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down to 10 nm and with self-cleaning,[3]  
adhesive,[4–6] antireflective,[7] and sensing[8] 
properties. In the biomedical field, nano-
structures and microstructures are fab-
ricated as antibacterial and antiadhesive 
coatings for implantable prostheses[9,10] 
and as scaffolds for enhanced tissue regen-
eration.[11] Nanofabrication and microfab-
rication methods are also used to make 
nanoelectrochemical and microelectro-
mechanical systems (NEMS and MEMS), 
for example, for trapping biomolecules  
or biostructures,[12] for facilitating diag-
nostic purposes,[13,14] and for carrying out 
chemical reactions in a configurable and 
scalable fashion.[15,16] MEMS and NEMS 
can also be paper-based, making fabricated 
structures disposable, or fully recyclable at 
low cost.[17]

The wide array of applications for nano-
structures and microstructures is accompanied by a variety of 
fabrication methods. Lithographic methods, such as photo-
lithography, electron beam lithography (EBL), and ion beam 
lithography (IBL), are the fabrication methods of choice in 
the field of microelectronics,[18] likely due to the high resolu-
tions and throughput that these methods can achieve. Additive 
manufacturing (AM) of microstructures and nanostructures 
is gaining attention for fabrication of photonic crystals,[19] 
bioinspired adhesives,[20] and optical data storage,[21] probably 
because the digital nature of the AM process allows on-demand 
manufacturing and thus wide diversity in structural design.[19,22] 
Pattern transfer methods, such as stamping and molding, are 
greatly used for research purposes, as they are simple and low-
cost, providing a fast and effective tool toward structures with 
nanometer-sized or micrometer-sized features[23] and compat-
ible with a range of materials, including biomaterials,[24] poly-
meric materials,[25] and paper.[26]

The diversity of nanofabrication and microfabrication 
methods, their rapid progress in terms of resolution and geo-
metric complexity, and the emergence of new fabrication 
methods create a need for systematic comparisons between 
these methods, in order to depict what is currently possible in 
terms of manufacturability and to identify trends in the devel-
opment of fabrication methods and their applications. Sev-
eral classifications of nanofabrication and microfabrication 
methods have been presented in the literature. Gates et al.[23] 
distinguished between conventional (i.e., commercialized) and 
unconventional (i.e., emerging) nanofabrication and microfab-
rication methods, and between top-down (e.g., lithographic) and 
bottom-up (e.g., molecular or particle interaction and assembly) 

When designing a new nanostructure or microstructure, one can follow a 
processing-based manufacturing pathway, in which the structure properties 
are defined based on the processing capabilities of the fabrication method 
at hand. Alternatively, a performance-based pathway can be followed, where 
the envisioned performance is first defined, and then suitable fabrication 
methods are sought. To support the latter pathway, fabrication methods are 
here reviewed based on the geometric and material complexity, resolution, 
total size, geometric and material diversity, and throughput they can achieve, 
independently from processing capabilities. Ten groups of fabrication methods 
are identified and compared in terms of these seven moderators. The highest 
resolution is obtained with electron beam lithography, with feature sizes below  
5 nm. The highest geometric complexity is attained with vat photopolymerization. 
For high throughput, parallel methods, such as photolithography (≈101 m2 h−1), 
are needed. This review offers a decision-making tool for identifying which 
method to use for fabricating a structure with predefined properties.

Nanofabrication

1. Introduction

Nanostructures and microstructures are used in several research 
and application fields. Advancements in nanofabrication and 
microfabrication technologies over the last decades include 
increasingly smaller feature sizes, enhanced functionality, and 
improved economic viability either for large-scale production in 
industry or for small-scale production in laboratory research. For 
example, in the information-technology industry, feature sizes 
of integrated circuits (ICs) are continuously scaled down, con-
sistent with Moore’s law of biennial doubling of the number of 
transistors on a microprocessor chip.[1,2] In polymer sciences, 
researchers emulate biological structures with feature sizes 
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methods. These authors predicted that one of the main future 
trends will be the development of fabrication techniques that 
enable resolutions under 20 nm at low cost. Brinksmeier et al.[27]  
classified nanofabrication and microfabrication methods based on 
two large application fields: microsystem technologies (including 
MEMS and micro-opto-electromechanical systems) and micro-
engineering technologies (including mechanical components, 
molds, and microstructured surfaces). These authors observed 
that while each of these two fields employs a different set of pre-
ferred fabrication techniques (e.g., photolithography primarily 
being used in microsystem technologies and microengraving 
being used in microengineering technologies) (electron, ion, and 
laser) beam lithographic methods are used in both fields. Qin et 
al.[28] divided micromanufacturing methods in traditional MEMS-
based manufacturing methods and emerging non-MEMS-based 
manufacturing methods. A few years later, Razali and Qin[29] 
presented an alternative classification based on the nature of 
the process used, distinguishing between additive, subtrac-
tive, deforming, joining, and hybrid processes, and argued that 
deforming processes, such as stamping, are highly promising 
for industrial applications, but that achieving high throughput in 
combination with precise positioning of the material in an indus-
trial environment is a critical bottleneck. A similar classification 
was made earlier by Dimov et al.,[30] based on whether a fabrica-
tion method relies on removal or addition of material, and on the 
number of dimensions in which processing occurs (e.g., milling 
being a 1D material-removal process and injection molding being 
a 3D material-adding process). Dimov et al.[30] acknowledged that 
it is unlikely that a sole type of fabrication technology becomes 
dominant and highlighted the importance of integrating multiple 
technologies and of developing hybrid technologies. Vaezi et al.[31]  
argued that MEMS technology will improve with the availability of 
more complex 3D microstructures and accordingly reviewed 3D 
microadditive manufacturing methods, classified in scalable addi-
tive manufacturing (AM) methods (with which both macroscale 
and microscale structures can be fabricated), 3D direct writing 
methods (suitable for microscale structures only), and hybrid pro-
cesses (in which additive and subtractive processes are combined).

A common feature of the aforementioned classifications is 
that nanofabrication and microfabrication methods are catego-
rized based on their processing characteristics. This is certainly 
meaningful, resonating field-dependent developments in fab-
rication methods. A consequence thereof might be, however, 
that researchers and designers could miss opportunities that 
are becoming available outside their fields of expertise. When 
designing a new nanostructure or microstructure, it may be 
more fruitful to choose a fabrication method based on the prop-
erties of the envisioned structure rather than deciding on the 
properties of the structure based on the processing capabilities 
of the fabrication methods at hand.

The difference between a processing-based and a perfor-
mance-based decision-making can be illustrated by the three-link 
chain model proposed by Olson,[32] which integrates relations 
between processing, structure, property, and performance, in a 
manufacturing roadmap. Olson distinguished between a pro-
cessing-based (deductive) and a performance-based (inductive)  
pathway through the chain (Figure 1).[32] While the deductive 
approach follows the path from processing toward performance, 
an inductive approach is also possible, according to which the 

structure needed for the envisioned performance and properties 
is defined first, and then the most suitable processing methods 
are sought. Such a pathway shift is ongoing in the rapidly evolving 
field of AM, in which “depending on the needed structure, a 
suitable AM process for manufacturing can be selected that is 
able to create the needed structure”[22] (see also Bourell et al.,[33]  
in which such an inductive design methodology is identified as 
a way to assist understanding the relationships between pro-
cessing, structure, properties, and performance).

To support a performance-based pathway of designing and 
fabricating nanostructures and microstructures, in this paper we 
review nanofabrication and microfabrication methods based on 
the geometric characteristics and the materials the structure is 
made of, independently from the processing characteristics of 
the fabrication methods (e.g., subtractive vs additive, top-down 
vs bottom-up) and their current application fields (e.g., nanoelec-
tronics or microelectronics, bioengineering, etc.). Accordingly, 
we review nanofabrication and microfabrication methods based 
on the following four moderators:

•	 Geometric Complexity: Geometric complexity refers to the archi-
tectural design of a functional nanostructure or microstructure,  
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Figure 1. Three-link chain model integrating the relations between pro-
cessing, structure, property, and performance of an engineered structure. 
Adapted with permission.[32] Copyright 1997, The American Association 
for the Advancement of Science.
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the complexity of which we consider increasing with the pres-
ence of geometric features such as curvatures, cavities, and 
overhangs. We define three levels of increasing geometric 
complexity, ranging from 1 to 3, which will be introduced later 
in this section.

•	 Material Complexity: With material complexity we refer to the 
number of materials that can be used in one structure, re-
sulting in integration of materials with different values of the 
same material property (e.g., variable degrees of stiffness) or 
integration of materials serving different properties (e.g., 
one material for low stiffness and another material allowing 
for conducting regions in the structure). We define two levels 
of material complexity, single (one material in the structure) 
and multiple (two or more materials in the structure).

•	 Resolution: Resolution is defined as the smallest volume that 
can be added to or removed from a structure. This volume is 
determined by both the size of the smallest piece of matter 
that can be added or removed (which is sometimes referred 
to as the smallest feature size) and the minimal spatial sep-
aration between two added or removed pieces of matter.[34] 
The minimal spatial separation is determined by the attain-
able placement accuracy and/or by the properties of the 
material that is added or removed. Here, we use a 4-point 
scale to quantify resolution, ranging between ≤10 nm,  
11–100 nm, 101 nm–1 µm, and >1 µm.

•	 Total Size: Total size refers to the maximum attainable total  
area of the structure. We use a 4-point scale to quantify the 
total size of nanostructures or microstructures, ranging  
between <1 mm2, 1–99 mm2, 1–10 cm2, and >10 cm2.

The contribution of each of these four moderators to the per-
formance of a nanostructure or microstructure varies between 
applications. For example, performance of patterned adhesives 
is predominantly determined by their geometric complexity (e.g., 
mushroom-shaped pillars,[35] hierarchical structures[36]), but high 
resolution (i.e., small size of features[37]) and the use of more 
than one material in the structure[38] can also be employed for 
enhancing adhesion. Another example is MEMS, the perfor-
mance of which is assumed to improve with miniaturization of 
these systems, leading to higher processing speeds, energy con-
servation, and cost reduction.[39] Application of nanoscale compo-
nents (as is done in NEMS) introduces even more functionali-
ties, including space-efficient and light-weight structures or high 
mechanical resonance frequencies.[39,40] However, next to resolu-
tion, material complexity (i.e., integration of different materials[41])  
and geometric complexity (e.g., stacked architectures[41,42]) also 
contribute to the performance of MEMS.

