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A B S T R A C T   

Nanomolding usually refers to a top-down fabrication method by which a formable or moldable 
material is shaped using a mold of nanoscale dimensions. Nanomolding is the underlying 
mechanism for a wide range of nanofabrication methods including template-based deposition, 
extrusion, nanoembossing, soft lithography, nanoimprint lithography, thermomechanical nano
molding, and nanoimprinting. Its suitability for nanofabrication in a wide range of materials and 
states of matter makes it one of the most versatile nanofabrication methods. It offers solutions for 
the fabrication of a wide range of nanomaterials for applications including catalysts, energy, 
devices, and a wide range of surface functionalization as well as improvements of lithography 
techniques. This review discusses the various physical mechanisms underlying the nanomolding 
process, and how they relate to the specifics of the states of matter and the material classes. 
Nanofabrication methods will then be categorized based on their underlying mechanism, mate
rials that they can fabricate, and technological characteristics such as scalability, costs, precision, 
and versatility. This will help the reader navigate the numerous, often very specific, methods of 
this advanced field, and identify the most appropriate process and state of matter for a specific 
application. A general discussion on nanomolding follows, from accomplishments to date and the 
challenges that lie ahead in realizing the many potential nanodevices and structures that re
searchers have envisioned. Particularly the recent advances of nanomolding have resulted in a 
paradigm shift of nanofabrication in which the design of nanodevices is no longer limited by 
material and nanostructured geometries but can be selected from a very wide palette of materials.   

1. Introduction 

Nanofabrication is a crucial requirement in the development of solutions to challenges in a variety of areas including water de- 
salination [1,2], batteries [3,4], fuel cells [5], cellular response [6,7], antibacterial [8], hydrophobic [9-11], de-icing [12], plas
monics [13-16], photovoltaics [17], biosensors [18,19], catalysis [20,21], adhesion regulation [22], flexible electronics [23], stor
age devices [24], nanogenerators [25], nanopore sequencing [26], nanomechanics [27], lab-on-chip systems [28], surface-enhanced 
Raman spectroscopy (SERS) [29,30], medical diagnosis [18], biomedicine [31], and metasurfaces [32]. One of the overreaching 
motivations for nanofabrication is to fabricate nanodevices and structures with very large surface/volume or surface/footprint ratios in 
order to enhance the chemical reactions occurring on the surfaces. Typically, the nanostructures simply multiply the materials required 
for specific applications through their enlarged surface area. Very different from this general nanoscale effect, in some cases the 
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material itself changes its properties when its size is reduced to the nanoscale [33-39]. Yet another motivation for the nanoscale is to 
match length scales of physical phenomena. This is used to tune the optical, electrical, and mechanical properties of a material by 
matching the sample size with the characteristic length scale of a specific physical phenomenon [27,40,41]. 

Nanofabrication can be traced back to circa 1860, when Michael Faraday chemically synthesized gold nanoparticles [42] and 
observed that the color of such colloidal gold nanoparticle solution can vary drastically from the bulk color of gold, and can change 
with the size of the nanoparticles (Fig. 1). This observation stimulated great interest in the chemical synthesis of nanoparticles [65,66]. 
However, the morphologies of synthesized nanoparticles are difficult to control due to the complex physical mechanisms underlying 
their nucleation and growth [66,67]. Hence the preparation of precise nanopatterns has relied on lithography techniques, such as 
photolithography and electron/ion beam lithography [46,47,68], which were developed for the fabrication of microelectronics. 
Spontaneous growth methods were introduced to semiconductors in the 1960 s, by applying metallic catalysts, when whiskers/ 
nanowires growth with a Vapor-Liquid-Solid (VLS) mechanism has been developed. In the 1970s, mica templates were first introduced 
into electrochemical synthesis, to prepare 1D nanostructures [48,69] where the growth of nanostructures is constrained to follow the 
cavities in the template. Direct fabrication of nanopatterns into soft polymers by nanoimprinting was achieved in 1995 and was 
considered an effective manufacturing method for ICs [53,54,70]. Following these advances, soft nanolithography techniques such as 
microcontact printing [71,72], replica molding [73,74], microtransfer molding [75,76], micromolding in capillaries [54,77], and 
solvent-assisted micromolding [78,79] have been proposed. These soft nanolithography methods are best suited for the liquid state of 
matter. In the following 10 years, a large number of nanofabrication methods were developed. These methods are either based on gas 
or liquid processes, and include dip-pen lithography [59,80], solid state de-wetting [81], self-assemble [82], and nanomolding [60]. In 
2009, nanomolding of amorphous metals was demonstrated. Very recently (2017–2020), thermomechanical nanomolding of metals in 
their crystalline state was introduced for a very broad range of metals and alloys [60-64] as high-aspect-ratio single crystal nanowires 

Nomenclature 

symbol definition 
σflow flow stress 
γ̇ strain rate in liquids 
ε̇ Strain rate in solids 
η viscosity 
ρ density 
γ surface tension 
θ wetting angle 
d character size/diameter 
FG gravity force 
Fp pressure force 
Fd dislocation slip force 
Fy capillary force 
Fη viscos force 
τy shear strength 
py pressure induced by capillary force 
pη pressure induced by viscous force 
D diffusion coefficient 
DL lattice diffusivity 
DI interface diffusivity 
δ interface diffusion layer thickness 
G shear modulus 
b Burgers vector 
kB Boltzmann constant 
Tg glass transition temperature 
Tx crystallization temperature 
Tm melting temperature 
u Mean flow velocity of liquid 
V volume of nanowire 
L length of nanowire 
Lm maximum length by dislocation-based molding 
S cross section area of nanowire 
J atomic flux 
Ω average atomic volume 
Nd number of dislocations 
pc minimum molding pressure required for dislocation-based nanomolding  

Z. Liu et al.                                                                                                                                                                                                              



Progress in Materials Science 125 (2022) 100891

3

[61-64]. 
In principle, all nanofabrication techniques can be classified into two categories: top-down, in which a large work piece is shaped or 

reduced into nano-dimensions, and bottom-up, in which small building blocks build up the nanostructure. Today’s nanofabrication 
methods can go down to below 10 nm, and some can fabricate hierarchical structures [83-88]. However, each technique has its own 

Fig. 1. Timeline of major milestones in nanofabrication. Preparation of Au nanoparticles by chemical synthesis in 1857 [42] is often referred to 
as the “birth of modern nanofabrication.” Photolithography has enabled the microelectronic revolution through the precise and scalable fabrication 
of Integrated Circuits in the 1950s [43] (Copyright 2020, Elsevier). Breakthroughs in the vapor–liquid-solid (VLS) growth in the 1960s has provided 
solutions for the growth of semiconductor single crystal nanowires [44,45] (Copyright 2004, AIP Publishing [44]). E/X-ray beam lithography 
[46,47] (Copyright 1976, AIP Publishing [47]) and template-assisted electrodeposition [48] (inset [49], Copyright 1999, AIP Publishing [49]) in the 
1970s has been used in the fabrication of integrated electronics. In 1993, laser ablation-based synthesis of nanoparticles was demonstrated [50-52] 
(Copyright 2012, John Wiley and Sons [52]). Direct imprinting of nanopatterns into soft polymers by using hard molds was demonstrated in 1995 
[53-58] (Copyright 1996, The American Association for the Advancement of Science [56]). Dip-pen nanolithography was proposed in 1999 as a way 
to directly “write” nanopatterns in substrates by using atomic force microscope tips [59] (Copyright 1999, The American Association for the 
Advancement of Science). Direct thermomechanical nanomolding of metals/alloys to prepare nanostructures was achieved in 2009 for metallic 
glasses [60] (Copyright 2009, Springer Nature) and in 2017–2020 for crystalline metals and alloys [61-64] (Copyright 2019, American Physical 
Society [62]). 

Fig. 2. Classification of common nanofabrication techniques. (a) Comparison of typical nanofabrication techniques in terms of material types 
and the state of matter. Metal and non-metal (e.g., semiconductors, ceramics, and ordered phases) nanostructures can be prepared by solid-based 
TMNM, chemical synthesis methods, gas-based physical vapor depositions (PVD), and chemical vapor deposition (CVD) by spontaneous growth and 
gas phase sputtering. Nanostructured glass materials such as metallic glasses are widely prepared by liquid-based nanomolding. Polymer materials 
are generally patterned by solid-based lithography (e.g., UV/E-beam/X-ray) and liquid-based soft lithography such as microcontact printing or 
nanoimprinting. Indicated by the green background are all the nanofabrication methods in which molding constitutes the underlying mechanism 
which covers all states of matter and materials. (b) Classification of the nanofabrication techniques by their length scale and aspect ratio. Chemical 
synthesis and scanning probe lithography have excellent resolution down to the molecular level, but the aspect ratio of prepared nanostructure is 
usually low. Lithography (UV/E-beam/X-ray) allows preparation of regular nanofeatures from sub-10 nm to microns, but they are also limited to 
small aspect ratios. Overall, TMNM, nanomolding of BMGs and soft lithography are most versatile in terms of length scales and aspect ratios. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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advantages and limitations such as the optimal state of matter, the material it can fabricate on the nanoscale, size limitations, 
dimensional precision and control, scalability, robustness, and costs. For example, chemical synthesis of nanomaterials allows the 
fabrication of metal and non-metal nanostructures down to very small length scales in massive production. But the fabricated geometry 
of these methods is always limited to nanoparticles, often referred to as zero-dimensional nanoparticles with no dimension >100 nm. 
An additional limitation is that the size distribution of nanoparticles cannot be precisely controlled. Lithography (i.e., UV/E-beam/X- 
ray lithography) is the most advanced and widespread nanofabrication technology and offers the ability to achieve complex human- 
designed nanopatterns with excellent dimensional precision and control. Resolution limitations of lithography originate from 
diffraction effects of the pattern caused by electromagnetic radiation. Additional limitations derive from the etching process, which 
limits the geometry to perpendicular site walls. Scanning probe lithography (e.g. dip-pen lithography [59]) can attain molecular-level 
resolution, but suffers from limited scalability. This review will discuss the wide range of techniques and their characteristics in detail, 
with a focus on the nanomolding technique and the underlying various physical mechanisms. 

A useful classification of nanofabrication methods is by the materials they can fabricate, and the state of matter of that material 
during fabrication (Fig. 2a). In most common nanofabrication methods, metal and non-metals such as semiconductors, ceramics, and 
ordered phases, can be prepared by solid-based TMNM, chemical synthesis methods, and gas-based physical vapor depositions (PVD) 
and chemical vapor deposition (CVD) by spontaneous growth and gas phase sputtering. Nanostructured glass materials such as 
metallic glasses and particularly the subset of metallic glasses with high processability, so called bulk metallic glasses (BMGs), are 
widely prepared by liquid-based nanomolding. Polymer materials are generally patterned by solid-based lithography (e.g., UV/E- 
beam/X-ray) and liquid-based soft lithography such as microcontact printing or nanoimprinting. Nanofabrication methods in 
which molding constitutes the underlying mechanism cover all states of matter and materials. 

Another useful comparison of nanofabrication methods is by their length scale and aspect ratio (Fig. 2b). In principle, chemical 
methods can achieve very fine resolution (atomic scale) because it is a “bottom-up” method. Lithography (UV/E-beam/X-ray) covers 
the length scale from sub-10 nm to microns, but the aspect ratio of prepared nanostructures and their shape is limited due to beam 
scattering. Scanning probe lithography (including dip-pen nanolithography) can obtain feature size as small as the molecular scale, but 
the fabricated aspect ratio is low as it is relying on probe scanning. Among the nanofabrication techniques, both TMNM and soft 
lithography can prepare nanostructures with high aspect ratio as well as small feature size. 

