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Abstract 
 

The need to integrate functionalities in micro- and nanodevices is often satisfied by addition of new process steps to 
existing process chains, which enhances complexity in vertical direction of a device without breaking the boundary 
conditions of planar lithographic techniques.  Modern patterning based on replication is now investigating 3D 
techniques because they often enable to integrate these functionalities in new, often much simpler ways.  They 
deviate from the established concepts; however, the transition from 2D to 3D is often gradual.  This contribution 
describes a selection of these “2D to 3D” and “more than 2D” concepts, which have the potential to become an 
integral part of any process development in future manufacturing of micro- and nanodevices. 
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1.     Introduction 
 

The title of a previous review asked “Nanoimprint 
lithography – 2D or not 2D?” and resulted in the 
question about the quality of three-dimensional (3D) 
patterning in the context of planar lithography [1].  The 
current development is towards more complex 
structures, i.e. towards hybrid topographies and thin 
flexible substrates, but also in the context of hybrid 
materials and transfer processes, e.g. in “Multi Material 
Micro Manufacture (4M)”, asks this question again.   

For a long time, in semiconductor microchip 
manufacturing only the surface of a silicon wafer was 
structured, by additive and subtractive techniques for 
the creation and removal of thin films or parts of it [2].  
Therefore it was essentially two-dimensional (2D), 
since the films (coating with layers of photoresist, 
dielectrics, metals) are thin in comparison to the 
substrate, i.e., the silicon wafer. Nanoimprint 
lithography (NIL), with its sub-10 nm resolution, is 
primarily seen as replacement of more established 
lithographic methods for the next generation chips, i.e. 
electron beam (EBL) and photolithography (PL) [3].  To 
date, it is one of the main competitors to EUV (13.6 nm 
extreme ultraviolet) and DUV (193 nm deep UV) PL. Its 
main characteristics as a technology which relies on 
displacement of material rather than modification by 
exposure and etching, as it is done in EBL and PL, 
makes NIL a technique which reaches into the third 
dimension of patterning  [4].  This is even more seen in 
other applications in which thick resists or polymer 
films are patterned with surface topographies. In NIL, 
the quality of 3D is often related to the use of flexible 
(soft) stamps, substrates (foils) and the use of 3D 
topographies which are molded into the surface of a 
polymeric film.   

While chip manufacturing has already become 3D 
(Samsung’s 3D V-NAND technology with a stack of 24 
levels), with transistors patterned in the vertical (z) 
instead of the planar (x-y) dimension, the question 
arises whether 3D issues will become a primary asset 
for NIL, along with other replication techniques. 

In this respect it is not only the 3D quality of 
molding, i.e. the 3D flow of material and the conformal 
filling of almost any mold topography simply by viscous 
flow and capillary action. However, it has to be noted 
that that material transfer can also lead to orientation of 
non-amorphous and hybrid materials, i.e. materials with 

anisotropy which can which allows a selective 
modification by flow. 

3D can be characterized in several categories:     
One is as part of the entire process sequence with 
several process sequences and combinations, e.g. if 
an imprinted foil is wrapped around a cylinder for roll 
embossing, thermoformed or conformally bent over 
topography. Another is if one specific process changes 
a 2D quality into a 3D quality or vice versa: 2D into 3D 
is, e.g., an aspect ratio (AR) enhancement by using the 
imprinted as resist as a masking layer for etching. 3D 
into 2D is, e.g., an incomplete molding of cavities, in 
which a binary (2D) cavity is inhomogeneously filled by 
capillary action. And there is a range of processes, 
where 3D topographies are converted into other 3D 
topographies. One example is the TASTE process 
(thermally activated selective topography equilibration), 
which allows converting stepped 3D structures into 
smooth slopes (see Fig. 1) [5].  

 

 
Fig. 1. Grayscale electron beam lithography: a) 9 exposed 
levels in 1 μm thick PMMA resist. b) Steps are converted 

into smooth slopes after selective thermal reflow.  

In the following, I would like to focus on applications in 
which the inherent anisotropy of patterning processes 
is used as a means to create 2D structures from 3D 
topographies or 3D topographies from 2D structures. 

 
1.1. Origination, tooling, replication 

 
The replication process sequence [6]: origination, 

tooling and replication is not different from the 
patterning sequence in traditional PL, which uses 
masks instead of stamps and exposure of a resist 
followed by selective removal by etching (“wet 
development”) instead of material displacement by 
imprinting followed by detachment of the stamp from 
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the molded surface topography (“de-molding”) and 
residual layer etch (“window opening”, “descum”) by 
resist thinning. The 3D quality of the sequence can be 
mostly seen in the molding step, since material 
displacement allows replicating a continuous 3D 
surface topography almost in the same way as it is the 
case for a two-level (binary) stamp structure. The main 
restriction is the so-called “replication constraint”, which 
does not allow the use of stamps with undercuts, since 
the molding and de-molding is done in a vertical 
movement of the stamp which is translated into lateral 
and vertical flow of viscous material during molding and 
a faithful separation by detachment from lateral 
surfaces and along their vertical sidewalls.  

