a pixelized lightguide surface for backlighting devices, including

linear surface gratings which were prepatterned in the resist by NIL.

Example from [60]
Fig. 18 Map of a 16 9 16 mm2 active area with 74,000 outcoupling

elements (pixel) and density variations with pixel to pixel distances in

a 100 lm, b 55 lm and c 40 lm. A single LED is placed at the lower

right corner of the schematics
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such as screen would contain several 100,000s of elements

which would need both extensive computing of coordinates

and exposure. For a larger screen, not only the number of

elements needs to be dramatically enhanced, which leads to

very sparse densities at one and extremely high density on

the other side of the waveguide, but also the number of

illuminating LEDs (Fig. 20). Such a device can only be

written within reasonable times if different apertures are

used enabling to use high doses in the sparse area and low

doses in the dense areas of the lightguide. A design with

different depths of outcoupling elements could also be

envisaged, but would require different initial resist heights

over the entire screen. Since the following processes are

compatible with existing process chains (as described

above or by fabrication of electroplated shims for R2R), it

is expected that the origination will stay the most critical

part of the process chain.

Apart from this approach, other routes can be employed

to fabricate large-area lightguides for testing. Instead of

manufacturing a full-area stamp by scanning laser or EB

lithography, single stamplets can be created and replicated

in a resist with step and stamp or step and repeat (S&R)

NIL. For this, a stamp with 3D blazed gratings with sharp

teeth can be clamped into the head of the S&R machine

with integrated angular rotation and printed into prepat-

terned PMMA substrate with defined lateral positions x–

y and each angular orientation u. Such sawtooth structures

can be directly created by EBL and TASTE, but also from

binary HAR structures with sawtooth designs in 2D. Such

structures with lateral outlines of triangular shapes were

manufactured using DRIE or LiGA, which—once released

from the substrate and flipped by 90�—are transformed

into a three-dimensional stamp with defined linear blazed

teeth. Efforts have been undertaken resulting in

electroplated nickel stamp with vertical sidewalls [162,

163]. The edge of the released nickel tool is used in the hot

embossing of non-binary microstructures. DXRL is needed

for achieving almost vertical sidewalls because due to the

flipping, the vertical sidewalls will be translated into ho-

mogeneous height of each tooth. The thermal S&R NIL

process was performed with a SET 300 NIL stepper (a

converted flip-chip bonder) with integrated rotation head,

thus enabling to print linear gratings in different orienta-

tions with respect to the substrate outlines. Due to high

number of required imprints in a large-area substrate, it is

highly recommended to use different designs and stamplet

sizes to cover the entire surface with varying density of

outcoupling elements. Furthermore, wear and contamina-

tion of stamp has to be taken into account and backups

have to be provided. This is possible by switching between

multiple stamps by pick-and-place.

5 Conclusion

Is NIL 2D or 3D? As said before, this depends on several

issues. In most cases, an exact replication of a surface with

binary structures of moderate aspect ratio with high

resolution is envisaged, ready to be transferred into the

underlying substrate by RIE. Due to this ‘‘incremental’’ but

significant improvement, 2D would remain to be the right

description for such a process. Even aspect ratio enhance-

ment by hard masks and successive transfer of stepped resist

structures into the underlying substrate, make NIL continue

to be a 2D process. Consequently, NIL exhibits enough 2D

Fig. 19 Optical appearance of the LED-fed backlight test device with

16 9 16 mm2 active area and 74,000 outcoupling elements

Fig. 20 Design with a possible, fan-like distribution of outcoupling

element with two LEDs (squares at the bottom, in yellow and green),

using an array of 4 9 4 pixels as a single stamplets (top) [146, 162]
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qualities that make it compatible with other high-end

lithography and even step into fields which are too costly for

them. But it is good to know about the ‘‘more than 2D’’

qualities of imprint: It enables to step out of the concept of

planar technology with its specific boundary conditions, and

even enable new concepts of semiconductor devices and

processing which need 2�D and 3D [164, 165]. This can be

considered as disruptive development within the framework

of existing lithographic concepts, particularly, if functional

materials are to be patterned. In the future, we could en-

visage applications where micro- and nanostructuring

aspects are mixed in diverse ways. An example is given in

this paper by presenting a backlight illumination waveg-

uide. Consequently, NIL becomes truly 3D, but beyond this,

it is also a time-dependent (dynamic) process (the 4th di-

mension) which enables ‘‘non-perfect’’ replication and de-

molding. One example is the use of partial filling [77, 79,

166], reflow and other processes which make use of self-

ordering or surface optimization. This can be done by im-

mediate freezing or crosslinking of the viscous polymer

before complete filling is achieved, or by use of a limited

polymer volume which does not allow for complete filling.

These ‘‘more than 3D’’ concepts will make NIL a tech-

nology which will not only make it a competitor to existing

technologies, but also an integral part of any process de-

velopment in future manufacturing of micro- and

nanodevices.
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