These comparisons of nanofabrication methods reveal that molding is by far the most versatile method in terms of materials, state 
of matter, and length scales. This recognition of the versatility and wide usage of nanofabrication methods based on molding has been 
the motivation for this review. Within this review, we will discuss nanomolding in terms of the different states of matter (gas, liquid, 
crystal) and the various material classes that can be fabricated (metals, polymers, glasses). We will further consider the specific re
quirements (temperature, pressure, reactivity with environment), achievable length scales, and applications and potential applications 
specific nanofabrication are best suited for. Finally, we will suggest, based on the above discussion, research that we consider critical to 
unleash the potential of nanomolding to realize the many applications that have been envisioned. 

2. Nanomolding essentials 

2.1. Molding 

Nanomolding is based on the same principles as molding, a 6000-year-old manufacturing process [89]. Typically in molding, a 
moldable material is shaped using a mold as a rigid form-giving tool (Fig. 3(a)). A bias, which is typically a pressure gradient, a 
chemical gradient, or an electric field, is the driving force for the moldable material to fill the mold cavity. As deformation should be 
limited to the moldable material, the mold must have a significant higher strength (or viscosity) than the moldable material at the 

Fig. 3. Principle of molding. (a) A moldable material is typically formed under a bias, such as a pressure gradient into a hard mold to fill the mold 
cavity. (b) Molded ancient coin from the Spring and Autumn period of China, 770–476 BCE. This particular part was molded by pouring liquid 
bronze, CuSn, into a coin mold. (c) Using the same molding principle, metallic glass nanorod arrays are molded into mold cavities of 55 nm in 
diameter [60] (Copyright 2009, Springer Nature). 
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molding temperature. The requirement for significant higher strength is difficult to define in a general sense, as it depends on the 
specifics of the molding process. As an estimate, one order of magnitude higher strength in the mold than in the moldable material is a 
reasonable general guideline. Requirements for the pressure gradient or general bias are (i) that it is sufficiently large to drive the 
moldable material to fill the mold cavity on a desirable time scale and (ii) that it is sufficiently small so as not to exceed the yield 
strength of the mold. For example, considering that the flow stress of a liquid scales with the strain rate as σflow = γ̇ × η (σflow : flow 
stress, η: viscosity, γ̇: strain rate), obeying the requirement (i) requires high strain rate; this leads to high flow stress, which requires 
high applied pressure, which may exceed the yield strength of the mold. Hence, requirements (ii) cannot simultaneously be obeyed. As 
molding is often carried out at elevated temperatures, the mold material must be able to withstand applied forming pressure at such 
temperatures. 

2.2. From Macroscopic molding to nanomolding 

Essentially, the mechanism for nanomolding is the same as for macroscopic molding. However, due to the different scaling of the 
involved forces with the characteristic size, the dominant force controlling the molding mechanism changes (Fig. 4). Taking the mold 
diameter d as the characteristic size, their scaling can be expressed as: 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

FG∝d3

Fp∝d2

Fd∝d2

Fη∝d2

Fγ∝d

(1) 

Here, FG is the gravity force and scales with the volume, hence d3. Fp is the pressure force applied on the moldable material, and 
scales with the area over which the applied pressure acts, hence d2. Both the yielding force, Fd, and the viscous force, Fη , are resisting 
the molding process. Fd scales with d2 as described by the Schmid law (slip deformation of single crystals). Fη scales with d2 as described 
by the Hagen-Poiseuille equation. The capillary force, Fγ can either promote or resist molding, depending on the wettability of the 
moldable material on the mold. Fγ scales with the circumference of the mold cavity, the length of the intersection between mold, and 
the free surface of the moldable material. To compare the contributions of the various forces, we assume typical values for metals: for 
density ρ = 1000kg/m3, surface tension γ = 1N/m, viscosity of supercooled liquid η = 107Pa∙s, shear strength of ~ 10 MPa, under an 
applied pressure of ~ 1 GPa, and formed nanowires with L/d = 5 on a practical time scale of 100 s. The quantitative results of these 
forces as a function of the characteristic length scales are plotted in Fig. 4. 

In addition to geometric scaling (eq.1), materials may also change their properties. For example, crystalline metals (solids) increase 
their strength when the sample size is reduced to nanoscale dimensions. This has been explained by a dislocation starvation process 
[27,90-94]. The increase of the already high strength of crystalline metals has led to the general opinion that nanomolding of crys
talline metals is impractical [60,95,96]. Material property changes have also been reported for liquids, where a change in viscosity has 
been observed when the liquid is confined to length scales comparable to their intrinsic length scales [97-99]. Intrinsic length scale 
depends on the material and can be set by the chain length of polymers, the shear transformation zones in metallic glasses, or particle 
size in granular materials [100]. Such size effects in properties can be significant, and hence must be considered in nanomolding. 

Fig. 4. Scaling of the involved forces during molding with the molding diameter (characteristic length scale). The forces are calculated 
according toFG = ρgV, Fp = pπd2/4, Fd = τyπd2/4(cos45◦

)
2, Fη = 8ηπL2/t, and Fγ = πdγcosθ. Whereas applied pressure force and resisting viscous 

and yielding force exhibit same scaling, and hence their relative importance is size independent, gravity force dominates at large scales while the 
capillary force dominates at very small scales. 
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2.3. State of matter of moldable materials for nanomolding 

Nanomolding has been carried out with materials in all three states of matter: solid, liquid, and gas. It is generally carried out under 
a combination of pressure and temperature. Pressure takes the role of the driving force for the molding process, and temperature the 
enabler, to reduce viscosity or flow stress of the moldable materials. The main differentiator for the nanomolding process in the three 
states of matter is the viscosity and diffusivity (the change in shear modulus of solids is small in comparision). The viscosity changes by 
over 16 orders of magnitude, from a glass below its glass transition of > 1012 Pa∙s, and liquids including supercooled liquids spanning 
from 1012 to 10-3 Pa∙s, to gases with a viscosity below 10-5 Pa∙s. For solids including crystals, the lattice diffusion coefficient varies 
from D ~ 101 nm2/s at around 0.5Tm to ~ 107 nm2/s near Tm. It is this wide variation of viscosity and diffusivity that defines the flow 
resistance stress (Fig. 5), and thus determines the requirements for a specific nanomolding technique dependent on the state of matter. 

Separate nanomolding techniques exist for low and high viscous liquids. For low viscous liquids, capillary forces dominate viscous 
forces (see Fig. 4). High viscous liquids, such as supercooled liquids, are controlled by viscous forces. Only when very small dimensions 
are molded capillary forces must also be considered [60,102]. For supercooled liquids, which can be present in amorphous materials 
such as polymers and metallic glasses, the viscosity of the liquid decreases exponentially with increasing temperature in the super
cooled liquid region between the glass transition temperature, Tg, and the crystallization temperature, Tx [103,104]. Practically 
accessible viscosities are in the range of 105-1012 Pa∙s [103,105-110]. Viscosities in polymers are in the range of 102 and 105 Pa∙s 
[111,112]. As most polymers don’t readily crystallize, constrains on processing time are not a general limitation. For metallic glasses 
this is different as they readily crystallize, and access to low viscosity is limited with impractically short processing times and fast strain 
rates [105,109,113-116]. 

Solid state matter-based nanomolding has been dismissed as impractical until recently, due to the high strength of solids 
[27,90,117-122]. An additional challenge results from the size dependent deformation mechanisms in metals (Fig. 13). Hence, 
effective deformation mechanisms which take place on the macroscale, such as the motion of existing mobile dislocations or cross-slip, 
are not available on the nanoscale [62] due to dislocation starvation [92,94,123]. Such scaling of deformation mechanisms in metals 
also reflects in the “Hall-Petch” effect, in which nanoscale metals approach theoretical strength (~Y/10, Y is the elastic modulus), as 
well as changes in the deformation mechanisms from highly localized to homogeneous deformation in amorphous metals [27,90,117- 
122,124,125]. 

Recently however, a nanomolding method based on atomic diffusion was introduced which can be applied to essentially all metals 
[61], alloys [62,63,126], and, even to many ordered phases [64]. Such diffusion-based molding is only effective on the nanoscale, as 
diffusion lengths are too short for macroscale dimensions. As the rapid diffusion path is generally on the mold/moldable interface, the 
effectivity of such a diffusion-based molding process scales with the ratio of the circumference/cross sectional area, 1/d. Hence, 
diffusion-based deformation is highly effective on the nanoscale but can be neglected on the macroscale at the expense of other more 
effective deformation mechanisms (see details in Fig. 13). 

Numerous solution and gas-based nanomolding techniques have been developed in the past two decades (Fig. 6c) [127,128]. The 
required bias, such as a gradient in concentration, pressure, chemical potential or electrical potential for solution-based and gas-based 
nanomolding, is usually very low. Such low bias originates from the very low viscosities, ~10-3 Pa⋅s for solution, and ~ 10-5 Pa⋅s for 

Fig. 5. Flow resistance as a function of temperature for the three states of matter. The flow resistance of liquid (including supercooled liquid) 
and gas (including plasma) is estimated through σ = η∙_γ, where η and γ̇ represent viscosity and strain rate, and the flow stress (creep stress) of solids 

(including crystal) as σ =

(
kBTG2 ε̇

Db

)
1/3 [61,101], where D, G, b, and kB represent the diffusion coefficient, shear modulus, magnitude of the Burgers’ 

vector and the Boltzmann constant, respectively. The strain rate is taken as ε̇ = 10−3 s−1. 
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gas, compared to the viscosities of supercooled liquids, > 105 Pa⋅s. For example, pressure gradients of ~ 105 Pa/cm and electrical field 
gradients of ~ 102 V/cm are sufficient to achieve the biased particle velocity to fill mold nanocavities on a practical time scale [129]. 
Like in any molding process, for solution- and gas/plasma-based nanomolding, the mold serves as a geometrical confinement, shaping 
and confining the forming nanocrystals [130-132] (Fig. 6). Solution-based and gas-based nanomolding are both versatile, scalable, and 
practical. Limitations for solution-based nanomolding are given by the selection and availability of precursor compounds, and the 
limitation of the number of components which can be used simultaneously, which is usually limited to three [133]. Gas-based 
nanomolding is often slow due to the small material flux rate, especially for nanostructures with high-aspect ratios. High-aspect 
ratio nanostructures pose an additional challenge, which originates from the divergence of the material transport preventing filling 
of long and narrow cavities. The synthesize efficiency can be enhanced through the use of catalysts, which have to be applied into the 
mold cavity prior to molding [128,134]. 

3. Nanomolding mechanisms 

The developed nanomolding techniques are dictated by the states of matter of the molded material. A summary of the dominant 
mechanisms enabling nanomolding of liquids and solids are shown in Fig. 6. The flow mechanism behind the nanomolding of liquids is 
generally viscous and/or capillary-flow dominated (Fig. 6a). The flow mechanism of solid states under molding can either be domi
nated by diffusion or dislocation motion (Fig. 6b), depending on temperature and pressure. For high-temperatures, T > 0.4Tm, 
nanomolding is diffusion dominated, while for low-temperatures, T < 0.4Tm, nanomolding is dominated by dislocation motion [63]. 
Gas-phase nanomolding is based on the transport of individual particles following a bias into the mold cavity (Fig. 6c). The bias is 
typically realized through a gradient in pressure, electrical, or magnetic field. 