Next to the four above-mentioned moderators of a single 
nanostructure or microstructure, an important criterion in 
deciding which fabrication method to use is the flexibility of 
methods, that is, the extent of the output, both in terms of diver-
sity and in terms of size. Accordingly, in this review we also 
include the following three moderators:

•	 Geometric Diversity: With geometric diversity we refer to the va-
riety of shapes that can be fabricated with the same instrumen-
tal setup. For example, with one 3D mold only one geometry 
can be made, whereas with a scanning beam lithography (SBL) 
setup multiple geometries can be made. We define geometric 

diversity based on the number of dimensions (between zero 
and three) in which a structure can be independently tuned. 
For example, for imprinting methods, this number would be 
zero, whereas for a scanning-beam lithographic method, the 
structure is freely tunable in two dimensions (with the possi-
bility of linearly extruding a 2D pattern in the third dimension 
by varying etch depth).

•	 Material Diversity: With material diversity we refer to 
the variety of material types of which a nanostructure or  
microstructure can be made. A fabrication method that  
allows for higher material diversity can be used to attain 
structures with a greater variety in material properties (e.g., 
structures with various degrees of stiffness or refractive in-
dexes). We define two levels of material diversity, in which 
level 1 implies that the fabrication methods can accommo-
date only one group of materials (e.g., only metallic materials,  
or photosensitive materials, or biomaterials), and level 2 
implies compatibility with more than one group of materials.

•	 Throughput: Throughput refers to fabrication speed.  
Depending on the type of fabrication method, throughput is 
expressed in “writing length per second,”[19,43] “area or vol-
ume per hour,”[19] or “wafers per hour.”[44–46] Here we use a 
4-point scale to characterize throughput, ranging between 
low, medium, high, and very high. A low throughput means 
fabrication speed in the order of a few mm2 per hour, a very 
high throughput is in the order of tens of mm2 per hour.

In recent years, the quest for functional structures inspired by 
nature raised great interest in the relation between function (e.g., 
light harvesting,[47] impact-resistance,[48] adhesion[49,50]) and prop-
erties (e.g., strength, toughness, stiffness) by means of varying 
structural rather than material properties.[51,52] Indeed, to meet 
the natural equilibrium between material formation and degrada-
tion,[51] biological materials are limited in both number and perfor-
mance (e.g., natural materials are typically soft or brittle[52,53]), and 
exceptional properties originate from geometric complexity, rather 
than from the used materials. An example thereof is the impact-
resistant club of smashing stomatopods, which is used to hammer 
the shells of prey. The high strength of the club originates from a 
specific architecture, namely a helicoidal arrangement of mineral-
ized chitin fibres, resulting in a so-called Bouligand geometry.[54]

Following this rationale, we chose to classify the fabrica-
tion methods based on the geometric complexity that can be 
attained with them. We operationalize geometric complexity 
based on the number of isolines, also referred to as contour 
lines,[55] required to describe the topology of the structure (or of 
one module of the structure, in the case of a periodic structure, 
that is, a structure consisting of repetitive modules) and define 
accordingly three levels of geometric complexity (Table 1). We 
borrowed the concept of isolines from physical geography 
(among other fields), where isolines are commonly used as an 
effective 2D representation of 3D landscapes and surfaces. We 
defined the three levels of geometric complexity.

•	 Level 1: 2D structures, extruded in the third dimension with 
a fixed extrusion height or depth. When a 3D structure is an 
extrusion of a planar pattern with a fixed extrusion height or 
depth, one isoline, with a nonzero height or depth, is required 
to describe the structure.

Small 2018, 14, 1703401
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•	 Level 2: 3D structures with areas of various heights and 
no overhanging parts or cavities. Two or more isolines are  
required to describe such structures, and for all pairs of iso-
lines it holds that if h2 > h1, then l2 ≤ l1, where h is the height 

of the isoline and l is the length of the isoline. The larger the 
variability in heights (cf. structures with curved surfaces), 
the larger the number of isolines required to describe the 
structure.

Small 2018, 14, 1703401

Table 1. Levels of geometric complexity.

Geometric complexity level Contour map Examples and applications

Level 1. 2D structures, extruded in the third dimension with a fixed  

extrusion height or depth. The structure is an extrusion of a planar  

structure with a fixed height or depth. One isoline, with a nonzero  

height (or depth) h1, is required to describe the structure.

Patterned adhesive consisting of hexagonal pillar arrays, fabricated 

using molds made with photolithography. Adapted with permission.[6] 

Copyright 2015, John Wiley and Sons.

 2D photonic crystals, deposited and self-assembled  

on a silicon substrate. Adapted with permission.[57] Copyright 2017, 

The Japan Society of Applied Physics.

Level 2. 3D structures with areas of various heights and no over-

hanging parts or cavities. Two or more isolines are required to 

describe the structure, and for all pairs of isolines it holds that if  

h2 > h1, then l2 ≤ l1, where l is the isoline length and h is the  

isoline height.

Hierarchical adhesive, fabricated with a two-step molding process. 

Adapted with permission.[58] Copyright 2009, John Wiley and Sons.

Two-level lines on a substrate, to be cut into T-shaped particles.  

Made with imprinting lithography. Adapted with permission.[56]  

Copyright 2017, Springer Nature.

Level 3. 3D structures with overhanging parts and/or cavities. The 

contour map either contains at least one pair of isolines for which it 

holds that if h2 > h1, then l2 > l1 (top picture; the isoline with height h1  

is located partially under the isoline with height h2), or contains over-

lapping (i.e., crossing) isolines (bottom picture). The dashed lines are 

located below the solid lines and are slightly shifted (laterally at the 

top picture and radially at the bottom picture) for the sake of visibility.
Microcantilevers to be used for quantifiably evaluating the  

mechanical properties of the material the structure is made of.  

Adapted with permission.[59] Copyright 2012, AIP Publishing LLC.

An air-trapping surface to be used underwater. Fabricated  

with stereolithography. Adapted with permission.[60] Copyright 2015, 

American Chemical Society.
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•	 Level 3: 3D structures with overhanging parts and/or cavi-
ties. The contour map either contains crossing isolines or 
there is at least one pair of isolines for which it holds that if 
h2 > h1, then l2 > l1.

These levels of geometric complexity are comparable to three 
shape categories for particles in a dispersion, as presented in 
Reuter et al.,[56] who distinguished between “quasi 2D” (shaped 
in plane), “hemi 3D” (shaped in half space), and “fully 3D” 
(shaped in the entire space).

In the remainder of the paper, nanofabrication and microfab-
rication methods are presented in order of ascending geometric 
complexity; for each fabrication method, we briefly describe the 
working principle and assess the method in terms of the afore-
mentioned moderators. In the discussion section, a decision 
tool is presented, in which all seven moderators are taken into 
consideration simultaneously.

2. Fabrication Methods for 2D Structures Extruded 
in the Third Dimension with a Fixed Extrusion 
Height or Depth (Geometric Complexity Level 1)

Nanostructures and microstructures of which the third dimen-
sion is an extrusion of a 2D pattern can be manufactured by 
means of scanning probe lithography (SPL), photolithography, 
scanning (ion or electron) beam lithography, colloidal lithog-
raphy, and block-copolymer lithography.

2.1. Scanning Probe Lithography

In SPL, a scanning probe tip is used to pattern substrates in either 
an additive (so-called additive SPL) or a subtractive (called subtrac-
tive SPL) fashion by transferring molecules toward or from a sub-
strate mechanically, diffusively, electrically, or thermally.[61] SPL 
can be realized with a standard atomic force microscope (AFM), 
making SPL an accessible, versatile, and appealing method for 
nanoscale engineering.[61,62] The main advantage of SPL is that, 
with piezoelectric positioning of the scanning probe tip, resolu-
tions of 10 nm can be achieved in a direct-writing step.[63] Struc-
tures are freely written in or on a substrate, and are thus tunable in 
two dimensions. Due to their serial character, a limitation of SPL 
methods is that throughput is typically low: writing speeds are in 
the order of micrometers per second, and higher writing speeds 
typically go at the expense of resolution. One approach to increase 
the throughput with SPL is to use multiple tips simultaneously.

Processing conditions are generally mild in terms of tempera-
ture and stress on the sample, and a wide range of materials and 
substrates can be used, including biomaterials and soft matter.[61] 
Furthermore, some SPL techniques allow for patterning with dif-
ferent materials either simultaneously[64] or consecutively.[65,66]

For a review on SPL techniques and their applications, see 
Garcia et al.[61]

2.1.1. Additive Scanning Probe Lithography Methods

Additive SPL methods are based on deposition of material 
on a substrate to form a pattern. Here, we discuss dip pen 

nanolithography (DPN) and bias-induced SPL. In DPN, an 
AFM tip is used to transfer molecules or a liquid ink to a sub-
strate by molecular diffusion or fluid flow, respectively.[63,67] 
DPN is a fitting tool for patterning biomaterials, because of the 
absence of harsh post-treatments such as ultraviolet, ion-beam, 
or electron-beam irradiation, and due to its high compatibility  
with soft matter.[67] The thickness of the deposited layer depends 
on the used material that is deposited, and is fixed throughout 
the whole structure. DPN has been used to pattern self-assem-
bled monolayers of molecules for trapping oligonucleotides, 
viruses, or proteins.[23] Another example of patterning self-
assembled monolayers with DPN was presented by Wang  
et al.,[68] who used DPN to pattern a gold substrate with circular 
16-mercaptohexadecanoic acid arrays, on which self-assembly of 
single-walled nanotubes (SWNTs) was then directed (Figure 2).

To increase throughput, Chen et al.[69] used 55 000 tips 
simultaneously to write a pattern of initiator molecule on a gold 
substrate, on which a resist layer was grown. In a subsequent 
etching step, the written pattern was transferred into the under-
lying gold substrate.

Bias-induced SPL is another additive SPL method, in which 
a voltage is applied over the AFM probe and the substrate, to 
induce local deposition or transformation.[61] For example, Ferris 
et al.[70] coated a substrate with a polymer brush and then used 
bias-induced SPL to electrochemically pattern the surface of the 
polymer brush. Such electrochemical patterns can act as templates 
for self-assembly or for local deposition of inorganic molecules.

2.1.2. Subtractive Scanning Probe Lithography Methods

Subtractive SPL methods include thermal SPL and some forms 
of bias-induced SPL. Thermal SPL is an SPL method in which 
the substrate is altered by means of evaporation induced via a 
heated tip. By varying the tip temperature, the writing depth can 
be controlled with an accuracy down to 10 nm.[71,72] Bias-induced 
SPL is also used in a subtractive fashion, inducing electrochem-
ical processes to remove matter. For example, by locally inducing 
oxidation, nanopatterns can be written.[61,73] Because of the time 
needed for the tip–substrate interaction to take place, most types 
of electrical SPL (whether additive or subtractive) come with low 
writing speeds.[19] In subtractive SPL, substrate–tip interactions 
can also be of mechanical nature, such as scratching.[74]

Small 2018, 14, 1703401

Figure 2. Left: Single-walled carbon nanotubes on a gold substrate, arranged 
in circles. Right: Close-up of one nanotube. Self-assembly of the nanotubes 
was directed on circular 16-mercaptohexadecanoic acid arrays created on a 
gold substrate by means of dip pen nanolithography (DPN). Reproduced 
with permission.[68] Copyright 2006, National Academy of Sciences.
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With SPL, typically single-layer structures are fabricated. A 
recent paper on SPL has shown that it is possible to use SPL to 
print structures in a layer-by-layer fashion, resulting in structures  
with various heights throughout the structure.[75] If SPL turns 
out to be an established method for such structures, SPL will be 
upgraded to a complexity level-2 method.