Origination is therefore often using the 3D quality 
of tools: grayscale lithography is used for generating 
stepped or sloped structures; high aspect ratio 
structuring enables the use of structures with 
considerable height in comparison to their lateral size; 
free-form structures may be replicated under the 
condition of the replication constraint. 

Tooling is basically the transfer of an original 
structure into a different material or shape suitable for 
specific replication processes: this is the use of 
bendable metal shims and thick molds instead of the 
fragile (intermediate) resist or silicon structures, the 
use of multilevel (composite) stamps with adapted 
mechanical properties, by bending them around a 
cylinder for roll-to-roll (R2R) processing, soft (flexible, 
compressible, inflatable) stamps for accommodation to 
a specific form and mode of operation.  

Replication is a two-step process, molding and de-
molding: The replication constraint is more valid for the 
de-molding. While molding can fill structures with 
undercuts, the de-molding will result in enhanced 
adhesion, interlocking and ripping. It can, however, 
also lead to a deformation which may have a desired 
3D shape different from the original stamp (see Fig. 2).  

 

 
Fig. 2.  “Anisotropic” elongation of polymer ridges during 

demolding. While some structures with 0.5 μm period (AR 
4) are preserved (top) during detachment of the stamp 

from the PMMA film (due to mold sidewall imperfections), 
others (bottom) are stretched by 50%, � Elsevier [7]. 

 
Fig. 3. Schematic of anisotropic (2D) etching of a 3D resist 

structure into a hard substrate, preserving the 3D 
topography of the resist due to matched etch rates.  

As it is the case in PL, pattern transfer is 
considered as the step following wet development and 
window opening. In NIL, pattern transfer is a two-step 
transfer sequence, as for binary resist patterns the 
residual layer needs to be removed which still inhibits 
the access to the substrate. Therefore by thinning the 
resist using the anisotropic reactive ion etching (RIE), 
the lateral structural fidelity can be preserved. In 
addition to this, e.g. when etch rates of resist and 
underlying substrate are matched, the 3D resist 
topography can be preserved by proportional transfer 
(see Figs. 3 and 4)  In both cases way, the molded 
resist layer is only an intermediate layer and not, as 
common for some applications, the functional layer in 
the future device.  
 

 
Fig. 4. Concave lenses and linear gratings a) in PMMA 
resist and b) transferred into silicon. The grating in the 

PMMA surface was patterned prior to graytone exposure 
using thermal NIL. After selective thermal reflow (TASTE), 

the pattern was anisotropically etched by RIE.  

 
1.2. Post-processing – aspect ratio amplification 
 

The simplest illustration for the generation of a 
specific 3D quality in planar technology is by aspect 
ratio enhancement. Moderate AR of 1 and 2 are typical 
for resist processes in PL, which are needed as etch 
barriers for pattern transfer. For high AR (HAR), 
amplification schemes are needed such as hard 
material masking layers in multilayer resists. In this 
respect NIL is not different and moderate AR of up to 2 
are typically easy to mold and demold. 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 



August 29, 2016 20:27 RPS 4M 2016 :: Paper ID: KN3

Proceedings of the 4M/IWMF2016 Conference 13

with its specific boundary conditions, and even enable 
new concepts of semiconductor devices and 
processing which need 2½D and 3D. 2½D is simply 
another description of binary HAR structures up to 100 
(with AR 30 “nanofences” demonstrated, i.e. 300 nm 
wide, 5 μm high ridges, and HAR 20 of micrometer 
sized ridges in polymer replication) [8].  
 
1.3. Sequential anisotropic patterning   
 
 The success of semiconductor chips is mostly 
related to the realization of complex architectures not 
only in the transistor layer (silicon), but also in the 
interconnect layers. This requires a multitude of 
lithographic steps which enables the wiring of both 
vertical and lateral connections between the wiring 
layers. Due to the “planarity” of each lithography step, 
the complexity increases proportionally to the number 
of steps. This led to the development of patterning 
concepts using 3D stamps. A similar concept was 
proposed by Hewlett-Packard for its self-aligned imprint 
lithography (SAIL) process, directed towards large area 
manufacturing of electronics on flexible substrates in a 
roll-to-roll process [9] (Fig. 5). By adding one level (or 
more) to the stamp, a multilevel resist pattern can be 
created by imprint. This allows using one lithography 
step instead of two with precisely aligned levels 
(“encoded” in the stamp). These processes are still 2D 
in principle, because they rely on proportional 
anisotropic etching of the imprinted layer, but use a 3D 
property of the stamp and a selective, well controlled 
etching.  