3.1. Nanomolding of liquids: Viscous flow and capillary flow 

Generally, viscous force and capillary force are the intrinsic forces related to the flow of liquids. Viscous force always resists flow 
into the mold cavity, while capillary force can either drive the flow into the mold or resist it, depending on the wettability of the liquid 
on the mold surface. Such wettability is quantified by the contact angle of the liquid/mold interface. Therefore, nanomolding of liquids 
requires an applied force to balance the flow resistance forces. For a steady-state flow of a Newton fluid into a cylindrical mold cavity of 
diameter d, the required applied force is: 

Fig. 6. Underlying microscopic mechanisms for the nanomolding of liquid, crystal, gas, and diluted solutions. (a) Viscous flow of a liquid 
into a mold cavity. The required driving force must overcome the internal friction force of the liquid. For typical non-slip boundary condition with a 
finite mold/liquid material friction coefficient, the velocity of liquid atoms varies from a small value (zero for an infinite friction coefficient) at the 
liquid/mold interface, to a maximum value at the center of the mold cavity. (b) Thermomechanical nanomolding (TMNM) of solids is based on 
diffusion as the transport mechanism at high homologous temperature, T > 0.4 Tm, and dislocation slip at low homologous temperature, T < 0.4 Tm. 
(c) Nanomolding in gas and solution phases. Atoms, ions, or clusters are driven by a bias such as a gradient in concentration, pressure, electric field, 
or chemical potential gradient into the mold, and form nanostructures which dimensions are controlled through the confinement provided by 
the mold. 
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Fp = Fη + Fγ = 8πηuL − πdγcosθ (2) 

with u = um/2 as the mean flow velocity of the fluid in the mold cavity (Fig. 6(a)). Eq. (2) is valid for viscous flow with a small 
Reynolds number (Re =

ρud
η ≪ 1). For nanomolding of high viscous liquids such as polymers and BMGs in their supercooled state, the 

small Reynolds number requirement, which results in laminar flow, is always present. If in addition to laminar flow, interface slipping 
is suppressed, and u ≈ L/t can be approximated, mold filling can be quantified by a modified Hagen-Poiseuille equation containing a 
capillary term [60,61]: 

p0 = pη + pγ =
32η

t

(
L
d

)
2 −

4γcosθ
d

(3) 

pη and pγ are pressure terms that correspond to flow resistance force and capillary force, respectively. Examples of nanostructures 
which have been molded according to Eq. (3) comprise a wide range of materials and length scales, including those that can be 

Fig.7. Examples of viscous flow-based nanomolding. (a)-(f) Nanomolding of different materials (a) Pt57.5Cu14.7Ni5.3P22.5 BMG [60] (Copyright 
2009, Springer Nature). (b) Pd40.5Ni40.5Si4.5P14.5 BMG [135] (Copyright 2015, Elsevier). (c) Zr35Ti30Cu8.25Be26.75 BMG [102] (Copyright 2015, IOP 
Publishing). (d) TiO2 nanowires [136] (Copyright 2001, AIP Publishing). (e) PDMS [56] (Copyright 1996, The American Association for the 
Advancement of Science). (f) PMMA [137] (Copyright 2007, John Wiley and Sons). (g)-(i) Nanomolding on a different length scale. (g) Atomic-size 
resolution in nanoimprinting of metallic glasses demonstrated through replication of atomic steps in Pt57.5Cu14.7Ni5.3P22.5 surface [138]. (h) 13 nm 
in diameter nanowire arrays of Pt57.5Cu14.7Ni5.3P22.5 BMG [60] (Copyright 2009, Springer Nature). (i) 200 nm in diameter nanowire arrays of 
Pt57.5Cu14.7Ni5.3P22.5 BMG. (j)-(k) Hierarchical structures. (j) BMG hierarchical nanostructures combining micron- and nano-length scales [83] 
(Copyright 2015, American Chemical Society). (k) PMMA hierarchical nanostructure combining micron- and nano-length scales [139] (Copyright 
2006, IOP Publishing). 
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combined into hierarchical structures (Fig. 7). 

3.1.1. Viscous flow of highly viscous liquid-based nanomolding 
Though both viscous force and capillary force generally contribute to the nanomolding of liquids (Eq. (3)), their relative contri

bution can vary dramatically, to the extent that one force essentially dominates the process (Fig. 4). For highly viscous liquids such as 
supercooled liquids of BMG forming alloys and polymers, Fη ≫ Fγ , since η ≫ γ|cosθ|

u
d
L. In order to estimate the situations that result in 

viscous- or capillary-dominated behavior, the forces in the viscosity-mold diameter parameters space using Eq. (3) are calculated 
(Fig. 8). For this, typical values were assumed: |cosθ| = 0.5, L/d = 5, and a practical time scale of t = 100 s. For large mold diameter and 
high viscosity, nanomolding is viscous force dominated. On the other hand, for small mold diameters and low viscosity, nanomolding 
of viscous liquids is dominated by capillary forces. In the transition region both forces have to be considered. For example, for d = 102 

nm and η = 107-108 Pa∙s, viscous force and capillary force contribute approximately equivalently to the flow into the nanomold cavity. 
Capillary force-dominant nanomolding is typically present in polymers and sol–gel materials [56,140-144], whereas viscous force- 

dominated namomolding is present in metallic glasses [60,102,145-155]. However, it has been observed that when nanomolding 
metallic glass into smaller sizes, < 100 nm, capillary forces have to be considered, and for d < 20 nm, capillary forces dominate the 
molding process (Fig. 9) [60]. In the case of nanomolding BMGs into small sizes, < 100 nm, appropriate mold/moldable materials have 
to be identified to achieve a contact angle below 180◦ (Fig. 9) [156,157]. Otherwise, the required forming pressures are impractically 
high to realize nanomolding [60,102]. It is worth noting that for θ < 90◦ capillary force promotes nanomolding, but to date such a 
condition has not been realized. 

For viscous force-dominated nanomolding (Fig. 8), the viscosity is the controlling material parameter (Fig. 10). The required 
molding pressure is essentially defined by the viscous flow term in Eq. (3): 

p0 = pη =
32η

t

(
L
d

)
2 (4) 

To provide some typical requirements for the forming pressure, we assume a molding time of t ~ 100 s, a mold cavity of d = 100 nm, 
and an aspect ratio of L/d = 10. For polymeric liquids (η ~ 103 Pa∙s), these conditions require a forming pressure of p0 ~ 0.01 MPa. For 
metallic glass liquids, the viscosity is on the order of 107 Pa∙s [103], and thus the required forming pressure under the same conditions 
is p0 ~ 100 MPa. In addition, considering that metallic glasses are metastable in nature, the available processing time generally limits 
the molding time. Substituting a typical crystallization time for BMGs (with viscosity of ~ 107 Pa∙s) of tcryst ~ 300 s [158], and a typical 

molding pressure of 100 MPa, into Eq. (4), the maximum aspect ratio that can be obtained is Ld =
̅̅̅̅̅̅̅̅̅̅
p0 tcryst

32η

√
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
100×107×300

32×107

√

= 30, which 

can be considered a medium-high aspect ratio. 
In summary, nanomolding based on viscous flow offers a solution to fabricate nanostructures from highly viscous liquids. It can be 

realized with a variety of material classes including BMGs [60,159], sol-gels [136], and polymers [56,137] (Fig. 7). In terms of ge
ometry, it covers length scales down to sub nanometers [152,160], and allows the fabrication of hierarchical micro/nanostructures 

Fig. 8. Viscous force or capillary force-dominated nanomolding regions as a function of mold diameter and viscosity. Values are calculated 

according to p0 = pη +pγ =
32η

t

(
L
d

)
2 −

4γcosθ
d , assuming typical conditions: |cosθ| = 0.5, L/d = 5, and t = 100 s. For small diameters and low viscosity, 

nanomolding is dominated by capillary forces, and for high viscosity and large diameters, nanomolding is dominated by viscous forces. The 
transition region requires consideration of both forces. 
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[83,139] (Fig. 7). Whereas polymers and sol-gels nanomolding is capillary force-controlled metallic glasses nanomolding is viscous 
force-controlled. Only on the small scale (< ~100 nm) must the contribution of capillary force be considered, as it becomes dominant 
at ~ 20 nm in the nanomolding of metallic glasses (Fig. 9 and Fig. 10). The versatility of this process has led to a large range of 
applications spanning from fuel cells, catalysis, force sensors, waveguides, magnetic storages, and structural color filters (Fig. 11). 

3.1.2. Capillary force controlled nanomolding 
In the case of capillary force-controlled nanomolding, the wetting of the moldable material on the mold plays an important role 

(Fig. 9 and Fig. 12). The pressure required for capillary force-controlled nanomolding is defined by the capillary term in Eq. (3): 

P0 ≈ Pγ = −
4γcosθ

d
(5) 

For Θ > 90◦ (dewetting), formation of additional interface requires energy. Hence, the capillary force resists molding. As a 
consequence, Pγ increases with decreasing mold cavity (the black line in Fig. 12(a)). Under dewetting conditions, an external force is 
thus required for nanomolding. However, for Θ < 90◦ (wetting), formation of an additional interface lowers the energy of the system, 

Fig. 9. Required pressure for nanomolding of supercooled liquids as a function of mold diameter. For mold cavities smaller than ~ 100 nm 
capillary forces become significant. The wetting behavior drastically increases (θ > 90◦) or decreases (θ < 90◦) the required forming pressure for 
small mold diameters [60] (Copyright 2009, Springer Nature). 

Fig. 10. Required forming pressure to nanomold solids. Materials considered include BMGs at room temperature or crystalline materials, BMGs 
in their supercooled liquid state and polymers. Equation (4) is performed with: t = 100 s, L/d = 10, and a typical viscosity for polymer of ~ 103 Pa∙s, 
BMG in supercooled liquid (~107 Pa∙s), and a solid (~1012 Pa∙s). 

Z. Liu et al.                                                                                                                                                                                                              



Progress in Materials Science 125 (2022) 100891

11

which leads to spontaneous wetting and molding (the dashed blue line in Fig. 12(a)). 
Capillary force-controlled nanomolding can be present when filling liquids with a viscosity below ~ 106 Pa.s into nanocavities 

below 100 nm (Fig. 8). This can be realized in polymers [167], sol-gels [136], and liquid metals [77]. For example, it has been 
demonstrated that liquid lead spontaneously fills into carbon nanotubes through capillary forces (Fig. 12(c)) [77]. To fabricate low 
aspect-ratio nanofeatures from polymers such as photoresists, capillary forces have been utilized to develop capillary-force lithography 
[167,168]. Capillary forces can also be utilized to fabricate semiconductor oxide nanofibers/nanowires, even those of high-aspect ratio 
based on the sol–gel method [169]. It should be mentioned that for supercooled polymers and metallic glasses, nanomolding is often 
controlled by a combination of viscous and capillary forces (see Figs. 7 and 8)[60]. 

In summary, liquid-based nanomolding is generally controlled by viscous and capillary forces. It can be quantified by the Hagen- 
Poiseuille law (Eq. (3)) when extended to include a capillary pressure term. For high viscosities (>108 Pa.s) and larger mold cavities 
(>100 nm), viscous force controls nanomolding (Fig. 8). Capillary forces can be dominating (depending on the wetting angle) for low 
viscosities (<106 Pa.s) and/or small mold cavities (<100 nm). 