2.2. Photolithography

In photolithography, a photoresist layer is applied on a sub-
strate. Then, the photoresist layer is exposed to light through 
a photomask, that is, a planar array with transparent and 
opaque regions that form a pattern. Upon light exposure, the 
chemical stability of the photoresist changes, and depending on 
the type of the photoresist, either the exposed (in the case of a 
so-called positive resist) or unexposed (negative resist) areas of 
the photoresist become soluble. In a subsequent etching step, 
the chemically altered areas of the photoresist are removed, 
resulting in a patterned photoresist layer. Next, the photoresist 
is hardened to obtain the final structure.[23]

Besides photosensitivity, photoresist materials need to have 
specific requirements, such as etch resistance, adhesion to 
the underlying substrate, or ability to form defect-free thin 
films.[76] Commonly used photoresists are SU-8, polyimide, and  
Parylene C.[77] When photolithography is used for the fabrication 
of ICs, the patterned photoresist acts as template for patterning 
the underlying semiconducting silicon layer in a subsequent 
etching step, and the resist is removed after pattern transfer.[76] 
Due to the parallel nature of photolithography, complete layers 
are patterned in a single-step exposure or etch. Therefore, mul-
tilayer or multimaterial structures can only be made with post-
processing or repeating exposing and etching cycles.

The attainable geometric diversity with photolithography is 
low, since a 2D pattern (the mask) acts as template to fabricate 
an extruded structure. The only freely tunable dimension is 
the height or depth of the structure, which can be controlled 
by choosing the resist layer thickness. Photolithography has a 
parallel nature, meaning that 2D arrays can be fabricated in a 
single exposure step, and feature sizes in the µm-range were 
obtained already in the 1970s.[78] The method was therefore rap-
idly adopted by the industry, particularly for the fabrication of 
ICs and printed circuit boards.

In both industrial and laboratory settings, the basic prin-
ciple of photolithography is the same, but moderators such 
as throughput and resolution can be very different. Industrial 
photolithographic instruments have been drastically evolved 
in terms of throughput and resolution by means of automati-
zation and optimization of the instrumentation. The required 
instrumentation is costly,[79] but with such optimized setups, 
structures can be fabricated at throughputs of more than  
100 wafers per hour (equivalent to over 28 m2 h−1),[80] making 
the costs per patterned area relatively low.

On laboratory level, photolithography is used for fabrication 
of, among other applications, bioinspired adhesive microstruc-
tures[4,6] and microfluidic chips,[81,82] because great geometric 
diversity (with the use of a different photomask for each struc-
ture) and reasonable resolutions (in the order of micrometers) 
are possible with lab-scale photolithographic setups. Expensive 

optics and automatization machinery are not required for such 
research purposes, and therefore the costs of a photolitho-
graphic lab instrument can be two orders of magnitude lower 
as compared to industrial setups.

Depending on the distance between the photomask and the 
substrate, three types of photolithography can be distinguished: 
projection photolithography, proximity photolithography, and 
contact photolithography. Another parallel lithographic method 
is plasmonic lithography. Finally, lithography with light can be 
also used without masks. Such maskless optical lithographic 
methods will be discussed in Section 2.3.

2.2.1. Projection Photolithography

Projection photolithography is sometimes referred to as far-
field (optical) lithography,[83] because a distance between the 
mask and the substrate has to be maintained. An optical lens 
(or a series of mirrors and lenses) is located between the mask 
and the substrate, focusing the light after it passes the mask 
and allowing pattern-size reduction of 2–10 times with respect 
to the mask.[83] The high resolutions that can be attained (down 
to 37 nm)[83] in combination with the high throughput make 
projection photolithography the most common method for fab-
ricating ICs.[84]

The main challenge of projection photolithography is that at 
high resolutions, the mask acts like a diffraction grating.[85] To 
cancel out diffraction effects, expensive phase-shifting optics 
and high-sensitive photoresists are required.[86] With the intro-
duction of deep UV lasers, the wavelength was reduced from 
365 to 248 nm in 1995 and to 193 nm in 2000,[87] minimizing 
these diffraction effects. Resolutions down to 37 nm with a 
193 nm wavelength excimer laser have been demonstrated.[83] 
With an expected wavelength of 13.5 nm, the use of extreme 
ultraviolet lithography (EUV) has resulted in resolutions below 
10 nm.[88] With the use of double-patterning (or multiple-pat-
terning), in which a pattern is split in two (or more) masks that 
are subsequently projected into the resist layer, patterns with 
a higher density and resolution than the used masks can be 
obtained.[87]

Besides photons, also ions can be used with masks to transfer pat-
terns into resist layers, as is done in ion projection lithography.[89,90] 
With ion projection lithography, thanks to lower diffraction 
effects than with photon projection lithography, a high accuracy  
can be obtained, although obtainable resolutions are lower.[90]

2.2.2. Proximity Photolithography

In proximity photolithography, the distance between photo-
mask and photoresist is much smaller than in projection photo-
lithography, and no optics are used to downsize the projection, 
significantly suppressing the costs as compared to projection photo -
lithography.[83] The attainable resolution with proximity (photo)
lithography can improve by decreasing the laser wavelength  
λ and the proximity length x between the mask and the sub-
strate according to xλ ⋅ .[91] To obtain resolutions below 30 nm, 
the proximity length has to be at the sub-micrometer level, which 
is challenging.[92] At the beginning of the 21st century, methods 

Small 2018, 14, 1703401



1703401 (7 of 24)

www.advancedsciencenews.com www.small-journal.com
small

NANO MICRO

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were developed to correct for or even exploit Fresnel diffraction at 
the photomask, allowing larger mask–substrate distances.[91]

Due to the absence of expensive optics, proximity photolithog-
raphy is a cost-effective technique, considering the resolutions  
(2–3 µm) and throughput that can be obtained with it.[83] 
Recently, EUV proximity lithography has been used for the fast 
fabrication of arrays of infrared antennas with feature sizes in 
the µm-range.[92]

2.2.3. Contact Photolithography

In contact photolithography, the proximity length x is brought 
to zero, that is, the mask and the resist layer are in contact.[93] 
Linewidths of around 16 nm have been fabricated using grat-
ings in contact with the resist.[94] The downside of this method 
is that the contact can cause defects on the mask or resist layer, 
which is the main reason why contact photolithography is not 
the photolithographic method of choice for industry.[95]

2.2.4. Plasmonic Lithography

In plasmonic lithography, a thin metal plate is mounted on 
a prism of (typically) glass prism. When a light beam hits  
the metal plate through the prism at a certain incident angle, 
the normal component of the light wave vector couples with the 
wave vector of surface plasmon polaritons (SPPs) in the metal. 
Because of the permittivity difference between the metal and the 
supporting glass, this photon–SPP coupling induces SPPs prop-
agating along the metal surface with frequencies much higher 
than the photons used to induce them. In plasmonic lithography, 
this phenomenon is used to pattern a resist layer with SPPs.

A challenge with plasmonic lithography is that SPPs decay 
faster than photons (in the order of 5–20 nm), only allowing for 
proximity lengths that are much shorter than those achieved 
with proximity photolithography.[96] Feature sizes down to 22 nm  
have been demonstrated, by projecting a ring-shaped interfer-
ence pattern of plasmonic oscillations on a resist layer.[97] By 
giving the metal surface a typical curvature, high intensities of 
SPPs can be generated very locally, resulting in even smaller 
writing beams. A recent example of this is the incorporation of 
bowtie-shaped apertures in a metal layer. SPPs were collected 
at the narrowest part of the bowtie, resulting in a writing spot 
with diameters down to 16 nm.[94]

2.3. Scanning Beam Lithography

Direct-writing lithographic methods are referred to as SBL. In 
SBL, a pattern is written on a resist layer by one or more scan-
ning beams of photons, electrons, or ions. Note that the “resist” 
layer does not necessarily act as a etch-resistant layer, but rather 
as the layer that is manipulated. SBL methods are often used 
for the production of lithographic masks.[83]

Similar to masked lithographic methods, with scanning-beam 
fabrication methods a pattern is freely written on or in a planar 
substrate. The extrusion depth of the 2D pattern is determined 
by the resist thickness or the beam intensity. The attainable 

resolution of SBL methods improves with lower beam intensities, 
which reduce the beam spot size. As a consequence, the search for 
resists with higher sensitivities (i.e., reacting at exposure to low-
intensity beams) is a critical element in SBL.[98] Due to the serial 
character of SBL, manufacturing speed is slow: it can take 24 h to 
pattern a 1 cm2 array with 20 nm features.[23] SBL-fabricated struc-
tures are geometrically complex and diverse, and therefore, SBL-
fabricated structures are commonly used as templates (molds or 
masks). Materials for resists that are compatible with SBL are lim-
ited, because they need to be photon-, electron-, or ion-sensitive. 
Here, we discuss optical beam lithography (OBL), interference 
lithography, electron beam lithography, and ion beam lithography.