 
Fig. 5.  Schematic of self-aligned imprint lithography (SAIL) 
process: a multilevel resist pattern a) is thinned down one 
level b) after the other c). Thus subsequent windows are 

opened to the substrate followed by an individual substrate 
etching process. This can be used for the patterning of two 

metal layers on top of each other d). 
 
In contrast to this the build-up of complex microfluidic 
devices is often done by stacking different polymer 
layers. step-by-step, e.g. by thermal bonding  This has 
been exploited for the fabrication of a 5 mm thick, 
20×20 mm2 solid polymer plate with integrated 
“porosity”, i.e. microscopic linear channels running from 
one border to the other. After thermal imprint of linear 
gratings with 5 μm wide and 5 μm deep groves into 
50 μm thick polycarbonate (Makrofol) foils (160°C), 100 
foils were stacked together and merged by thermal 
bonding. To avoid clogging of the channels by the 
thermal process, a very gentle (145°C) thermal process 
was performed. This way, flat surface prepatterned foils 

were build-up into a 3D template with controlled 
channels architecture (Fig. 6).  

 

 
Fig. 6.  Thermal bonding of 100 layers of 20×20 mm2 

PMMA foils with 50 μm thickness each (top). All foils are 
patterned with 5 μm wide, 5 μm deep trenches making it 
possible to generate a solid polymeric scaffold with high 

content of channels b) (graphically enhanced).  

In a similar way, metamaterials with stacked metal 
nanostructures can be created by reverse NIL 
techniques [10,11]. In the future detachment of entire 
films from surfaces will become important “subtractive 
techniques”, which e.g. enables to use these layers to 
build-up multilayers from materials created or patterned 
on donor templates and transferring them to other 
substrates.  
 

 
2.  From 2D to 3D and from 3D to 2D 
 
The following techniques will be presented which are 
not 3D by themselves, too, but which use a 3D surface 
topography together with the anisotropic characteristics 
of typical vacuum coating and etching processes. This 
way, processes considered as part of “planar” 
manufacturing technology use the vertical property of 
resist structures. When used in conjunction with locally 
selective processes, i.e. in focused serial beams, 
stencil masks, anisotropic properties of materials, even 
more complex structures can be achieved. These 
processes are not exclusively linked to NIL. 
 
2.1. Additive techniques 
 
 Adding material in liquid and solid state on a solid 
substrate can be done by immersion, casting, jetting, 
and printing of chemicals, polymerization of monomers, 
grafting and growing of polymer brushes, fusion of 
thermoplastics, and bonding of entire plates and resist 
layers.  Typical coating processes are casting of resins, 
evaporation and sputtering of metals. These processes 
are ideally suited to cover an entire surface with a 
homogeneous thin layer. In case of highly anisotropic 
evaporation, a thick patterned resist mask is used as a 
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stencil for the patterned decoration of a surface; this 
so-called lift-off is a typical process in which a 3D 
property of a resist is used to generate a 2D planar 
pattern; it typically requires undercuts to achieve 
discontinuation of films (Fig. 7). In contrast to this, new 
conformal coating techniques such as atomic layer 
deposition (ALD) enable the build-up of a thin layer of 
material specifically on patterned surfaces; they enable 
to duplicate of the number of lines in a linear grating 
using so-called spacer etching (Fig. 8) [11]. This way, a 
3D quality of the ALD is transferred back into the 
formation of a binary (2D) pattern. 

 
Fig. 7.  Schematic of lift-off process as an example to 
convert a binary (thickness contrast) resist structure a) 

into a hard etch mask by directed evaporation b), 
dissolution of the resist c) and etching of the substrate d).  

 
Fig. 8.  Schematic of spacer etching as an example to 

convert a thin conformal coating into a hard binary etch 
mask. The resist a) is coated with a hard layer b) which is 
anisotropically etched to remove the layer at the top and 

the bottom c). After removal of the mandrels, the thin 
sidewall coating (spacers) act as a narrow etch mask d). 