Liquid-based nanomolding can be used to fabricate metal, polymer, and even ceramic nanostructures by using liquid metals, 
supercooled metallic glasses, polymers, or sol-gels. It is a stable process, which can be precisely controlled, is readily scalable, and 
robust. It has been widely explored in the commercial arena for nanoimprint lithography (NIL) in applications including semi
conductors, nanophotonics, displays, light-emitting diodes, solar cells, optical communication, semiconductor integrated circuits, data 
storage, biotechnology, pharmaceuticals, medicines, and security features [56,137,144,170-178]. 

Fig. 11. Applications of viscous flow-based nanomolding. (a) diffraction patterns to generate color on metallic glass surfaces [100] (Copyright 
2010, John Wiley and Sons), (b)-(c) catalyst fuel cells [5,161] (Copyright 2012, John Wiley and Sons [5]. Copyright 2011, American Chemical 
Society [161]), (d) metal–metal Janus nanostructures [162] (Copyright 2016, American Chemical Society), (e) nanopatterns as a cell traction force 
sensor [19] (Copyright 2017, American Chemical Society), (f) bit-patterned media for high-density magnetic data storage [163] (Copyright 2012, 
John Wiley and Sons), (g) Polymer waveguides [164] (Copyright 2002, American Vacuum Society), (h) metallic cross bars for nanocircuits [165] 
(Copyright 2009, American Chemical Society), (i) structural color filters with subwavelength semiconductor gratings [166] (Copyright 2016, John 
Wiley and Sons). 
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Fig. 12. Capillary force-dominated nanomolding of liquids. (a) Capillary force can be either a driving force or resistance force to molding, 
depending on the contact angle of the liquid/mold interface. (b) Liquids immersed in tubes with different wetting angles of 120◦, 90◦, and 60◦. A 
wetting angle below 90◦ causes the capillary force to counteract gravity force and pull the liquid up. (c) Molten lead spontaneous fills carbon 
nanotubes through the action of a capillary force (θ < 90◦) [77] (Copyright 1993, Springer Nature). 

Fig. 13. Deformation mechanism map for typical crystalline metals. The dominant deformation mechanism is indicated as a function of 
temperature and sample dimension (mold diameter). For macroscopic samples, diffusion-based deformation mechanisms such as diffusion-assisted 
dislocation motion (e.g., dislocation climb) and diffusion-induced grain boundary migration dominate at high temperatures. On the very small scale, 
atomic diffusion dominates the underlying deformation mechanism, even at low temperatures including room temperature) (atomic diffusion 
dominated region). This is because the relative interface area of single digit nanosized metals is very high, and the interface diffusivity is by several 
orders of magnitude higher than that of lattice (bulk) diffusion. With increasing sample dimension, at low temperatures, dislocation motion 
(dislocation nucleation and dislocation propagation) is the main deformation mechanism controlling TMNM of metals. This is because atomic 
diffusion decreases exponentially with temperature and becomes less effective due to a decrease in interface/volume area. 
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3.2. Nanomolding of solids 

In this discussion of the nanomolding of solids, the material class we will focus on is metals, with its wide range of deformation 
mechanisms. However, due to their practical importance, some non-metal materials will also be discussed. In crystalline metals the 
prominent deformation mechanism is a strong function of the sample size and temperature (Fig. 13). The basic underlying mechanisms 
are atomic diffusion and dislocation motion. With decreasing length scale, dislocation slip [179] ceases to operate due to the reduction 
of required space either to form dislocations (dislocation starvation) [93] or due to the lack of presence of dislocations [90,180,181]. 
As a consequence, plasticity, and hence nanomolding ability based on dislocation slip, is expected to be limited on the nanoscale 
[93,181]. Therefore, one can expect that, on the nanoscale, bulk diffusion (Nabarro-Herring creep) [62] and interface diffusion (Coble 
creep) [61,182,183] deformation mechanisms play a dominant role for metals. It is important to note that temperature plays an 
important role in the plastic deformation of metals, because it controls grain boundary sliding and assists dislocations to cross energy 
barriers. Generally, dislocation-based deformation becomes dominant with increasing grain size and at low temperatures, typically 
below 0.4 Tm. At high temperatures > 0.4 Tm, deformation is dominated by diffusion. This is because the temperature dependence of 
atomic diffusion is controlled by the exponential temperature dependence of vacancy concentration. In contrast, the resistance to the 
sliding of a dislocation, which is directly proportional to the shear modulus, is almost temperature independent for T < 0.4 Tm. 

To conclude, atomic diffusion as an atomic transport mechanism dominates at the nanoscale, and diffusion-assisted dislocation 
motion, grain boundary sliding, migrating (i.e. diffusion creep) becomes dominant with increasing characteristic length scale 
[101,184] (Fig. 13). In general, for macroscopic samples, diffusion-based deformation mechanisms such as diffusion-assisted 

Fig. 14. Examples of materials and geometries that can be fabricated through thermomechanical nanomolding (TMNM). (a) High 
throughput fabrication of Au nanowire arrays with TMNM. (b) Long Ag nanowires with aspect ratio of ~ 2000 [61]. (c) and (d) Fabricated ordered 
phases nanowire arrays (Au2Al) with controlled diameters and aspect ratios [64] (Copyright 2020, American Physical Society). 
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dislocation motion (e.g., dislocation climb) and diffusion-induced grain boundary migration dominate at high temperatures. However, 
for very small sample dimensions, < 10 nm, the very high interface/bulk atom ratio and the significantly higher interface diffusivity 
versus bulk diffusivity enables a diffusion-dominated deformation mechanism even at low temperatures, including room temperature. 
At larger sample dimensions, the increase in temperature rapidly enhances diffusivity, and for dimensions up to ~ 100 mm, diffusivity 
takes over dislocation-mitigated deformation at ~ 0.4 Tm. For sample sizes larger than the nanoscale, metal deformation is a diffusion- 
enabled dislocation mechanism. One has to keep in mind that the boundaries of the various deformation regions do shift with applied 
stress. Independent of the underlying mechanism (diffusion vs. dislocation), nanomolding of solids using temperature and pressure is 
generally referred to as thermomechanical nanomolding (TMNM) [62]. We will show below that TMNM is a highly versatile nano
fabrication method which spans a wide range of length scales and geometries, and can be realized with most pure metals, alloys, and 
ordered phases (Fig. 14). 

Below we will show that for higher homologous temperature (T > 0.4Tm), atomic diffusion becomes an effective transport 
mechanism when considering nanoscale dimensions. We will further discuss how dislocation motion can be sufficient to enable 
dislocation-based TMNM mechanism. 

3.2.1. Diffusion-Based TMNM of solids 
Atomic diffusion is generally involved in the deformation of macroscopic-sized metals, but it is often not the dominant mechanism. 

For example, atomic diffusion can assist dislocation motion perpendicular to their slip planes, so called “climb,” which enhances 
overall dislocation mobility. Atomic diffusion is also involved in grain boundary sliding, the prominent macroscopic deformation 
mechanism for metals at elevate temperatures. These mechanisms form the basis of creep deformation on the macroscale. On the 
nanoscale, atomic diffusion can become the dominant atomic transport or deformation mechanism. This can be rationalized when 
considering random one-dimensional walk in a crystal. The diffusion distance can be estimated as L

̅̅̅̅̅
Dt

√
, where D is the atom’s 

diffusivity. Substituting typical values for diffusion in solid metals at intermediate temperature ~ 0.5Tm of D ~ 10-18 m2/s and a 
timescale of t = 100 s yields a diffusion distance of L ~ 10 nm. Even though negligible for macroscale molding, this estimation suggest 
that diffusion-based material transport can be significant on the nanoscale [61,62]. 

We will see now that when a bias is present, such as a pressure gradient, practical conditions can result in significant and rapid net- 
flux of atoms. Diffusion-based TMNM can be quantified when considering the grows through a volume change of a nanowire, dV/dt, as 
a result of the diffusion flux of atoms, J, through the cross-section area of nanowire, S, as: 

dV
dt

= S∙J (6) 

According to Fick’s Law, in the case that atomic diffusion is controlling atomic flux, J = D
kBT ∇pΩ, with D as the diffusivity, Ω as the 

Fig. 15. Scaling experiments revealing interface diffusion as the underlying mechanism for TMNM at high temperature. Nanomolding of 
silver at 400◦C (~0.54 Tm) for 300 s at a pressure of 1.6 GPa into mold cavities of various diameters [185]. The nanowire length increases with 
decreasing d according to L∝d−1/2. This scaling matches interface diffusion controlled nanomolding (eq. 10). For comparison, bulk diffusion 
controlled nanomolding is also plotted (eq. 9, red line), which predicts that the nanowire length is independent of mold diameter and approximately 
three orders of magnitude shorter than the experimental measurements. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 
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mean atomic volume and ∇p as the pressure gradient along the nanowire. Rewriting the volume as V = S∙L, and ∇p =
dp
dL = p/L with L 

as the nanowire length gives: 

dL
dt

=
DpΩ
LkBT

(7) 

Integrating eq. (7) and assuming L(t=0) = 0 gives: 

L =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8SDpΩt
πd2kBT

√

(8)

Eq. (8) takes different forms for nanomolding based on bulk diffusion and interface diffusion. To describe nanomolding based on 
bulk diffusion, where diffusing atoms travel across the entire cross section of the nanowire requires substitution of S = 1

4 πd2 and D =

DL, with DL as the lattice diffusivity, which results in: 

L =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2DLpΩt

kBT

√

(9)

For nanomolding based on interface diffusion, diffusing atoms travel across a thin nanowire/mold interface layer with an interface 
diffusivity, DI= D. In this case, the cross section of atomic flux is S = πdδ where δ is the thickness of the interface layer. Substituting in 
eq. (8) gives: 

L =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8DIpΩt

kBT
δ
d

√

(10)

The scaling of the nanowire length with its diameter, L(d) has different forms for nanomolding based on bulk diffusion (eq. 9) or 
interface diffusion (eq. 10). In the case of bulk diffusion controlled nanomolding, the length of the nanowire is independent of its 
diameter (set by the mold cavity diameter), L∝d0. Instead, for interface diffusion controlled nanomolding, nanowire length scales with 
the wire diameter, L∝d−1/2. Due to this inverse relation, TMNM has been described as “the smaller the easier” [62]. In order to reveal 
the underlying diffusion process for diffusion-based TMNM, scaling experiments have been carried out [185] (Fig. 15). Using silver at 
0.54 Tm and mold cavity diameters ranging 10–250 nm, L(d) reveal that the underlying mechanism for diffusion-based TMNM is 
interface diffusion. This can be concluded from the fact that the scaling of L(d) follows a d−1/2 behavior and the absolute length are 
approximately three orders of magnitude longer than suggested for bulk diffusion. Bulk diffusion, due to the 4–6 orders of magnitude 
lower diffusivity [186], plays only a negligible role in diffusion controlled TMNM [185,187]. 

The consequences of an interface diffusion-based mechanism in TMNM are that nanomolding becomes “easier” with decreasing 
nanorod diameter [62]. Easier is quantified by the required forming pressure to nanomold a certain aspect ratio L/d, where with 
decreasing d the required forming pressure decreases to mold a certain L/d. Or, in other words, for the same pressure, with decreasing 
d, longer nanowires can be formed (Fig. 15). Diffusion-based TMNM can be realized with a vast range of materials as “significant” 
atomic diffusion is present in a broad range of materials at least at a homologous temperature, T/Tm > 0.4 (see 3.4). 