2.3.1. Optical Beam Lithography

In OBL, also referred to as maskless photolithography, 2D struc-
tures with a defined height or depth are written in or on a planar 
substrate using UV light. Photons react with the substrate atoms 
by means of the photoelectric effect or by initiating photopolym-
erization to reduce or increase the etch resistance of a resist layer. 
Depending on the used resist, resolutions of about 50 nm can 
be achieved with OBL.[34] Similar to masked photolithography, 
using light with shorter wavelengths (e.g., EUV: 13.5 nm) reduces 
diffraction effects. With OBL, where the photoresist is cured by 
means of photopolymerization, the depth of polymerization can 
be defined by tuning the photon intensity at the focal point of 
the beam. Therefore, OBL is used to write nanometer-sized 
lines with a defined height on a substrate.[99] Due to this tunable 
polymerization depth, OBL is also suitable for the fabrication of 
stacked 2D projected structures, resulting in level-2-complexity 
structures.[34]

2.3.2. Interference Lithography

Interference lithography (also referred to as holographic 
lithography) is a variant of OBL, in which the interference pat-
tern of two coherent beams is projected on a resist layer.[100] 
Alternatively, beams (or one wide beam) are diffracted with 
gratings to generate interference patterns.[84] When using the 
second order intersect of two interfering beams, the pathway 
between light source and substrate is elongated, resulting in 
further pattern size reduction (sub 10 nm linewidths with 
EUV lasers).[101] Interference lithography has the limitation 
that the resist layer can only be patterned with periodical 
structures.[84]

2.3.3. Electron Beam Lithography

In EBL, electrons are accelerated toward a resist layer on a sub-
strate. The dominant mechanism of EBL is electron–electron 
collision, resulting in either crosslinking (in case of a negative 
resist) or scissoring (in case of a positive resist) of the polymeric 
resist layer.[102] Subsequently, a developing step (e.g., etching) 
is required to obtain a pattern. The resist layer can be made 
of hydrogen silsesquioxane (HSQ), poly(methyl methacrylate) 
(PMMA), NaCl, SiO2, or LiF.[103] The use of a high-sensitive 
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resist such as HSQ improves the resolution of EBL, but this 
comes with the disadvantage that HSQ has a high susceptibility 
for beam scattering and back-scattering at the resist;[102] by 
defining and predicting the back-scattering, however, structures 
with sub 5 nm feature sizes have been fabricated (Figure 3).[104] 
This resolution limit is not determined by the electron beam 
diameter, but by the mechanical strength of the resist during 
the subsequent developing step. In EBL, high resolution comes 
with a low electron dose, and therefore goes at the expense of 
throughput.[104]

2.3.4. Ion Beam Lithography

IBL is a collective name for techniques in which a focused 
beam of ions is used to modify a surface by altering its struc-
ture or chemical properties, or by atom removal.[105] An advan-
tage of IBL as compared to EBL is that ions scatter less than 
electrons upon collision with the resist layer, minimizing col-
lateral modifications of the resist.[105] Moreover, ion beams have 
a higher impact on the substrate, meaning that a lower dose 
suffices to leave a pattern.[105]

Focused ion beam lithography (FIB) is an IBL method in 
which heavy ions (typically Ga+ ions, around 30 keV) are used. 
The heavy ions alter the substrate upon colliding. Depending 
on the resist, the substrate is milled, ions are implanted, or the 
substrate is sputtered.[90,105] FIB was invented in the 1970s and 
became commercially available 10 years later.[90] A beam spot size 
of 8 nm has been reported and used to write 10 nm sized features 
in a 30 nm thick layer of PMMA.[106] In Figure 4, 8 nm wide lines, 
written in a 50 nm thick resist layer of AlF3/GaAs, are depicted. 
Such small features were obtained thanks to vaporization of the 
resist upon etching, which filters the edges of the ion beam and 
leads to a peak intensity in the center of the ion beam.[107]

p-beam writing is another IBL method, in which protons are 
used to write directly and deeply in a resist layer.[90] Protons are 
light and fast ions, with energies typically in the MeV range, 

which interact with substrate ions and undergo thousands of 
collisions before they are adsorbed. Contrary to the heavy ions 
used in FIB, light-ion beams show minimal internal scattering. 
Moreover, light ion beams have well-defined penetration depths,  
which is useful for manipulating one (thick) resist layer at sev-
eral depths to create multilayered structures.[90]

2.4. Directed Self-Assembly of Planar 2D Structures

By directing the self-assembly of macromolecules on a sub-
strate, a variety of planar patterns can be made. These patterns 
act as templates that are transferred into or onto underlying 
layers by means of etching, deposition, or stamping in parallel 
high-throughput processes.[108,109] As such, 2D patterns, which 
are extruded in the third dimension with a fixed extrusion 
height or depth, can be generated.

Self-assembled templates can be fabricated by tuning the 
physical or chemical properties of self-assembling (macro)mole-
cules such as block-copolymer (BCPs) or colloids upon depo-
sition on a substrate.[110] DNA has also been used as building 
block for nanoscale structures. Folding and self-organization 
of DNA molecules can be directed by, for example, using 
predefined base pair sequences obtained from enzymatic syn-
thesis.[111] In this section, we discuss block-copolymer lithog-
raphy, colloidal lithography, and nanoporous anodic aluminum 
oxide (AAO).

2.4.1. Block-Copolymer Lithography

In BCP lithography, a thin film of self-assembled block-copoly-
mers on a substrate is used as a lithographic mask after selective  
removal of one block by dissolving or etching. Self-assembly 
of BCPs can be driven by phase separation of the two (or more) 
blocks, induced by, for example, dissolving the poly  mer in a 
solvent, temperature modification, or acidity modification. 
Self-assembly of BCPs on a substrate can also be induced 
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Figure 3. Left: A dot array in hydrogen silsesquioxane (HSQ), fabricated 
with electron beam lithography. The center-to-center distance between 
two dots is 10 nm, and the diameter of one dot is 5.1 nm. Right: An 
isolated line in HSQ, with 4 nm width. This is the smallest obtainable 
width at which the line did not collapse during development. Adapted 
with permission.[104] Copyright 2013, American Chemical Society.

Figure 4. Lines with a width of 8 nm in a AlF3/GaAs resist, fabricated with 
focused ion beam lithography. Reproduced with permission.[107] Copy-
right 1999, Elsevier.
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by modifying the supporting substrate to create initiation 
point of self-assembly, for example, by applying defects 
using IBL[105] or pattern high-affinity regions using SPL.[112]  
By incorporating etch-resistant blocks in the BCP, the BCP 
pattern is transferred to an underlying functional layer 
through etching.[108,113,114] Alternatively, a metallic layer 
can be evaporated on top of the self-assembled pattern; 
subsequent lift-off of the polymer layer leaves the desired 
pattern on the underlying substrate.[115] Onses et al.[116]  
integrated self-assembly of block-copolymers with electro-
hydrodynamic jet printing (EHD; see Section 3.1.1) by 
printing microdroplets of BCPs dissolved in an organic sol-
vent (Figure 5).

The resolution of BCP lithography can be tuned with 
the BCP block sizes and chemical properties, and is typi-
cally in the order of 10 nm.[108] Line widths of 6 nm have 
been also reported.[117] Materials used as BCP include poly-
styrene (PS), PMMA, poly(ethylene-alt-propylene), and 
poly(vinylpyridine).[114] Because of its relatively low costs and 
high attainable resolutions, BCP lithography is used for the 
fabrication of nanopatterns for IC fabrication, photonics, and 
membrane fabrication.[113,118] With photolithography being 
pushed to its resolution limits at the expense of high costs, 
BCP lithography is a very promising method for semiconductor 
manufacturers in their search for ever smaller feature sizes.[108] 
Fundamental geometries required in IC fabrication, including 
lines, dots, t-junctions, bends, and jogs, can be obtained using 
directed self-assembly (DSA).[119] Next to being used as tem-
plates, self-assembled layers are used as functional thin films 
or ordered nanoparticle arrays,[19] photonic structures,[120] and 
antireflective coatings.[121]

BCPs can also self-assemble into 3D structures. We will  
discuss these structures under Section 4.

2.4.2. Colloidal Lithography

Colloidal lithography, also referred to as nanosphere lithog-
raphy, is a special type of contact photolithography, in which, 

instead of a patterned photoresist layer, colloids are used 
as a 2D template. The colloidal pattern can be transferred 
by means of etching (in which, similar to BCP lithography, 
etch-resistant colloids act as a positive resist), deposition 
or evaporation (with subsequent lift-off of the colloids), or 
imprinting.[122,123] Colloidal lithography is a cost-effective 
nanofabrication method, and has been used to fabricate nano-
hole arrays, often used in nanophotonic devices.[124] Litho-
graphic masks from colloids can be further used to create 
triangular patterns, nanorings, and pillars.[125] In colloidal 
lithography, polymeric colloids (made of, e.g., PS[126]) and 
metallic colloids are most commonly used. When a colloidal 
crystal is used as an etch-resistant mask, the underlying layer 
consists of, for example, a polymeric layer,[127] glass,[128] or 
silica.[129] Deposition with colloidal templates is typically done 
with metallic materials.[130] The attainable material complexity 
with colloidal lithography is low, since the colloidal pattern is 
transferred or deposited into a single-material layer.

2.4.3. Nanoporous Anodic Aluminum Oxide

When carried out in an acid electrolyte, the anodic oxidation of 
aluminum results in a nanoporous layer of aluminum oxide.[131] 
In a method referred to as nanoporous AAO, size and distance 
between pores are controlled in a two-step anodization process. 
Before anodization, a substrate of aluminum is electropolished 
to obtain a nanoscale flat substrate. Subsequently, in the first 
anodization step, pores are grown with various interdistances 
and at various angles. Upon the removal of the oxide layer, a 
homogeneous array of nanoscale dimples is revealed, covering 
the aluminum substrate. These dimples form the onset for pore 
growth during a second anodization step, resulting in a homo-
geneous pore array in an aluminum oxide layer. By varying the 
applied voltage during oxidation, the viscosity of the electrolyte, 
or the temperature, the pore size, and center-to-center distance 
between the pores can be varied.[132,133] With AAO, Buijnsters et 
al.[134] developed a range of structures with tunable wettability 
by tuning the pore array. AAO surfaces can also be used as 
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Figure 5. Electro-hydrodynamic jet printing of a butterfly from microdroplets of BCP solution. The light and dark colors originate from the use of two 
PS-b-PMMAs, with different block sizes. The images left and right show magnifications of dark and light regions. The fingerprint-like patterns at the 
bottom two images are the result of BCP self-assembly. Reproduced with permission.[116] Copyright 2013, Springer Nature.



1703401 (10 of 24)

www.advancedsciencenews.com www.small-journal.com
small

NANO MICRO

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

templates to shape polymer layers by imprinting, or for fabri-
cating pillars by molding.[135]

Table 2 illustrates the basic working principles and specifi-
cations of fabrication methods for 2D structures, extruded in 
the third dimension with a fixed extrusion height or depth  
(geometric complexity level 1).

3. Fabrication Methods for 3D Structures with 
Areas of Various Heights and No Overhanging 
Parts or Cavities (Geometric Complexity Level 2)

3D structures with areas of various heights but without over-
hanging parts or cavities can be fabricated with droplet deposition  

Small 2018, 14, 1703401

Table 2. Fabrication methods for two-dimensional structures extruded in the third dimension with a fixed extrusion height or depth (geometric  
complexity level 1).

Fabrication method Material 
complexity

Resolution Total size Geometric 
diversity

Materials  
diversity

Throughput

Scanning probe lithography (SPL) Multiple  

materials 

possible

10 nm[63] Up to  

500 µm2[61]

Two tunable 

dimensions

Multiple materials  

possible:  

Biomaterials,  

soft matter,  

nanoparticles, graphene, 

silicon, ceramics, etc.