 
3.2. Subtractive techniques 
 
 Removing material from a surface can be done by 
using solvents, chemical reaction, mechanical means 
(milling) or energetic beams (decomposition). The 
selectivity of removal can be achieved by physical or 
chemical means, e.g. by scanning laser beams or by 
immersing the entire substrate into solvents or reactive 
plasma. Polymers (e.g. PMMA) can be selectively 
etched in solvents enabling molecular weight Mw 
dependent dissolution (which is faster for lower Mw) or 
inorganic materials (e.g. crystalline silicon) by taking 
advantage of etch anisotropy in specific solvents. As 
with additive techniques, etch resistant layers can 

locally restrict the access of the substrate surface to 
physical or chemical attack. 3D aspects come into play 
if self-limiting processes are enhancing aspect ratios or 
creating specific spherical or multifaceted shapes. One 
example is the patterning of high aspect ratio 
nanopores in anodic alumina (AAO) (see Fig. 9) by a 
self-limiting etching process, in which period and pore 
size can be controlled by the composition of the etch 
solution and the voltage applied [12]. Imprint of seed 
points enables definition of long distance order in a 
hexagonal arrangement.   
 

 
Fig. 9.  Schematic of generation of regular high aspect ratio 
nanopores in anodic alumina (AAO). The self-limiting hole 
formation in a polished aluminum film (a) can be further 

enhanced by prepatterning of the surface by indentation b). 

In most cases, this enables to enhance resolution and 
create templates (e.g. NIL stamps) with long distance 
ordering and a high degree of regularity. This is, e.g., 
used to cut down the writing time masters fabrication.  
 
3.3. Modification of topographies and materials 
 
 The success of micromanufacturing lies in the 
combination of different materials, the ability to modify 
them and the selective use their properties; for silicon it 
is the difference of the different etching properties of 
silicon and its native oxide, for polymer resists their 
chemical composition and the possibility to modify their 
solubility by locally induced chemical changes via 
exposure. This can be the cleaving of polymer chains 
(reduction of the molecular weight), e.g. in polymethyl 
methacrylate (PMMA) for  the creation 3D stepped 
structures using grayscale lithography, but also for the 
selective thermal reflow due to the distinct reduction of 
the glass temperature via exposure with energetic 
electrons, ions or photons (TASTE) [5].  
The NIL technique is found to be an efficient tool not 
only to imprint a surface pattern into a polymer layer 
but also to initiate and control self-ordering effects, e.g. 
by surface energy minimization. As with AAO, the self-
assembly of block-copolymers (BCP) uses a chemical 
length scale for the generation of a highly ordered 
system with nanometer sized, periodic structures. In 
case of BCP, the building blocks are e.g. made from 
distinct segments of PS and PMMA (e.g. with 10 to 20 
nm) in a polymer chain with different surface energies. 
When aligned between lithographically defined 
borders, they form domains by so-called directed self-
assembly [14]. While, e.g., the hydrophobic PS likes to 
adhere to surfaces with low surface energy, PMMA 
tends to retract from those (see Fig. 10). This way, the 
highly ordered BCP lamella created by the different 
segments present a distinct material contrast, e.g. in a 
subsequent etching step. This way, PMMA can be 
etched away in oxygen plasma while the PS remains, 
e.g. as a masking layer for a subsequent substrate 
etching step. Such processes, although upscalable, are 
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more suited for large area, high resolution stamp 
fabrication than for high volume fabrication. 
 

 
Fig. 10.  Schematic of the ordering of a BCP film. A) A 
grooved top mold is pressed upon a BCP film oriented 

perpendicularly to a bottom substrate, with two domains of 
different surface energy (grey/green). b) After imprint, the 

the lamellae follow the direction of the grooves. 
 

 
Fig. 11.  SEM micrographs with patterned fibers which 
were thermally imprinted using a flat stamp. a) Large 

periodic structures are molded into the surface of a bundle 
of 40 μm polyamide (PA) fibers. b) A patterned 100 μm 
polyester (PES) fibers with a complex microstructure,�� 

Elsevier [15]. 
 

3.4. Combination of processes and components 
 
 The patterning of non-flat surfaces becomes a 
prominent topic. NIL, as a planar technique with 3D 
characteristics, often uses a soft stamp which is able to 
conform to non-ideal substrates, i.e. to different length 
scales of surface height variations. This can be given 
by surface undulations and deviations in structure 
height due to roughness, local surface patterns and 
particles, as well as thickness variations (“waviness”) 
over the entire substrate area. The imprint on round, 
cylinder-like structures such as textile fibers is a 
specific challenge for imprint processes. As for foils, for 
the structuring of fibers a continuous replication 
technology is necessary [15]. However, the replication 
of a fiber using a flat stamp often results in a squashed, 
deformed fiber and the structure can only be 
transferred into a very confined area of the fiber directly 
exposed to the stamp (see Fig. 11). 
 
 
 
4.  Conclusions 
 
Taking the benefits of the third dimension and keeping 

the advantages of planar technology is the foundation 
of all further development of large area and chip based 
manufacturing. In the future, more 3D techniques are 
needed to approach different applications. Replication 
has ingredients from both categories, and will be 
decisive in the fabrication of new 3D devices. 
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