3.2.2. Dislocation-based TMNM of solids 
At low homologous temperature < 0.4Tm, diffusion-based nanomolding is generally no longer effective because the diffusivity 

decreases exponentially with temperature. Taking Ag as an example, its bulk diffusivity is ~ 2.2 × 10-18 m2/s at 0.3Tm, about five 

Fig. 16. Required minimum molding pressure for dislocation-based TMNM of crystalline aluminum [189]. Size-dependent critical forming 
pressure to nucleate an edge dislocation loop in Al. Dots and line are corresponding to the experimental data and theory (eq. (11)), respectively 
(Copyright 2020, IOP Publishing). 
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orders of magnitude smaller than its diffusivity at 0.54 Tm (~5.6 × 10-13 m2/s) [188]. The predicted Ag nanowire length (eq. 10) would 
be 2–3 orders of magnitude shorter at 0.3Tm than at 0.54Tm (Fig. 16). Due to the ineffectively of the diffusion mechanism at low 
homologous temperature, dislocation mitigated nanomolding takes over. 

As the grain size in metals of typically ~ 10 μm is much larger than the mold nanocavities, the vast majority of mold nanocavities 
contact with a single crystal. In the dislocation dominated low temperature nanomolding, nanorods grow by dislocation sliding 
[63,185]. We consider the simplest dislocation-based nanomolding model in Fig. 6(c) and (e). First, the applied pressure must 
overcome the energy barrier of dislocation loop nucleation (Fig. 6(e)). Equating the energy required to generate an edge dislocation 
loop [189] and the external work, the minimum molding pressure required for dislocation-based nanomolding is: 

pc =
αGb

d
(11)  

where b is the magnitude of the Burgers vector and α is a constant which depends on the specifics of the material. Eq. (11) predicts that 
the required minimum molding pressure at low temperature increases with the mold cavity size. Such a scaling behavior has been 
experimentally verified by TMNM of gold [63] and aluminum (Fig. 16(a)) [189]. 

Furthermore, once the metal deforms into a mold nanocavity by dislocation sliding, the friction resistance from the cavity wall 
requires additional pressure. Therefore, the required molding pressure is 

p =
αGb

d
+

τs(πdL)

S
(12)  

where the second term originates from the wall friction, τs is the shear strength of the wall/metal interface. Substituting S = 1
4 πd2 into 

eq. (12) gives: 

p =
αGb + 4τsL

d
(13a)  

or L =
pd
4τs

−
αGb
4τs

(13b) 

Eq. (13) predicts that the length of a metal nanorod increases linear with the mold cavity size, which is in agreement with 
experimental observations (Fig. 17). The required molding pressure increases with decreasing mold cavity diameter and with 
increasing length of the forming nanorods. Due to the ineffectively of dislocation-based nanomolding, molded nanowires are usually 
limited to low aspect ratios below five (Fig. 17 and Fig. 18). 

In summary, nanomolding of solids, with a focus on crystalline metals is based either on diffusion or dislocation mitigated material 
flux. At low homologous temperature, i.e., T/Tm < 0.4, dislocation mitigated nanomolding dominates. With increasing homologous 
temperature, diffusion becomes more effective and takes over the materials transport mechanism. As “significant” diffusion is present 
in a vast range of materials, this vast range of materials should be suitable for nanomolding as we will discuss in the following section. 

3.3. Materials for nanomolding through TMNM 

As different applications require different materials, a nanomolding method that can be applied to a wide range of materials has a 
major advantage. In this section, the various material classes that are suited for TMNM as a nanomolding process will be discussed. 

Fig. 17. Scaling of nanomolding length with diameter for Ag at 100 ◦C (~0.3 Tm). Experimental results reveal a linear increase of L with 
increasing d, the solid line is fitted by an dislocation dominated mechanism according to eq. (13b) [185]. 
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Pure metals: A wide range of pure metals have been used in TMNM (Fig. 19). The reason for the suitability of pure metals for 
TMNM is that they exhibit high diffusivity at high homologous temperature, T/Tm > 0.4 [186]. In addition to diffusion, which is 
present in all solid materials, dislocation slip is also available as a deformation mechanism in pure metals. For example, Au nanorods 
have been fabricated through TMNM, where the controlling mechanism is based on dislocation slip for temperature of −60 ◦C (T/Tm <

0.16) [63] and based on diffusion transport for temperatures above 660 ◦C (T/Tm > 0.7) [63]. To date, pure metals with FCC and BCC 

Fig. 18. Samples of dislocation-based nanomolding. Short Al nanorods and microrods arrays fabricated [189] (Copyright 2020, IOP Publishing).  

Fig. 19. Examples of pure metal nanowires. Nanowire arrays which have been fabricated through diffusion-based TMNM of pure metal at 
temperatures above 0.4 Tm [62,189] (Copyright 2019, American Physical Society [62]. Copyright 2020, IOP Publishing [189]). 
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structure have been nanomolded by TMNM, including In, Sn, Zn, Pb, Al, Au, Ag, Cu, Fe, Ni, Pt, Pd, Ti, V, Bi. Some of these metals, 
including In, Sn, Zn, Pb and Al are challenging to demold as they dissolve in KOH (KOH is generally used as an etchant to dissolve the 
AAO mold), and hence require other etchants or mechanical demolding (Fig. 19k-l). 

In the case of diffusion-based nanomolding, the feasibility of molding specific feedstock materials into nanowires depends on the 
diffusivity of that material. Under practical molding conditions, for example, p = 400 MPa, t < 10 min, d = 40 nm, an interface 
diffusivity > ~10-17 m2/s, is required to form nanorods with aspect ratio L/d > 1. For pure metals, this requirement is achieved at 
homologous temperature > 0.4 Tm. For example, at 0.4 Tm (262 ◦C) the interface diffusivity of pure gold is ~ 10-15 m2/s [186]. For 
some metals with high melting temperature, such as W (Tm = 3422 ◦C), Ta (Tm = 2980 ◦C), Mo (Tm = 2623 ◦C), and Nb (Tm = 2477 ◦C), 
it is experimentally challenging to achieve the required absolute temperatures to realize homologous temperatures of 0.4 Tm. 

Non-metals: Non-metals such as B, Si, C, P exhibit very different properties compared to pure metals. They exhibit low electrical 
conductivity, are brittle, and their diffusivity is generally low. These qualities originate predominately from their strong directional 
bonds. For example, the diffusivity of silicon at T ~ 0.4 Tm is ~ 10-28 m2/s [190]. Therefore, atomic transport through diffusion is 
essentially negligible even on the nanoscale. The directional bonds also drastically inhibit the formation and slip of dislocations; hence 
non-metals are generally brittle materials. Therefore, TMNM is not a suited process to fabricate nanosized elemental non-metals. 
Alternatively, by increasing the molding temperature to above the melting temperature of non-metals, liquid-based nanomolding of 
Si has been achieved [191]. 

Solid Solutions: Solid solutions (e.g., Au-Ag, Au-Cu, Ni-Cu, and Fe-Al) show very similar properties to pure metals. Their crystal 
structure is the same than that of the constituent solvent metal and they randomly occupy this lattice with two or more elements. Both 
mechanisms, dislocation slip, and diffusion transport operate the same way as in pure metals. Hence, they can be fabricated through 
TMNM in a similar way as pure metals. Examples of TMNM of solid solutions include Cu-Al, Pd-Cu, Ag-Ge, Au-Ag, Cu-Zn-Sn, and 
PdCuNiPtRhIr [62,64,192] (Fig. 20). 

However, as the diffusion-based TMNM process depends on the atomic diffusivity (eq. (6)), one can expect that when the diffu
sivities differ for the constitutive elements in a solid solution that the composition in the nanorod differs from the nominal composition 
in the feedstock. Specifically, the composition in the nanorod will be enhanced by the faster moving constituent element, and 
accordingly, depleted by the slower moving constituent element. 

Fig. 20. Examples of solid solution metal nanowires. Nanowire arrays which have been fabricated through diffusion based TMNM of solid 
solutions at temperatures above 0.4 Tm [62] (Copyright 2019, American Physical Society). 
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For example, when TMNM of Au50Cu50, where the diffusivity for Cu, DCu ~ 3.1 × 10−13cm2/s is higher than the diffusivity for Au, 
DAu ∼ 1.7 × 10−14cm2/s, the composition within the nanowire changes rapidly from initial Au50Cu50 to approach pure Cu after<500 
nm (Fig. 21(a)). The situation is different in Au50Ag50 where the diffusivities are more similar, DAg ~ 1.6 × 10−14cm2/s and DAu ~ 1 ×

10−14cm2/s (Fig. 21(b)). Here, the composition in the nanowire remains that of the nominal composition of Au50Ag50. 
Besides diffusivities, which control the kinetic aspect of the composition of the nanowires for solid solutions formed through 

TMNM, other contributions may also have to be considered. For example, heat of mixing and strain energy can act as thermodynamic 
contributions that can enhance or reduce the kinetic tendency to change composition in the nanowire. More research is required to 
develop a quantitative understanding of TMNM of solid solutions. Today’s understanding suggests that diffusivities of the solid so
lutions constituents, relative atomic radius, heat of mixing and strain energies, and the mold material, can all have an effect on the 
TMNM of solid solutions. 

Ordered Phases: Ordered phases such as intermetallics are phases that comprise multiple sublattices occupied selectively by the 
different atomic species. Ordered phases are a very broad class of materials and comprise essentially all functional materials including 
high temperature superconductors [193-195], semiconductors [196,197], ferromagnets [198], plasmonic materials [199], phase 
change materials [200-202], and topological insulators [203-205]. As the sublattices are exclusively occupied by one specific 
constitutive element, ordered phases are stable over very narrow compositional ranges. This characteristic of a very narrow 
compositional stability range distinguishes ordered phases from solid solutions. Solid solutions are often stable over very broad 
compositional ranges, which can encompass the entire compositional range in their corresponding alloy system. 

The constituents of ordered phases typically differ significantly from each other in size, electron configuration and crystal structure. 
Such dispersity is much larger than in solid solutions where the constituents are similar. This suggest that ordered phases cannot be 
nanomolded through TMNM as the different constituents diffuse with highly different rates which would alter the composition out of 
their stable range and other phases would form. However, nanowires of a wider range of ordered phases have been successfully 
nanomolded through TMNM (Fig. 22(a)) [64]. Further, it has been shown that the chemical composition throughout the molded 
nanowires is uniform and identical to the composition of the feedstock material. It has been argued that the reason that ordered phases 
can indeed be nanomolded is rooted in their characteristic narrow Gibbs free energy curves and hence the composition dependent 
chemical potential, μ(c) = ∂G

∂c (Fig. 22(b)). These narrow curves prevent compositional changes. This is because as soon as the 
composition changes slightly, the energy increases drastically and surpasses the energy gain from the nanowire growth. Specifically, 
assuming the two constituents, A, B of an ordered phase AB which exhibit different diffusivities, e.g., DA > DB. A can therefore diffuse 
faster and hence would change the composition in the nanowire. This will destabilize the AB phase (see Fig. 22(b). If μ > μp, no driving 
force for further growth exists. Only B, the slower diffuser, balances the composition towards AB (in Fig. 22(b) so that μ < μp and 
growth continues. Hence, the nanomolding kinetics of ordered phases is controlled by the slower diffuser to maintain the stoichiometry 
AB and provide a driving force for nanomolding. 