Low

Photolithography Multiple mate-

rials possible

Down to  

37 nm;[83]  

potentially 

sub-10 nm[87]

15 cm diam-

eter circular 

substrates

Two tunable 

dimensions

Only  

photosensitive materials

Very high

Scanning beam lithography: Optical beam lithography (OBL) Single material 

structures

52 nm[34] 2 × 2 cm2 

substrates[45]

Three tunable 

dimensions

Only  

photosensitive materials

Low

Scanning beam lithography: Ion beam lithography (IBL) Single material 

structures

8 nm[107] 12.5 × 12.5 mm2 

pillar arrays;[90] 

centimeter-sized 

patterns[105]

Two tunable 

dimensions

Polymeric or metallic 

materials

Low

Scanning beam lithography: Electron beam lithography (EBL) Single material 

structures

4 nm[104] Wafers and 

photomasks up 

to around 30 cm 

diameter[78]

Two tunable 

dimensions

Polymeric or metallic 

materials

Low

Directed self-assembly of planar 2D structures: Colloidal 

lithography

Single material 

structures

Down to tens 

of nm

Up to 15 cm  

(6 in.) diameter 

substrates[136]

Two tunable 

dimensions

Polymeric or metallic 

materials

Medium
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methods and molding techniques. In this section, droplet depo-
sition methods (electrohydrodynamic jet printing and laser-
induced forward transfer (LIFT)), hard molding (nanoimprint 
lithography (NIL) and step-and-flash imprint lithography (SFIL)), 
and soft molding (replica molding, microtransfer molding, 
micromolding in capillaries, solvent-assisted micromolding,  
microcontact printing, and nanotransfer patterning) techniques 
are reviewed.

3.1. Droplet Deposition Methods

Droplet deposition methods are methods in which structures 
are formed out of liquid droplets of, for example, metals or 
particle solutions. Structures are built from fusion of droplets 
by melting or flowing upon deposition. Droplet deposition 
methods are mainly used for depositing 2D patterns, resulting 
in structures of level-2 geometric complexity. 3D structures 
can be fabricated in a layer-by-layer fashion, or in a sequen-
tial fashion to create, for example, wire-like structures.[138] The 
attainable resolution of droplet-printing methods is limited by 
the droplet size, which is typically in the order of 100 nm.[138] 
Droplet printing methods have a serial character in all three 
dimensions, as opposed to scanning beam methods, where 
the pattern height or depth is developed simultaneously with 
the 2D patterning. Therefore, droplet-printing methods are 
relatively slow. Here, we discuss electro-hydrodynamic jet 
printing and laser-induced forward transfer.

3.1.1. Electro-Hydrodynamic Jet Printing

In EHD jet printing, microdroplets of nanoparticles, poly-
mers, and proteins are used to print patterns on a substrate. 

The ink microdroplets are created by applying an electric 
potential over a larger ink droplet ejected through a nozzle, 
causing mobile ions to accumulate at the nozzle tip and to 
form a pulsating droplet, which is called a Taylor cone.[19] 
By controlling the electric field strength, streams of droplets 
much smaller than the nozzle diameter can be formed. The 
resolution of EHD improves with a decreasing size of the 
jetted microdroplets, for example, by optimizing the Taylor 
cone using viscoelastic inks,[139] and with increasing micro-
droplet placement accuracy. Accuracy of microdroplet place-
ment can be increased by lowering the distance between the 
nozzle and the substrate[19] or by surface functionalization, 
in which case the positioning of the microdroplets is con-
trolled by regions of varying wettability or by relief on the 
surface.[140] A maximum positioning accuracy around 10 µm 
has been reported.[140] Feature sizes down to 240 nm with a 
nozzle diameter of 300 nm were achieved by Park et al.[140] 
by dissolving 3 nm sized nanoparticles in microdroplets. 
Upon evaporation of the microdroplet, nanoparticle deposits 
were obtained. With EHD, it is possible to print more than 
one material in one structure. For example, Sutanto et al.[141] 
used organic silver ink to print conductive lines, with photo-
curable polymer prints as an isolator between the conduc-
tive lines.

3.1.2. Laser-Induced Forward Transfer

In LIFT, metal droplets are transferred to a substrate from a  
so-called donor layer. This layer has a thickness of about 100 nm  
and is positioned at about 100 µm from the substrate. The 
donor layer is supported by a transparent carrying layer, and 
upon selective exposure to a pulsed laser, local evaporation 
of the donor layer results in ejection of microdroplets, which 

Small 2018, 14, 1703401

Fabrication method Material 
complexity

Resolution Total size Geometric 
diversity

Materials  
diversity

Throughput

Directed self-assembly of planar 2D structures: Block-

copolymer (BCP) lithography 

Single material-

structures

6 nm[117] 300 mm diam-

eter wafers[137]

Two tunable 

dimensions

Polymeric or metallic 

materials

Medium

Directed self-assembly of planar 2D structures: Nanoporous 

anodic aluminum oxide (AAO)

Single material 

structures

10–450 nm[134] 1 cm2 Two tunable 

dimensions

Only aluminum oxide Low

Table 2. Continued.
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are captured by the substrate.[142] Metals that are used in LIFT 
include chromium, tungsten, gold, nickel, and aluminum; also 
pastes, hydrogels, and liquids are used in LIFT methods.[142] 
Because the droplets melt together upon deposition, structures 
fabricated with LIFT are relative inhomogeneous. The droplet 
size depends on the size of the focal point of the laser, and thus 
the exposed area on the donor layer.[143] Layers with a thickness 
of 3.5 µm have been fabricated.[143] Moreover, high aspect-ratio 
pillars (5 µm in diameter, 860 µm in height) have been fabri-
cated by stacking of droplets (Figure 6).[142] Since droplets are 
deposited in vertical direction, overhanging structures cannot 
be printed in principle, although some metallic droplets, when 
molten together, do provide sufficient mechanical strength to 
realize overhanging structures.[144]

3.2. Imprinting with Hard Molds

In imprinting methods, a 3D template (referred to as mold) 
is used to press a pattern into a layer located on a substrate. 
The shaped layer is commonly referred to as the resist layer. If 
the resist layer is heated before imprinting, these methods are 
sometimes called hot embossing.[145] Hard molds are usually  
fabricated by means of SBL and typically made of quartz or 
silica, because these materials are chemically inert to most 
monomers and (pre)polymers.[23] Moreover, because of the low 
thermal expansion coefficients of quartz and silica, hard molds 
are compatible with manufacturing processes that require high 
temperatures.[146]

Forming nanostructures or microstructures in a resist layer 
with the use of a hard mold is a contact process and therefore 
comes with specific challenges. The pressure on the resist needs 
to be uniformly distributed during molding, which is facilitated 
by the residual layer, the compressed layer of resist that prevents 
the mold from making contact with the underlying substrate. 
Removing the residual layer after molding requires a subsequent 
etching step of the molded structure.[147] Defect control during 
release of the mold is also a challenge, commonly tackled by pre-
coating the mold with a release layer.[148,149]

With imprinting methods, the fabricated structure is freely 
tunable in one dimension, because the imprint depth or the 

thickness of the deposited layer can be freely tuned. Because a 
full 2D pattern is imprinted in a parallel fashion, the throughput 
of imprinting methods is in the order of 10−4 m2 h−1, which 
is typically higher than most serial methods.[19] Hard molding 
methods can be divided in NIL and SFIL, which both will be 
discussed here.

3.2.1. Nanoimprint Lithography

In NIL, a mold is used to shape a polymer glass when above the 
transition temperature Tg of the polymer. Upon cooling down, 
the polymer hardens, and the template is removed, leaving the 
patterned resist.[46] The patterned layer can be the final nano-
structure or can act as an etch-resistant layer in a subsequent 
etching step. NIL, sometimes referred to as thermal NIL, was 
introduced in 1995,[46,150] and exceptionally low feature sizes 
(about 10 nm) were demonstrated soon after that.[25] Therefore, 
and because of limited instrumental requirements and a high-
throughput, NIL quickly became a serious contender of con-
ventional nanofabrication methods such as photolithography 
and EBL.[149] To increase the throughput of NIL, the use of a 
rolling pin-like mold was suggested in 2008,[151] in which a flex-
ible oblong substrate is guided over a rotating cylindrical mold. 
NIL has been used to make soft molds or stamps,[152] high 
aspect ratio parallel lines on a substrate,[149] nanopillars,[153] and 
microfluidic devices.[154] A silica mold with 10 nm wide pillars, 
separated by 40 nm spacing, was fabricated to imprint a poly-
dimethylsiloxane (PDMS) layer (Figure 7), resulting in similar 
sized holes.[25] High aspect ratios of about 20 have been also 
reported.[155] NIL is often used as part of a fabrication toolbox 
set, for example, for fabricating the master structure in a repli-
cation molding process.[148]

3.2.2. Step-and-Flash Imprint Lithography

In SFIL (sometimes referred to as UV–NIL),[149] UV light 
is used to polymerize a photosensitive prepolymer during 
molding. The mold has thus to be transparent, made of, for 
example, quartz or silica.[146] SFIL is more suitable than NIL 
for fabricating structures consisting of multiple stacked layers, 
because, due to the transparency of the mold, layer align-
ment is easier with SFIL. Furthermore, because of the milder 
molding conditions of SFIL, the shaped layers do not need to 
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Figure 6. Left: A high-aspect ratio pillar fabricated with laser-induced for-
ward transfer. Middle: A close-up of the same pillar. Top right: The thick-
ness of the pillar at its center and top is about 4 µm. Bottom right: The 
thickness of the pillar at its base is 6 µm, because of multiple droplets 
being deposited close to the pillar. Adapted with permission.[142] Copy-
right 2015, John Wiley and Sons.

Figure 7. A silica mold (left), used to imprint a polydimethylsiloxane layer 
(right). The holes are 10 nm wide; the spacing is 40 nm. Reproduced with 
permission.[25] Copyright 1997, AIP Publishing.
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undergo large temperature changes for each subsequent layer, 
as is the case with NIL.[23,156] Photocurable low-viscous acrylate-
based precursors[157] and biomaterials[24] can be used as resists. 
SFIL has also been used in two-step imprinting processes to 
replicate complex structures (Figure 8).[158] With SFIL, lines 
of 20 nm width have been fabricated, as well as multilayered 
structures.[159] Even 4 nm line widths were demonstrated by 
imprinting an ion-beam fabricated pattern of HSQ into a 
PDMS-based UV resist.[160] A method similar to SFIL is jet-and-
flash imprint lithography, in which the resist layer is jetted on 
a substrate.[24]

3.3. Shaping and Printing with Soft Molds

Fabrication methods in which soft molds are used for shaping, 
printing, or pattern transfer are generally referred to as soft 
lithography. Soft molding methods were introduced in the late 
1990s[161–164] and rapidly became popular for research purposes, 
because, contrary to hard molds, soft molds are inexpensive to 
make. Soft molds are often made of PDMS, a polymer that is 
deformable, inexpensive, inert to most chemical solvents, and 
easy to process.[23] A wide range of materials can be used as 
resist, varying from amorphous, thermoplastic, and crystal-
line polymers to gels, ceramics, lithographic resists, and even 
paper, creating biobased microstructures. Some resists need 
subsequent curing, for example, by inducing crosslinking 
or by changing the temperature.[23] Mechanical properties,  
friction between mold and resist, transparency, chemical inert-
ness, and costs are some of the main criteria for choosing the 
resist material.[165]

Contrary to hard molds, which can only be used on planar 
substrates, soft molds can be also used on nonplanar sub-
strates. When shaping a deformable layer with a 3D mold, 

the geometric diversity is low (i.e., no tunable dimensions), 
because only the specific geometry of the used mold can be fab-
ricated. When a (soft) mold is used for stamping, imprinting, 
or printing, the thickness (or depth) of the deposited (or 
imprinted) pattern is tunable, so the geometric diversity that 
can be attained with these methods is higher compared to 
using mold for shaping a resist layer.

Here, we discuss shaping methods (including micro-
transfer molding, micromolding in capillaries, solvent-assisted 
micromolding, and replica molding) and printing methods 
(including microcontact printing and nanotransfer printing 
methods).

3.3.1. Shaping Methods with Soft Molds

Soft molds are commonly used to shape or pattern deform-
able polymeric layers. This is done either by filling the mold 
or by pressing the mold into the layer. Microtransfer molding 
(µTM) is a method in which a soft mold is used to first fab-
ricate a pattern from curing a shaped liquid precursor, and 
then transfer it to a substrate. With µTM, the smallest attain-
able feature sizes are about 100 nm, a limit caused by the fact 
that smaller (negative) features in the mold are too small for 
the liquid to fill them. In principle, with µTM (and molding 
methods in general) only level-2 complexity structures can 
be fabricated, as overhanging structures cannot be decasted 
from a 3D mold. However, LaFratta et al.[166] used µTM to fab-
ricate acrylic replicas of masters with overhanging features  
(Figure 9), by exploiting the deformability of the mold, which 
allowed mold removal by means of stretching after transfer to 
a glass substrate. In a method similar to µTM, Hamedi et al.[17]  
used 3D-printed PU molds to shape paper, which was sub-
sequently assembled to form disposable paper-based micro-
channel structures.
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Figure 8. Replicated microlenses, fabricated with a two-step SFIL pro-
cess. A negative replica of the master mold was obtained by imprinting a 
UV-curable resist. Upon application of a release layer, this negative replica 
was used in a second imprinting step to obtain the replicated micro-
lenses. Scale bar is 10 µm. Adapted with permission.[158] Copyright 2018, 
Springer Berlin Heidelberg.

Figure 9. Master structures (top), on which PDMS is casted to create 
an elastomeric mold. This mold is then filled with an acrylic resin, 
which is subsequently transferred to a glass substrate. These struc-
tures have an overhang of around 10 µm, but still replicas can be fab-
ricated because the molds are stretchable (bottom). The scale bars 
are 10 µm. Adapted with permission.[166] Copyright 2004, American 
Chemical Society.
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To fill nanoscale and microscale features of a soft mold with 
a liquid prepolymer resist, capillary action can be used. This 
method is referred to as micromolding in capillaries. After a 
droplet of prepolymer is dragged into the mold (sometimes facil-
itated by a pressure difference over the capillaries,[167] by heating 
the prepolymer,[168] or by an electric field[23]), the polymer resist 
is hardened by means of solvent evaporation. Due to flow resist-
ance, the smallest attainable feature size is around 100 nm.[23]

Another way to facilitate mold filling is by wetting the mold 
with a good solvent for the polymeric resist. Upon contact 
with the mold, the polymer softens and conforms to the mold. 
Hardening of the polymer is achieved by letting the solvent 
dissipate and evaporate into the PDMS mold. This strategy of 
mold filling is referred to as solvent-assisted micromolding 
(SAMIM).[23] Because no high temperature is required during 
the SAMIM process, disadvantageous effects such as shrinkage 
after cooling, polymer degradation at high temperatures, and 
incompatibility with high-Tg materials do not play a role in 
SAMIM.[169] Parallel lines with a width of around 60 nm have 
been achieved with this method,[162] although resolutions are 
typically in the order of micrometers.[170,171]

Replica molding (RM) is a technique in which a hard 
mold or pattern (the so-called master) is replicated using soft 
molds.[163,172] In RM, first PDMS is casted on the master, which 
is then cured to obtain a negative pattern. This negative pattern 
is subsequently used as a template for the replica by means of 
shaping a PDMS resist layer on a substrate. The negative PDMS 
patterns are inexpensive to fabricate and reusable. RM has been 
used to replicate SWNTs on a substrate, down to feature sizes 
of 1 nm (Figure 10).[172] A bilayer of PDMS (one soft and one 
hard layer) was needed to protect the SWNTs from getting dam-
aged and still get a robust PDMS imprint. Also nanorods with 
a diameter of 30–150 nm have been successfully replicated.[173] 
RM has been further used to fabricate biomimetic adhering 
surfaces, consisting of pillar arrays, to study the interlocking of 
two approaching surfaces.[174]

3.3.2. Printing and Pattern Transfer Methods with Soft Molds

Soft molds are also used to transfer an ink to a substrate, a 
method referred to as printing. In microcontact printing (µCP), 

a coating (e.g., alkanethiols)[175] is selectively transferred from  
an elastomeric stamp to a substrate. The transferred coating 
thus acts as an ink and is only transferred upon contact with 
the substrate, because it is functionalized with a thin layer of a 
noble metal. The ink is transferred by diffusion and covalent-
bond formation with the metal layer, requiring molecular-scale 
contact between the stamp and the substrate. The transferred 
ink then self-assembles into a monolayer.[176] With µCP, printed 
features can be as small as the stamp allows, and feature sizes 
down to 50 nm have been reported.[177] Besides printing self-
assembling monolayers, also biomolecules[178] and nanopar-
ticles[179] can be selectively deposited on substrates, which is 
useful in cell patterning. Deposited ink can also act as a positive 
or negative resist in a subsequent etching step.[180] Choi et al.[181] 
demonstrated multiple-layer transfer printing to create arrays of 
micrometer-sized light-emitting diodes. To increase the material  
diversity of inks compatible with µCP, Li et al.[182] suggested the 
use of molds, the surface energy of which can be controlled. By 
chemically modifying polyurethane acrylate based molds, the 
release and transfer of printed materials is optimized.

Similar to µCP is nanotransfer patterning (nTP), in which a 
thin film of, for example, polymers[183] is transferred from a hard 
or soft stamp to a substrate. This thin film has the 3D shape of the  
used stamp. Pattern transfer takes place by covalent or noncova-
lent interactions between substrate and pattern. The resolution of 
nTP is limited by the resolution of the elastomeric stamp and by 
the materials used for the mold and resist. Lines of 8 nm width 
have been shown when a soft stamp (made of directed self-assem-
bled BCPs on a substrate) was inked with gold and this ink was 
transferred to a PDMS substrate by covalent bond formation.[183]

Table 3 illustrates the basic working principles and specifi-
cations of fabrication methods for 3D structures with areas of 
various heights and no overhanging parts or cavities (geometric 
complexity level 2).

4. Fabrication Methods for 3D Structures with 
Overhanging Features and/or Cavities (Geometric 
Complexity Level 3)

In this section, we discuss nanofabrication and microfabrication 
methods in which structures can be fabricated in a 3D direct-
writing fashion: vat photopolymerization (stereolithography (SL) 
and direct laser writing (DLW)), focused ion or electron beam-
induced deposition, and directed self-assembly. These fabrica-
tion methods are all serial, additive methods, meaning that the 
structure is fabricated voxel by voxel, and complex structures 
with overhanging features and cavities can be fabricated.

4.1. Vat Photopolymerization

Vat photopolymerization is a collective name for fabrica-
tion methods in which nanostructures or microstructures are 
formed by curing a liquid photoresist (also referred to as a resin) 
in a vat. Curing of the resin takes place at the focal point of a 
laser beam, and by controlling the position of this focal point 
(including the depth), 3D structures can be fabricated. Resins 
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Figure 10. Left: Carbon single-walled nanotubes on a silica substrate. 
By casting and curing polydimethylsiloxane on the substrate, a mold is 
obtained with feature sizes below 1 nm. Right: Replicated single-walled 
nanotubes, fabricated by shaping a polyurethane layer using the obtained 
PDMS mold. The scale bars are 1 µm. Adapted with permission.[172] Copy-
right 2004, American Chemical Society.
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compatible with vat photopolymerization include photopoly-
mers, but also collagen-hydrogel has been used.[187] No multima-
terial structures can be fabricated, as the vat can be filled only 
with one type of resin. The photosensitivity of the resin needs 

to be high, such that polymerization only takes place locally, 
and not in neighboring regions.[85] The resolution is determined 
by the size of the focal point. To reduce the focal point size, 
stimulated emission depletion (STED) methods are used in vat  

Small 2018, 14, 1703401

Table 3. Fabrication methods for 3D structures with areas of various heights and no overhanging parts or cavities (geometric complexity level 2).

Fabrication methods Material 
complexity

Resolution Total size Geometric 
diversity

Material diversity Throughput

Electro-hydrodynamic jet printing (EHD) Multiple materials 

possible

240 nm (using  

evaporation of  

deposited drop-

lets)[140]

15 × 15 µm2 with 

BCPs;[116] several 

mm2 with  

polymeric 

particles[140]

Two tunable 

dimensions 

(extrusion in 

third dimension 

possible)

Multiple materials 

possible:  

polymers, 

biomaterials

Low

Laser-induced forward transfer (LIFT) Single material 

structures

Down to  

3.5 µm[143]

Not reported Two tunable 

dimensions

Only metallic  

materials

Low

Hard molding: Nanoimprint lithography (NIL) Single material 

structures

30 nm[155] 300 × 400 mm2[184] One tunable 

dimension

Only polymeric 

materials

High

Hard molding: Step-and-flash imprint lithography (SFIL) Single material 

structures

5 nm[24] Up to 250 ×  

250 mm2 

wafers[185]

One tunable 

dimension

Only polymeric 

materials

High

Soft molding: Replica molding Single material 

structures

3 nm[172] 100 mm2 Zero tunable 

dimensions

Multiple materials 

possible: biomate-

rials, elastomers, 

paper

Soft mold:  

100 mm2  

per cycle[186]

Soft molding: Microcontact printing (µCP) Multiple materials 

possible

50 nm[177] A few cm2[177] Zero tunable 

dimensions (one 

tunable  

dimension in 

a layer-by-layer 

fashion)

Multiple materials 

possible:  

biomaterials, 

elastomers, etc.

High

Soft molding: Nanotransfer patterning (nTP) Multiple materials 

possible

8 nm[183] 100 mm diameter 

substrates[183]

Zero tunable 

dimensions

Multiple  

materials:  

Biomaterials,  

elastomers, etc.