In summary, nanorods and nanowires can be fabricated through diffusion dominated TMNM from essentially all metals, solid 
solutions, and a large number of ordered phases. The diffusivity of the materials’ constituents controls the molding process. Generally, 
the diffusivity has to be higher than 10-19 m2/s so that nanorods can be fabricated through TMNM under practical conditions. For pure 
metals and solid solutions, higher diffusivities are always present for homologous temperatures > 0.4 Tm. In solid solutions, a dif
ference in the diffusivities of the constituents can change the composition of the nanowire relative the original composition of the 

Fig. 21. TMNM with solid solutions Au50Cu50 and Au50Ag50 [64]. (a). When using Au50Cu50 as a feedstock material, the composition changes 
towards essentially pure Cu due to the higher diffusivity of Cu compare to Au. (b) For Au50Ag50 feedstock, the composition remains Au50Ag50 
throughout the nanowire due to the similar diffusivity of Au and Ag (Copyright 2020, American Phys9ical Society). 
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feedstock. Such compositional changes do not occur during TMNM of ordered phase. This is because the kinetic motifs to change the 
composition during nanorod formation due to the different diffusivities, are overwritten by the thermodynamic driving force 
controlled by the narrow stability range of the ordered phase. 

3.4. Crystal structure of TMNM nanowires 

One important feature of a nanofabrication method is its ability to produce nanostructures (such as nanowires) of controlled 
crystallographic orientation and further if this orientation is present throughout the entire nanowire (single crystal formation). It has 
been observed that the vast majority of nanowires formed through TMNM are essentially single crystals (Fig. 23) [61,62,64,398]. 

Fig. 22. TMNM of ordered phases [64]. (a) Fabricated Au2Al ordered phases nanowires by TMNM. (b) Uniform chemical composition and a single 
crystalline structure of the entire nanowire is verified by EDS mapping and electron diffraction at different selected regions. (c) The competition 
between chemical potential, μ and the externally applied pressure gradient, μp, maintains the composition to stay within the narrow stability range 
of the ordered phase during TMNM (Copyright 2020, American Physical Society). 
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However, for a randomly oriented feedstock crystal, the entry into the nanomold cavity is generally associated with a reorientation of 
the crystal (Fig. 23(a)-(c)). Hence, several crystals with various orientations form before eventually a long single crystal is formed. For 
example, for FCC materials the single crystal grows in 〈110〉 [62]. It has been suggested that the 〈110〉 orientation of an FCC nanowire 
originates from the low surface energy associated with this orientation of the forming nanowire [206]. Specifically, the surface energy 
is 10% lower on a (111) FCC surface (the surface of a single crystal growing along 〈110〉), than the surface energy of any other 
differently oriented surfaces. Hence, a FCC nanowire grows along 〈110〉 to generate (111) surfaces. 

For ordered phase such as Au2Al, similar behavior has been observed than for the FCC case discussed above [64]. Once the single 
crystal grows in its preferred orientation, its growth is surprisingly robust. For example, if the nanocavity change it shape, angle, or 

Fig. 23. Single crystal nanowires by TMNM. (a) Schematic of the entry effect during TMNM. Several crystals typically form at the entrance of 
nanocavities until the desired growth orientation is established. From here on the nanowire grows as a single crystal [62] (Copyright 2019, 
American Physical Society). (b) HRTEM image of the root of a Au nanorod, revealing several crystals formed at the mold entrance. (c) Ordered phase 
Au2Al single crystal nanowire [64] (Copyright 2020, American Phys9ical Society). (d)-(i) The single crystal during TMNM forms even along 
complicated molds. When using a hierarchical nanomold (d), even merging nanowires continue in the same orientation to form a single crystal (f- 
i) [61]. 

Fig. 24. TMNM setup. Typical experimental set-up for TMNM of solids [61] (Copyright 2019, American Physical Society).  
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diameter, the single crystal orientation remains unchanged (Fig. 23 d-i) [61]. 

3.5. Experimental realization of TMNM of solids 

TMNM uses pressure and temperature to form the moldable material into the mold cavity (Fig. 24). Forming pressure, which is 
typically in the range of 102 MPa, can be readily applied by a standard press like a universal testing machine or even a simpler press. 
Required forming temperature depends strongly on the material. For example, ideal forming temperatures are in the range of T/Tm ~ 
0.5 which for tungsten corresponds to 1711◦C whereas for tin is 116◦C. Therefore, heating systems are specific for the material. For 
temperatures below ~ 800◦C, resistant heaters such as cartridge heaters and furnace can be used. For higher temperatures, RF-heating, 
also known as dielectric-heating is typically used. 

In a typical TMNM experiment, a solid moldable material with a lateral dimension of typically ~ cm2 is used and pressed against a 

Fig. 25. Nanostructures fabricated by gas (a-e) and solution (f) based nanomolding. (a) Top view of a Si nanowire array fabricated by 
template assisted CVD [128] (Copyright 2009, John Wiley and Sons), (b) Large aspect ratio CrO2 nanowire array fabricated by template assisted 
CVD [210] (Copyright 2011, IOP Publishing), (c) Ge nanowires with designed Y-brunch structure, which has been fabricated by template assisted 
CVD [209] (Copyright 2011, American Chemical Society), (d) Cu/Ni/Fe multilayer nanowire arrays fabricated by templated assisted electro
chemical deposition [214] (Copyright 2009, Elsevier), (e) Free standing InP nanowire arrays with a designed pattern fabricated by template assisted 
vapor deposition followed by a second VLS growth process [134] (Copyright 2004, American Chemical Society), (f) nanotwinned Cu nanowire 
fabricated template assisted electrochemical deposition [212] (Copyright 2012, Springer Nature). 
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hard mold comprising of pre-defined nanocavities. A molding profile, controlling force and temperature is applied (Fig. 24(a)). By 
varying molding parameters such as pressure (~102 MPa), temperature (T > 0.4Tm), and molding time (~100-103 s), uniform 
nanowires of diameters set by the chosen mold cavity ranging ~ 100 – 102 nm with high aspect ratios of up to 103 can be fabricated 
[61,62]. 

A surprising advantage of TMNM is that it can be carried out in air. Even though not entirely understood why at Tm/T ≈ 0.5 for most 
reactive materials oxidation would not take over and prevent the formation of metal nanowires it has been speculated that material 
transport of oxygen into the nanocavity prevents large amounts of oxygen available to form oxides instead of a metal nanowire. 

3.6. Gas-phase and diluted solution-based nanomolding 

Nanomolding can also be realized using gas-phase and diluted solutions as “feedstock” (Fig. 25). Here, individual atoms, ions, or 
small clusters of moldable materials are driven into the mold cavity, where they solidify and replicate the mold cavity. Gas-phase-based 
nanomolding includes template assisted vapor deposition methods (PVD/CVD). Here, atoms receive kinetic energy either through 
bombarding a target by high energy argon plasma (sputtering-based PVD [207,208]), pressurized inflow of reaction gases (CVD 
[128,209,210]), heating the target to evaporate (evaporation), or migrating ions by an electric field (electrochemical deposition 
[211,212]). Due to the similarities of ions in a diluted solution and atoms in a gas phase that are biased to fill a mold, we combine the 
discussion here on gas-phase and diluted solution-based nanomolding [211,212]. 

Molds that can be used for gas-phase and diluted solution-based nanomolding do not require to be able to withstand high driving 
pressures. Hence, more mold choices are available including polymers [212]. 

The underlying mechanism for gas-phase and solution-based molding differs. In template assisted PVD and electrochemical de
positions, solid nanostructures confined in mold cavities are synthesized by direct deposition and condensation of atoms/clusters on a 
substrate. By carefully controlling the conditions, either polycrystalline, single crystalline or other designed nanostructures, e.g., nano 
twinned wires and heterogeneous nanostructures can be fabricated. In a template assisted CVD process, in addition to direct 
condensation, the formation of solid nanostructures can also involve nucleation and epitaxial growth of the moldable material from a 

Table 1 
Nanomoldable materials, mold materials used to mold them, deformation mechanism for state of matter and minimum feature size that can be 
molded.  

material class technique mold state of 
material 

mechanism minimum 
feature size 

specific example material 

pure metals TMNM AAO, Si, SiC, 
BMGs, 
polymers 

solid diffusion atomic scale Au, Ag, Cu, Fe, Ni, Pt, Pd, Ti, Al, V, Ir, Bi [61,62] 
dislocation grain size Au, Ag, Cu, Pt, Pd, Fe, Ti, Al [63] 

template- 
assisted electro 
deposition 

AAO, 
polymers 

solution deposition atomic scale Ag, Cu, Ni, Fe, Zn, Co [212,214] 

non-metals template- 
assisted vapor 
deposition 

AAO, 
polymers 

gas spontaneous 
growth 

atomic scale Si [128,215,221,222], Ge [209] 

solid solutions TMNM AAO, Si, SiC, 
BMGs, 
polymers 

solid diffusion atomic scale AuCu, AuAg, NiTi, AgGe, CuZnSn, PdCuNi, 
(PdCuNiPtRhIr [62,64] 

dislocation grain size AuAg, AlSnZn [63] 
ordered 

phases 
TMNM AAO, Si, SiC, 

BMGs 
solid diffusion atomic scale InSb, AuIn, AuIn2, FeSe, In75Sn25, Cu7In3, SnTe, 

Au2Al, AuAl2, CuAl2, In2Bi, InBi, AuSn, Sb2Te3, GST  
[64] 

metallic 
glasses 

Nano- 
imprinting 

AAO, STO, Si, 
BMGs, 
polymers 

liquid viscous flow atomic scale PtNiCuP [60,138], PdNiP [223,224], PdNiCuP  
[85,218], MgCuY [102], ZrTiCuBe [100,102], 
ZrTiCuNiBe [102], TiZrBeFe [225,226] 

polymers Nano- 
imprinting 

Si, AAO, 
Polymers 

liquid viscous flow ~ 1 nm poly(methylmethacrylate) (PMMA) [53], polystyrene 
(PS) [216,227], polycarbonate (PC) [217], PPM [228], 
PBM [229], Polydiallyl Phthalate (PDAP) [228], 
phenyl-C61-butyric acid methyl ester (PCBM)  
[230,231], poly(3-hexylthiophene) (P3HT) [231], 
propylene glycol mono ether acetate (PGMEA)  
[232,233], poly(vinylidene fluoride-trifluoroethylene) 
[P(VDF-TrFE)] [234], Trichloroethylene (TCE) [235], 
TDPTD [236], trimethylopropane triacrylate (TMPTA) 
[237], acrylated poly(dimethylsiloxane) [238], Thiol- 
ene photopolymers [239], Polymerizable nematic 
liquid crystal [240] 

ceramics, 
oxides, 
carbon 
NTs 

template- 
assisted vapor 
deposition 

AAO, 
polymers 

gas spontaneous 
growth 

atomic scale ZnO [241-243], SnO2 [244], CrO2 [210,245], ZnS  
[246,247], Cu2S [248], InP [249], GaN [250], SiC  
[251], Pb/Sn based perovskite [219], CNT [213,220] 

template- 
assisted electro 
deposition 

solution deposition atomic scale ZnO [211]  
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Table 2 
Summary of common nanofabrication methods.   

method description bottom-up  
or top-down 

materials throughput uniformity aspect ratio smallest feature 
size 

advantages disadvantages ref. 