High
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photopolymerization,[188,189] where a second beam acts as an 
inhibitor of the writing beam by creating destructive interfer-
ence pattern at the peripheral regions of the focal point. Another 
approach to obtain high resolutions with optical-beam fabrication 
methods for 3D structures is the use of a spatial light modulator, 
in which the focal point shape is spatially tuned by electronic 
modulation, varying wave front, intensity, or polarization of the 
laser beam.[189,190] With vat photopolymerization methods, high  
geometric diversity can be obtained, because fabricated struc-
tures are tunable in all three dimensions. Because of its serial 
character, vat photopolymerization is not a very fast technique, 
with scanning speeds in the order of micrometers per second.[19]

4.1.1. Stereolithography

SL is a vat photopolymerization method in which a laser beam 
serially solidifies the resin by means of photopolymerization. The 
resin consists of liquid photopolymer, sometimes with a photoini-
tiator, which starts the polymerization upon light exposure. The 
vat with the resin is moved around a stable focal point of a laser. By 
means of polymerization, the structure is formed point-by-point 
and layer-by-layer.[31] The minimal layer thickness in SL is deter-
mined by the volume of the focal point (and thus by the polymeri-
zation volume), the resin viscosity, and the surface tension of the 
resin. Resolutions in the µm-range were obtained soon after the 
introduction of SL as a fabrication method.[191] SL is used in var-
ious fields, including the fabrication of micromachines,[192] micro-
fluidic systems,[193] tissue engineering,[187] and bioanalysis.[31]

4.1.2. Direct Laser Writing

DLW is a vat photopolymerization technique in which the pro-
cess of two-photon-polymerization (TPP, also abbreviated as 2PP)  
or multiphoton-polymerization (MPP) is applied to obtain 
smaller polymerization volumes within the laser beam focal 
point compared to SL. TPP and MPP rely on the fact that the 
resin polymerizes only when two or more photons are absorbed 
simultaneously. Polymerization therefore only takes place in 
the center of the focal point, where the photon intensity is suf-
ficiently high for this simultaneous absorption to occur, thereby 
reducing the polymerization volume.[194] TPP was introduced in 
resin-based AM in 1990,[195] and with the ongoing progress of 
optics and resists, diverse structures have been fabricated with 
it. In Figure 11, three examples of structures with feature sizes 
below 1 µm are shown, fabricated with a commercial instru-
ment and resist, using a 405 nm diode laser.[196] With this 
setup, linewidths down to 78 nm and point diameters down to 
50–70 nm have been demonstrated.[196] With STED-based DLW, 
resolutions down to 100 nm have been reported.[197] DLW has 
also been used to fabricate biocompatible porous scaffolds to 
grow cells in.[198] Also for bioinspired adhesive or (de)wetting 
surfaces, which are commonly fabricated with lithographic 
methods,[4,199] DLW methods have been used, because of the 
attainable high resolutions in combination with geometric 
diversity. An example of a bioinspired surface with variable 
wetting properties to water was fabricated by Tricinci et al.,[60] 
who used DLW with an epoxy-based resist to write an array of 

tree-like structures, similar to the pattern on the leaves of Sal-
vinia molesta (see Figure 12).

The terminology of resin-based AM methods varies in the 
literature. DLW methods are also referred to as 3D OBL,[34] 
laser 3D printing,[198] and direct laser lithography.[60] DLW is 
also called TPP, 2PP, MPP, nonlinear lithography, and mul-
tiphoton lithography.[194] Sometimes, TPP methods are consid-
ered as a special stereolithography technique, and referred to as  
micro-SL[31] or TPP-SL.[200]

4.2. Focused Ion or Electron Beam-Induced Deposition

Focused ion beam-induced deposition (FIBID) and focused elec-
tron beam-induced deposition (FEBID) are nanolithographic 
direct-writing fabrication methods in which a beam of ions or 
electrons is used to induce molecular decomposition of a gas 
(commonly metal–organic molecules), resulting in local chemical 
vapor deposition on a substrate.[201,202] Deposition of materials is 
limited to one material at a time. FIBID and FEBID are suitable 
for fabrication of 3D structures, because deposition can be con-
trolled precisely by tuning the beam diameter and its focal point. 
With FIBID, spirals with a wire thickness of about 80 nm have 
been fabricated by means of platinum deposition (Figure 13).[203]  
FEBID is used for lithographic mask repair, probe preparation 
in SPL methods, and fabrication of nanotubes.[202,204]

Deposition of particles from a gas can also be induced by 
a laser beam. This technique is referred to as laser chemical 
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Figure 11. Microstructures fabricated with DLW in a commercially 
available photoresist. Reproduced with permission.[196] Copyright 2014, 
Optical Society of America.

Figure 12. Inspired by the Salvinia molesta leaf, patterns were fabricated 
that, when submerged in water, trap a layer of air. One module of this  
repetitive microstructure consists of a 7 µm tall hair (diameter of 
1.5 µm), with three intersecting circles (diameter of 6 µm) as a head. The 
structures were written in an epoxy-based resist, using DLW. Reproduced 
with permission.[60] Copyright 2015, American Chemical Society.
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vapor deposition.[31] The focal point has a diameter of about  
1 µm, meaning that attainable resolutions are lower than those 
attained with FIBID and FEBID.

4.3. Directed Self-Assembly of 3D Structures

Besides using macromolecules as building blocks for single-
layer patterns on planar substrates, as is done with BCP 
lithography and colloidal lithography, self-assembling macro-
molecules can also be used to fabricate 3D structures.[205] 
The self-assembling properties can be tailored by tuning the 
dissolvability, the functional groups, or the molecular size of 
the macromolecules.

Inspired by cells and their organelles, a range of vesicles and 
nanospheres have been fabricated by exploiting the physical 
properties of macromolecules. These nanospheres can be used 
as microreactors[206] or drug carriers.[207] Amphiphilic polymers 
have been applied as building blocks for functional membranes, 
which can be used for separation processes (e.g., osmosis, fil-
tration) or catalysis.[208] Macromolecules have been also used as 
building blocks for stimuli-responsive structures, like spheres 
or surfaces.[209] Akerboom et al.[210] fabricated surfaces with  
controllable wettability using an array of self-assembled carboxy-
lated polystyrene colloids as templates. By dissolving the colloid 
array after casting polypyrrole on the top of the array, air-filled 
cavities in a polypyrrole surface were fabricated (see Figure 14).

Table 4 illustrates the basic working principles and specifica-
tions of fabrication methods for 3D structures containing cavi-
ties and/or overhanging features (geometric complexity level 3).

5. Discussion

In this paper, we reviewed nanofabrication and microfabrica-
tion methods using seven moderators related to the characteris-
tics of the envisioned structures, namely geometric complexity, 
material complexity, resolution, total size, geometric diversity, 

material diversity, and throughput. Ten groups of fabrication 
methods were identified, and their working mechanisms and 
specifications were reviewed.

5.1. Choosing between Fabrication Methods:  
A Multivariate Problem

When fabricating a nanostructure or microstructure, choosing 
the most suitable fabrication method to realize the envisioned 
performance is a multivariate problem. To facilitate this decision-
making process, Figure 15 and Table 5 can be used. Figure 15  
illustrates the aforementioned seven moderators in a radar 
plot for the ten groups of nanofabrication and microfabrication 
methods discussed in this paper. For each of the moderators 
in the radar plot, we show typical values, rather than absolute 
limits. For example, we classify the resolution of self-assembly 
methods in the 11–100 nm range, although resolutions of 6 nm 
have been also reported.[117]

The radar plot lends itself to several observations and trends:

(1) Photolithography is characterized by relatively high resolu-
tion and throughputs. While with other serial lithographic 
methods (SBL and FIBID/FEBID) high resolutions can be 
also obtained, the throughput of these methods is lower than 
that of photolithography, which may explain why photoli-
thography rather than other serial lithographic methods is a 
preferred method in industrial-scale applications.

(2) Hard molding achieves structures of larger total size than 
soft molding. With relatively high throughput, hard molding 
can be useful for industrial purposes, whereas soft molding 
is popular in research, as it is quite fast and relatively high 
resolutions can be obtained with it.
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Figure 13. Platinum nanospirals fabricated with focused ion beam-induced 
deposition on a Si substrate. Because the presence of the first nanospiral 
changes the particle scattering behavior, the second and next nanospirals 
have a different growth rate during fabrication compared to the first one. 
Adapted with permission.[203] Copyright 2014,  John Wiley and Sons.

Figure 14. Overhanging features fabricated by polymerizing pyrrole mono-
mers around a monolayer of carboxylated polystyrene colloids (grey spheres) 
at the air–water interface. Subsequent dissolving of the colloidal template 
resulted in a polypyrrole crystalline structure. Adapted with permission.[210] 
Copyright 2015, American Chemical Society.
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(3) SPL has low throughputs and attainable complexity, but the 
method is compatible with a wide range of materials due to 
its mild processing conditions. Furthermore, with SPL the 
highest resolutions can be obtained, down to features on 
single-molecule length scales.

(4) Nanodroplet and microdroplet deposition methods such 
as LIFT or EHD exhibit advantages from a structural  

perspective, as they can be used to fabricate structures with a 
large total size with high complexity and diversity. Due to the 
serial character of fabricating, however, throughput is low, 
and resolutions are limited at the micrometer range.

(5) The highest geometric complexity can be obtained with vat 
photopolymerization. On the other hand, the resin in vat 
photopolymerization needs to be a photocurable material, 

Small 2018, 14, 1703401

Figure 15. Performance of ten groups of nanofabrication and microfabrication methods in terms of geometric complexity (levels 1–3), resolution (>1 µm,  
101 nm–1 µm, 11–100 nm, and ≤10 nm), geometric diversity (0–3 tunable dimensions), total size of the structure (<1 mm2, 1–99 mm2, 1–10 cm2, and 
>10 cm2), throughput (low, medium, high, and very high), material diversity (one group of materials or multiple groups of materials), and material 
complexity (one group of materials or multiple groups of materials). All ranges are described from the origin to the outer circle.

Table 4. Fabrication methods for 3D structures containing cavities and/or overhanging features (geometric complexity level 3).

Fabrication methods Material 
complexity

Resolution Total size Geometric 
diversity

Material diversity Throughput

Vat photopolymerization Single material 

structures
0.1–10 µm[31,203] 100 µm2[85] Three tunable 

dimensions

Only  

photosensitive 

materials

Low

Focused ion or electron beam-induced deposition Single material 

materials

100 nm[201,203] 300 mm sized 

wafers

Three tunable 

dimensions

Limited to  

metal–organic 

gases

Low
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which limits the range of compatible materials. With vat 
photopolymerization, also high resolutions can be obtained, 
although this comes at the cost of writing speed.

(6) With fabrication methods that use self-assembly of mole-
cules, high complexity, resolutions, and diversity can be 
achieved. Using self-assembled patterns as templates dur-
ing etching processes results in a high-throughput process, 
making self-assembly particularly interesting for industry.