direct writing/mask 
less lithography 

focused ion-beam 
milling 

direct writing of 
nanopatterns or 3D 
nanostructures by 
milling a substrate 
material with 
scanning ion- 
beam, also called 
focused ion beam 
lithography 

top-down any material in 
its solid phase 

very low uniform medium ~ 10 nm complicated 3D 
nanostructure, no 
mask needed 

• complex 
ion–solid 
interactions 
• very slow process 
• high cost 

[252-255] 

e-beam 
lithography 

direct writing on 
resist by e-beam 
and transfer 
pattern to 
substrate through 
etching, also called 
e-beam writing 

top-down mainly polymers 
(resists), 
semiconductors 

low uniform < 5 ~ 10 nm • versatile patterns 
possible high 
precision 

• high cost and low 
speed/throughput 
• limited to low 
aspect ratio 2D 
nanopatterns 

[256,257] 

p-beam writing focused beam of 
fast protons 
writing directly 
into a resist and 
transfer pattern to 
substrate through 
etching 

top-down mainly polymers 
(resists), 
semiconductors 

low uniform medium ~ 20 nm • higher aspect 
ratio than E-beam 
writing 

• high cost and 
slow process 
• lower spatial 
resolution than E- 
beam writing 
• no commercially 
available user- 
friendly system 
available 

[43,258, 
259] 

scanning probe 
lithography (SPL) 

direct writing of 
nanopatterns by 
STM or AFM tips, 
writing mechanism 
either indentation 
or deposition, 
includes dip-pen 
lithography 

top-down polymers, 
semiconductors, 
metals 

low uniform < 5 ~ 10 nm • low-cost 
equipment 

• slow process and 
not scalable 

[260] 

FIB -CVD CVD on selective 
locations guided 
by focused ion 
beam 

bottom-up carbon/diamond very low uniform high tens of nm • can fabricate 
complicated 3D 
nanostructure 

• very slow and 
high-cost process 
• not scalable 

[130] 

EB-CVD CVD on selective 
locations guided 
by electron beam 

bottom-up metals very low uniform high tens of nm • can fabricated 
complicated 3D 
nanostructure 

• very slow and 
high-cost process 
• not scalable 

[261] 

mask lithography/ 
nano- 
lithography 
(including 
projection 
printing and 
contact printing) 

photolithography, 
UV lithography 

large area light, UV 
exposure through 
mask, projection 
on resist and 
transfer pattern to 
substrate, also 
called optical 

top-down mainly polymers 
(resists) and 
semiconductors 

high uniform < 5 ~ 10–20 nm (for 
contact 
printing); 
~ micrometers 
(for projection 
printing) 

• versatile 
nanopattern 
fabrication 
• commercially 
established 

• high-cost process 
• mask/prototype 
fabrication 
involves additional 
processes 
• requires contact 
printing process 

[43] 

(continued on next page) 
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Table 2 (continued )  

method description bottom-up  
or top-down 

materials throughput uniformity aspect ratio smallest feature 
size 

advantages disadvantages ref. 

lithography or UV 
lithography 

for high resolution 
patterning 

projection E-beam 
lithography 

e- beam exposure 
through mask, 
projection on resist 
and transfer 
pattern to 
substrate 

top-down medium uniform < 5 ~ 10 nm • versatile patterns 
with high precision 

• requires 
additional 
technology for 
mask fabrication 
• high-cost process 

[256] 

X-ray lithography X-ray exposure 
through mask, 
projection on resist 
and transfer 
pattern to 
substrate 

top-down medium uniform ~ 100 when 
using high 
energy 
photons 

~ 10 nm • in principle sub- 
nm features 
possible 

• resist requires 
long-time exposure 
• large penetration 
length of X-ray 
requires thick 
mask 
• high-cost process 

[43,262] 

ion projection 
lithography 

ion beam exposure 
through mask, 
projection on resist 
and transfer 
pattern to 
substrate 

top-down medium uniform < 5 ~ 50 nm • higher resolution 
than 
photolithography 

• requires robust 
mask to withstand 
exposure of heavy 
ions 
• lower throughput 
than 
photolithography 

[43,263] 

extreme ultraviolet 
(EUV) lithography 

use extreme UV 
light (wavelength 
~ 13.5 nm) instead 
of UV/visible light 
used in photo- 
lithography to 
achieve higher 
resolution 

top-down high uniform < 5 ~ 10 nm • high resolution 
with similar 
principle to 
commercial 
photolithography 

• requires vastly 
expensive facilities 

[264] 

plasmonic 
lithography 

use near-field 
effect to bypass the 
far-field diffraction 
limit in 
photolithography, 
also called near- 
field lithography 

top-down high uniform < 5 ~ 10–20 nm • can achieve sub- 
wavelength 
resolution 
• use same 
commercial resist 
as 
photolithography 

• plasma effect is 
very sensitive to 
surface roughness 
of substrate 

[265] 

interference 
lithography 

incident beam is 
transmitted and 
diffracted through 
a mask which 
consists of 
diffracting 
gratings, and 
interference to 
generate periodic 
patterns, method 
includes laser, EUV 
and X-ray 

top-down high uniform < 5 depends on 
beam source 

• can be readily 
scaled up to 
fabricate periodic 
patterns 

• coherent beam 
source required, 
• more 
complicated mask 
required than for 
photo-lithography 

[262,266] 
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Table 2 (continued )  

method description bottom-up  
or top-down 

materials throughput uniformity aspect ratio smallest feature 
size 

advantages disadvantages ref. 

interference 
lithography 

colloidal 
lithography/ 
nanosphere 
lithography 

lithography with 
self-assembled 2D 
colloidal pattern as 
mask 

top-down high uniform < 10 size of colloid 
particles, ~100 
nm 

• efficient to 
fabricate ordered 
nanostructure 
arrays 
• provide some 
versatility of 
possible patterns 
• low cost 

• feature size large 
and depends on 
colloid particles ~ 
100 nm 
• patterns are 
limited by self- 
assembly process 

[267] 

electro spinning electro spinning use electrical 
forces to draw an 
electrically 
charged jet from 
polymer solution 
or melt to form 
nanofiber, ceramic 
fibers can also be 
fabricated 
combined with 
sol–gel process 

top-down polymer, carbon, 
ceramics 

high low high ~ 10 nm • low-cost, 
fabrication of 
ultrathin fibers 
with large aspect 
ratio 

• materials limited 
to polymers and 
colloids 
• low uniformity in 
length 
• individual 
nanowires 

[268,269] 

chemical synthesis 
of 
nanoparticles 

solution based 
chemical reaction 

chemical synthesis 
of metallic 
(chemical 
reduction), 
semiconductor 
(pyrolysis) and 
oxides (hydrolysis 
or condensation) 
nanoparticles, 
products are 
colloidal 
dispersions, also 
sol–gel process 

bottom-up metals, non- 
oxide 
semiconductors, 
oxides 

very high medium 1 particle size 
varies with the 
material and 
fabrication 
conditions, 
smallest size can 
be < 1 nm 

• low-cost method 
for high-volume 
fabrication. 
• compatible for 
wider class of 
materials 

• limited to 
nanoparticles 
which are 
dispersed in 
solution 
• nanoparticle size 
distribution not 
uniform 

[270-273] 

vapor phase 
chemical reaction 

synthesis of 
nanoparticles in 
vapor phase with 
same mechanism 
as solution base 
methods, particles 
are collected on a 
solid substrate 

bottom-up metals, non- 
oxide 
semiconductors, 
oxides 

high medium 1 particle sizes 
varies with the 
material and 
fabrication 
conditions, 
smallest size can 
be < 1 nm 

• fabricated 
nanoparticles not 
dispersed in 
solution 

• only small 
fraction of 
fabricated 
nanoparticles is 
collected on 
substrate 
• often 
nanoparticles 
agglomerate on 
substrate 

[274] 

solid phase 
segregation 

synthesis of metal/ 
semiconductor 
nanoparticles in a 
solid phase 
through same 

bottom-up metals, non- 
oxide 
semiconductors 

very high medium 1 particle size 
varies with the 
material and 
fabrication 
conditions, 

• a low-cost 
method to 
fabricate 
nanoparticles 

• nanoparticles are 
dispersed in glass 

[275] 
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Table 2 (continued )  

method description bottom-up  
or top-down 

materials throughput uniformity aspect ratio smallest feature 
size 

advantages disadvantages ref. 

mechanism as 
solution base 
methods, 
nanoparticles are 
collected on a solid 
substrate 

smallest size can 
be < 10 nm 

spontaneous 
growth through 
vapor deposition 
(CVD and PVD) 
or in solution 
base 

vapor–solid 
process (VS) 

1D nanostructures 
formed by vapor 
deposition onto a 
substrate, 
condensation and 
anisotropic growth 
of vapor into 
nanostructures is 
driven by 
reduction of Gibbs 
free energy 

bottom-up metals, 
semiconductors, 
oxides 

high not uniform in 
length and 
diameter 

aspect ratio 
depends on 
material and 
processing 
conditions, 
can achieve 
high aspect 
ratios 

depend on 
material and 
condition, can 
achieve ~ 10 nm 

• easy and low-cost 
method to 
fabricate 1D 
nanostructures 
• high-throughput 
• high-quality 
single crystal 
nanostructures 

• nanostructures 
not uniform in 
diameter and 
length 
• size change with 
material and 
conditions and size 
is difficult to 
control 

[127,276] 

dissolution- 
condensation 
growth 

nanostructures 
growth within 
solution via a 
similar process as 
VS methods 

bottom-up metals, 
semiconductors, 
oxides 

high not uniform in 
length and 
diameter 

aspect ratio 
depends on 
material and 
processing 
conditions, 
can achieve 
high aspect 
ratios 

depends on 
material and 
condition, can 
achieve ~ 10 nm 

• easy and low-cost 
method to 
fabricate 1D 
nanostructures 
• high-throughput 

• nanostructures 
not uniform in 
diameter and 
length 
• often low-purity 

[277,278] 

vapor–liquid-solid 
process (VLS) 

dissolution of 
vapor reactants 
into a nanosized 
liquid droplet 
(metal catalyst), 
nucleation and 
growth of 
nanowires 

bottom-up semiconductors, 
and oxides 

medium medium high size of catalyst 
(~10 nm) 

• high quality 
single crystalline 
structures 
• easy and low-cost 
process 

• rely on selection 
of appropriate 
catalyst 
• catalyst 
contaminates 
nanowire 
• limited to non- 
metallic materials 

[127,279] 

solution- 
liquid–solid 
process (SLS) 

1D nanostructures 
growth in solution 
via a similar 
mechanism as VLS 

bottom-up semiconductors, 
and oxides 

high low high size of catalyst 
(~10 nm) 

• lower 
temperature 
process than VLS, 
• no vacuum 
required 

• crystal quality 
control more 
difficult than with 
VLS 
• same issues than 
for VLS 

[280] 

laser ablation use laser to ablate 
target materials in 
vapor or solution 
phase, and induce 
condensation 
growth of 
nanostructures, 
include pulsed 
laser ablation 
(PLA) and laser 

bottom-up metals, 
semiconductors, 
oxides, ceramics 

high not uniform high ~ 5 nm • Low cost and 
easy to fabricate 

• control of size 
and length difficult 

[52,281] 
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Table 2 (continued )  

method description bottom-up  
or top-down 

materials throughput uniformity aspect ratio smallest feature 
size 

advantages disadvantages ref. 

ablation in liquid 
(LAL) 

self-assembly static self-assembly nanoparticles self- 
assemble to 
equilibrium 
structures 
motivated by 
energy 
minimization 

bottom-up molecules, 
macromolecules, 
colloidal 
particles, DNA 
and proteins 

medium uniform  size of colloid 
particle,~100 
nm 

• low-cost method 
to fabricate 
nanostructure 
arrays 
• ability to 
fabricate 2D/3D 
nanostructures 

• limited range of 
nanopatterns 
• feature size 
limited by used 
nanoparticles, 
usually > 100 nm 

[282] 

directed self- 
assembly 

self-assembly that 
is directed by base 
(seed) pattern to 
set pattern of 
particles 

bottom-up medium uniform < 5 size of colloid 
particle, ~100 
nm 

• larger range of 
nanopatterns than 
with static self- 
assembly 

• feature size 
limited by 
nanoparticles 
used, usually >
100 nm 

[283,284] 

dynamic self- 
assembly 

self-assembly that 
results in stable 
nonequilibrium 
structures with a 
constant supply of 
energy 

bottom-up medium uniform  size of colloid 
particle, ~100 
nm 

• nanostructures 
can be dynamically 
controlled 

• requires specific 
materials/ 
mechanisms to 
achieve dynamic 
control 
• complicated 
fabrication 
procedure 

[285] 

block copolymer 
self-assembly 

self-assembly 
process based on 
intermolecular 
interactions 
between individual 
blocks of block 
copolymers 

bottom-up block 
copolymers 

high uniform  < 10 nm • high-throughput 
fabrication of 
nanostructures 
• can fabricate 2D/ 
3D structures 

• accurate control 
of the geometry of 
nanostructures 
depends on the 
structure of block 
copolymers. 