The radar plot may be used as a decision-making tool for 
choosing the most suitable fabrication method(s), based on 

the most relevant moderators to realize the envisioned perfor-
mance of a nanostructure or microstructure. For example, sup-
pose a researcher wants to make structures with a resolution  
down to 100 nm. In this case, the researcher could choose 
between scanning beam lithography, hard or soft molding, 
FIBID/FEBID, and directed self-assembly. If the envisioned 
structure contains overhanging features and geometric diver-
sity is required, self-assembly methods and FIBID/FEBID 
are preferred. On the other hand, if relatively large structures 
are required at a high throughput, hard molding may be the 
method of preference.
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Table 5. Performance of ten groups of nanofabrication and microfabrication methods in terms of seven moderators.

Geometric complexity Level 1 Level 2 Level 3 Level 4

Scanning probe lithography (SPL) Photolithography

Scanning beam  

lithography (SBL)

Soft molding

Hard molding

Electrohydrodynamic  

jet printing (EHD)

Laser-induced forward  

transfer (LIFT)

Directed self-assembly (DSA)

Vat photopolymerization

Focus ion/electron beam-induced 

deposition (FIBID/FEBID)

Material complexity Single Multiple

Vat photopolymerization

Hard molding

Laser-induced forward transfer (LIFT) 

FIBID/FEBID

Directed self-assembly (DSA)

Photolithography

Scanning beam lithography (SBL)

Electrohydrodynamic jet printing (EHD)

Soft molding

Scanning probe lithography (SPL)

Resolution ≤10 nm 11–100 nm 101 nm−1 µm >1 µm

Directed self-assembly (DSA)

Scanning beam lithography (SBL)

Scanning probe lithography (SPL)

Soft molding

Hard molding

Focus ion/electron beam-induced 

deposition (FIBID/FEBID)

Photolithography

Electrohydrodynamic jet  

printing (EHD)

Vat photopolymerization

Laser-induced forward transfer 

(LIFT)

Total size <1 mm2 1–99 mm2 1–10 cm2 >10 cm2

Vat photopolymerization

Scanning probe lithography (SPL)

Electrohydrodynamic jet printing 

(EHD)

Laser-induced forward transfer 

(LIFT) Directed self-assembly 

(DSA)

Soft molding Photolithography

Scanning beam lithography (SBL)

Hard molding

Focus ion/electron beam-induced 

deposition (FIBID/FEBID)

Geometric diversity 0D 1D 2D 3D

Soft molding

Hard molding

Photolithography Scanning beam lithography

Electrohydrodynamic jet printing 

(EHD)

Laser-induced forward transfer 

(LIFT)

Scanning probe lithography (SPL)

Focus ion/electron beam-induced 

deposition (FIBID/FEBID)

Directed self-assembly (DSA)

Vat photopolymerization

Material diversity Single Multiple

Laser-induced forward transfer (LIFT)  

Hard molding

Photolithography

Focus ion/electron  

beam-induced  

deposition (FIBID/FEBID)

Electrohydrodynamic jet printing 

(EHD)

Scanning probe lithography (SPL)

Vat photopolymerization

Directed self-assembly (DSA)

Scanning beam lithography (SBL)

Soft molding

Throughput Low Medium High Very high

Scanning beam lithography (SBL)

Scanning probe lithography (SPL)

Laser-induced forward transfer (LIFT)

Electrohydrodynamic jet printing (EHD)

Focus ion/electron beam-induced deposition 

(FIBID/FEBID)

Vat photopolymerization

Directed self-assembly (DSA) Soft molding

Hard molding

Photolithography
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Table 5 provides a comparative overview of the identified ten 
groups of nanofabrication and microfabrication methods in 
terms of the aforementioned seven moderators.

5.2. Attainable Geometric Complexity Versus  
Processing Characteristics

By categorizing fabrication methods based on a structure-related 
moderator (e.g., geometric complexity as we did in this review), 
fabrication methods can be assessed independently from pro-
cessing characteristics such as being of additive or subtractive 
nature, parallel or serial (i.e., based on single-step and multistep 
manufacturing, respectively), etc. However, identifying the rela-
tionship between processing characteristics and the structural 
characteristics of the envisioned structures can provide useful 
insights regarding the evolvement of existing fabrication methods 
as well as the emergence of new fabrication methods. Accordingly, 
in Table 6, we relate geometric complexity and processing charac-
teristics for the reviewed methods. It can be seen that for level-1 
geometric complexity in nanostructures or microstructures (e.g., 
extruded 2D structures), both additive and subtractive fabrica-
tion methods, and both serial and parallel methods, can be used, 
whereas structures of the highest level of complexity can only be 
fabricated with serial, additive methods. This also means that 
high geometric complexity currently can only be achieved at low 
throughputs. Besides, for additive, serial methods, a higher reso-
lution is only possible with even lower writing speeds, meaning 
that the attainable resolution depends on the geometric com-
plexity of a structure. Similar associations can be made between 
processing characteristics and other structure-related moderators.

5.3. Additive Manufacturing

One could not avoid noticing that AM (commonly referred to 
as 3D printing) occupies a relatively small part of our review, 
which may not seem in hand with the attention that this group 
of techniques is gaining both in academia and in industry. 
The reason why we did not present a more extensive overview 
of AM methods is that, except for vat photopolymerization  
methods, EHD, and LIFT, AM methods are not yet suitable  

for fabricating nanostructures or microstructures. Specifically, 
most AM methods are solid-based, ink-based, and powder-
based and use deposition mechanisms such as sintering, 
melting, and gluing.[211,212] For these deposition mechanisms, 
a high pixel volume is required and thus true micrometer-
sized features are currently not possible. Increasing the 
attainable resolution of such AM methods would directly 
add to the number of nanofabrication and microfabrication 
methods that can achieve microstructures with high geometric 
complexity.

5.4. Increasing Geometric Complexity by Postprocessing

When determining the attainable complexity of fabrication 
methods, we did not take into consideration postprocessing 
steps. It is, however, common to use fabrication methods as part 
of a toolbox set, together with operations such as postprocess  
melting, grinding, and stacking of 2D layers to obtain a 
3D structure. As an example of postprocessing resulting in 
increased geometric complexity, del Campo et al.[213] fabri-
cated pillar arrays with lithographic methods, after which over-
hanging parts were incorporated by pressing the pillars against 
a surface. Alternatively, geometric complexity can be increased 
by doing multiple cycles of one fabrication method, to create 
multilayered structures. For example, Varghese et al.[214] fabri-
cated woodpile-like structures by means of EBL by writing in 
added layers on top of fabricated patterns.

5.5. Future Directions

In this review an inductive pathway of designing nanostruc-
tures and microstructures is supported by focusing on making 
the step from the geometric and material properties of an 
envisioned structure toward a fabrication method suitable for 
fabricating this structure (see Figure 1). To further support an 
inductive design pathway, the step from the desired perfor-
mance toward the required geometric and material properties 
should be also better understood. To achieve that, a comprehen-
sive assessment of the (attainable) performance of functional 
nanostructures and microstructures is needed. Here, the seven 
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Table 6. Fabrication methods categorized based on the geometric complexity, that can be achieved with them, versus their processing characteristics 
(additive or subtractive and parallel or serial).

Processing characteristics Geometric complexity

Level 1 Level 2 Level 3

Additive Serial Laser-induced forward transfer 

(LIFT)

Vat photopolymerization

Electrohydrodynamic jet printing 

(EHD)

Focus ion/electron beam-induced 

deposition (FIBID/FEBID)

Parallel Directed self-assembly (DSA)

Subtractive/Additive Serial Scanning beam lithography (SBL)

Scanning probe lithography (SPL)

Subtractive Parallel Photolithography Hard molding

Soft molding
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identified performance-determining moderators were used in a 
qualitative/conceptual fashion to organize fabrication methods 
based on the attainable nanostructures and microstructures. 
Studying the quantitative effect of these, and possibly other, 
moderators on the performance of nanostructures and micro-
structures would provide useful insights into how performance 
can be improved.

In order to assess which characteristics of a fabrication 
method have the potential to improve in the future, it is impor-
tant to first consider the intrinsic limitations of each method.  
For example, the low geometric diversity of hard and soft 
molding is an intrinsic limitation of these methods, as with 
one mold, only one structure with defined size and shape can 
be fabricated. As another example, the low throughput of SPL is 
caused by the fact that a probe can only modify single nanoscale 
objects or molecules. Accelerating the SPL process would be 
only possible at the expense of a lower resolution (an exception 
is thermal SPL, in which high writing speeds, up to 20 mm 
s−1 at 15 nm resolution,[215] can be obtained, making thermal 
SPL comparable with electron beam lithography in terms of 
throughput).

When it comes to processing characteristics of fabrication 
methods, next to intrinsic limitations, it is also important to note 
that the characteristics of a fabrication method may be interde-
pendent. For example, the resolution of photolithography can 
be improved by using shorter wavelength light, combined with 
more precise, expensive optics. In other words, increased reso-
lution in photolithography is possible, but for increased costs.[87] 
In the future, it is likely that the resolution of vat photopo-
lymerization methods will increase by reducing the laser focal 
point size.[200] A resolution increase will come at the expense of 
throughput, however, since more writing steps will be required 
to pattern a certain area or volume. A similar trade-off between 
feature size and throughput applies to serial deposition methods, 
namely EHD and LIFT. Engstrom et al.[19] noted that with EHD, 
thinner lines can be written faster than thicker lines, because 
the required amount of ink is lower for smaller features, given a 
fixed ink flow rate. While this is true for single objects like lines 
or pillars, throughput will decrease for smaller feature sizes, con-
sidering that smaller features also result in a higher number of 
features per area.

From the radar plot we can deduce that molecular-scale 
methods such as DSA and SPL can be improved when it comes 
to throughput and total size, without going at the expense of 
resolution or complexity. The fundamental resolution limit of 
more conventional nanofabrication methods (such as photo-
lithography) is still an order of magnitude above the mole-
cular-scale resolutions that DSA and SPL attain, showing their 
promise for nanofabrication.

5.6. Conclusion

In this paper, we reviewed nanofabrication and microfabrica-
tion methods based on the geometric complexity that they can 
achieve, independently from processing characteristics, and 
with material complexity, resolution, total size of the struc-
ture, geometric diversity, material diversity, and throughput 
as moderators. A geometric complexity-based categorization 

of nanofabrication and microfabrication methods facilitates  
the decision-making for identifying the most suitable 
method for fabricating functional nanostructures or micro-
structures with predefined properties. Furthermore, such a 
categorization provides a framework for systematically organ-
izing fabrication methods across application fields. This 
allows designers of nanostructures and microstructures to 
include a wide range of fabrication methods in their design 
considerations.
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