[286-289] 

block copolymer 
self-assembly- 
directed sol gel 
strategy 

self-assembly of 
inorganic 
precursors using 
block copolymers 
as structure- 
directing agents 

bottom-up metals, oxides, 
carbides, 
nitrides, etc. 

high uniform  < 10 nm • nanofabrication 
of broad range of 
chemistries and 
functional 
materials 

• successful 
assembly relies on 
the choice of 
pressors and 
precise control of 
the conditions. 

[290-294] 

molding nanomolding: 
liquid phase 

soft materials mold 
with mold of pre- 
defined pattern/ 
nanostructure, 
nanoimprinting 
lithography (NIL), 
soft lithography, 
contact molding, 
capillary force 
lithography, nano 
injection molding, 
nanomolding of 
BMGs 

top-down polymers, BMGs, 
molten metals 

high uniform medium; some 
cases up to 100 

~ 5 nm • low cost & 
readily scaled-up 

• material limited 
to thermoplastic 
polymers, BMGs, 
and molten metals 
• mold required 

[53,60,295] 

top-down high medium medium ~ 50 nm 
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Table 2 (continued )  

method description bottom-up  
or top-down 

materials throughput uniformity aspect ratio smallest feature 
size 

advantages disadvantages ref. 

sol–gel method 
with template 

nanowires are 
synthesized from 
sol-gel filling into 
mold cavities by 
capillary force 

semiconductor 
oxides 

• can do multi- 
component, 
doping easily 
• operates at low 
temperature 

• limited material 
choice 
• mold required 

[169,296- 
298] 

nanomolding: 
solution base 

electro-deposit 
into nano-porous 
molds 

bottom-up metals, 
semiconductors, 
ceramic, 
conductive 
polymers 

high medium high ~ 1.5 nm • dimensions and 
compositions can 
be readily 
controlled 

• challenging to 
control crystal 
structure 
• mold required 

[127,129, 
211,212, 
214,299] 

nanomolding: gas 
phase 

vapor deposition of 
atoms/clusters into 
nanomolds, 
includes template 
assisted CVD, and 
CVD /VLS/VSS 
with patterned 
seeds, PVD and 
ALD 

bottom-up metals, 
semiconductors, 
and oxides 

medium uniform medium ~10 nm • dimensions, 
shapes and 
compositions can 
be readily 
controlled 

• requires complex 
procedure for 
catalysts 
deposition 
• mold required 

[128,209, 
300] 

nanomolding: 
TMNM 

nanostructure 
grows in mold 
cavities through 
diffusion/ 
dislocation driven 
by applied 
pressure gradient, 
includes TMNM 
based on 
dislocation and 
diffusion 
mechanism 

top-down ordered phases, 
metals, 
semiconductors, 
solid solutions, 
alloys, 

high uniform very high up to 
2000 

atomic level • highly versatile 
in material 
selection, shape, 
and size 
• one-step 
fabrication of 
nanorod arrays 
• high-quality 
single crystals with 
defined orientation 
• low-cost process 
that can be readily 
scaled-up 

• mold required [61,62,64]  
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pre-deposited catalyst [134]. Here, orientated single crystal nanowire arrays are typically fabricated. 
Gas/solution-based molding provides easy-to-handle solutions to fabricate nanostructures/nano-devices with high-quality single 

crystal structure, controlled size and crystalline orientation. A large number of nanostructures including semiconductors including Si, 
Ge, and ZnO, metals such as Cu, Zn, and Ag, and carbon nanotubes [213] have been fabricated (Fig. 25). By using multi precursors, 
nanowires with heterostructures have also been fabricated [214]. The aspect ratio in gas/solution base molding is essentially limited 
by the mold. When compared to other nanomolding techniques, gas/solution-based molding using AAO template can achieve similar 
aspect ratios than those achievable with techniques for nanomolding of solid and liquid phases. When using photoresist as a mold, due 
to the limitations imposed by lithography techniques, only low aspect ratio nanorods can be fabricated. To lift the restriction of a small 
aspect ratio, more involved lithography and lift-off processes have been developed, in which a subsequent second deposition step, such 
as VLS or VSS growth, is applied [134]. To date, these methods are limited to some selected materials. For example, template assisted 
CVD methods are mainly used for semiconductors. 

4. Nanomolding as a nanofabrication category 

4.1. Materials for nanomolding 

In principle, any material that is stable at the processing temperature and pressure can be molded on the nanoscale either in its 
liquid, solid, or gas states. The range of materials that can be nanomolded is therefore very large. Table 1 summarizes the various 
material classes with specific example materials for the various classes, and summarizes the underlying mechanisms and nanomolding 
technique, state of matter during molding, scaling with mold diameter of the molding length and the minimum features size that can be 
achieved. 

Pure metals can be fabricated by a range of techniques such as TMNM by either diffusion or dislocation and electrodeposition using 
a template [212,214]. Non-metal nanorod arrays including Si [215] and Ge [209] can be fabricated through template assisted vapor 
deposition in their gas phase. Soft materials, such as numerous thermoplastic polymers [53,216,217] and metallic glasses [60,218], are 
typically fabricated through nanoimprinting by viscous flow. Ordered phases, including many functional materials of superconductors, 
phase change materials, semiconductors and topological materials, can be fabricated through TMNM with a diffusion mechanism [64]. 
Ceramics [210,219] including oxides [211] and other materials such as carbon nanotubes [220] can also be fabricated by template 
assisted vapor and electrochemical deposition. 

4.2. Comparison of nanomolding with other nanofabrication methods 

Over the past decades, driven by ever increasing demands for nanomaterials and devices, a wide range of nanofabrication methods 
have been developed (Table 2). They cover different material categories, length scales, shapes and morphologies, scalability and 
fabrication environments. Each nanofabrication method has its specific advantages and drawbacks and thereby suitability for a specific 
application. 

The various nanofabrication methods can be grouped into seven categories according to their fabrication principles (Fig. 26). These 
are: 

1. Direct writing methods which use scanning beams (ions, electrons, protons) or probes (STM or AFM) to directly write nano
patterns on substrate, through either indentation, etching/milling, reaction or deposition. Many direct writing methods (such as e- 
beam lithography) generally work with polymers and semiconductors, while Focus Ion Beam (FIB) milling methods fabricate in 
principle any solid materials. Direct writing techniques are highly versatile to fabricate any designed 2D pattern (and also some 3D 
structures). Their mayor limitation is their very slow processing speed and fabrication throughput. 

2. Lithography techniques that are using a pre-fabricated mask with designed patterns and radiation beams (photons, ions, elec
trons) project the patterns onto a resist. Through a subsequent dry or wet etching step, the pattern is transferred into the material of 
interest. Lithography is a high-throughput 2D nanofabrication techniques that has revolutionized the microelectronic industry. The 
main material class where lithography techniques are used for are semiconductors. The spatial resolution of mask lithography methods 
is defined by the diffraction limit of the used radiation. Limits are the high cost of facilities used in these techniques and fabrication of 
the masks. 

3. Electrospinning uses electrical forces to draw an electrically charged jet from polymer solution or melts and form nanofibers. 
Ceramic fibers can also be fabricated combined with sol–gel process. Materials that are suited for nanofabrication through electro
spinning are limited to polymers and colloids. Electrospinning produces single and free-standing nanowires. 

4. Chemical synthesis methods fabricate nanoparticles by chemical reactions through processes comprising of supersaturation 
followed by nucleation and subsequent growth of the nanoparticles. Such processes can be carried out in a solution, gas or solid phase. 
A range of different chemical reaction routes are used to fabricate nanoparticles of metals, non-metals and oxides. Chemical synthesis- 
based nanofabrication is very high-throughput and low-cost and is widely used for commercial applications. Limitations of chemical 
synthesis-based nanofabrication is that mainly 0D nanoparticles can be fabricated with limited control over their size and shape. 

5. Spontaneous growth methods, that fabricate 1D nanostructures (nanowires, nanorods, nanobelts, nanofibers, whiskers, etc.) via 
anisotropic growth along specific directions or crystallographic orientations. Condensation and anisotropic growth of vapor into 
nanostructures occurs for example on preferred crystal facets. Spontaneous growth methods are realized by vapor deposition, 
including physical vapor deposition (PVD) and chemical vapor deposition (CVD), solution base growth, or other techniques such as 
laser ablation in either gas phase or solution phase. Spontaneous growth methods fabricate a wide range of materials such as metals, 
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semiconductors, oxides, and ceramics. They allow medium fabrication throughput and can produce nanowires with high crystal 
quality, which is important when fabricating nanowires for applications of functional materials. Their limits include the lack of control 
over the length of the nanowires and the lack of the ability to fabricate nanorod arrays without the use of a template. Moreover, each 
technique to fabricate nanowires through spontaneous growth is limited in the range of materials it can use. For example, VLS method 
only works for non-metals and non-metal compounds. 

6. Self-assembly methods can be used to fabricate 2D/3D nanostructures with nanoparticles and molecules as building blocks. The 
self-assembly process is driven by energy minimization of the system. Templates can also be used to guide the assembly process and to 
control the desired patterns. Self-assembly with molecules (including DNA and proteins), macromolecules, and colloidal particles 
exhibits high fabrication throughput at low cost, however spatial resolution is low when compared to other nanofabrication methods. 
Another widely used material class for nanofabrication via self-assembly is block copolymers. Based on intermolecular interactions 
between blocks and molecules, self-assembly of block copolymers leads to large-scale nanofabrication of 2D (thin film), 3D (bulk), and 
solution-based nanostructures with small feature size at low cost. Self-assembly of block copolymers is also used as a directing agent for 
nanofabrication of other functional materials including metals and oxides. 

7. Nanomolding uses nanostructured templates (molds) to set the shape of the nanostructure. Materials are driven into the molds by 
various biases such as a pressure gradient. Nanomolding can fabricate nanostructures at high throughput and inherently controlled size 
and geometry. A wide range of materials including metals, non-metals, soft materials, and ordered phases are suitable for nano
molding. Limitations of nanomolding are the requirements of a mold which affects costs and also require a demolding processing step. 

The various nanofabrication methods discussed here and summarized in Table 2 are compared in Fig. 26 by their fabrication 
throughput and by the material class that can be used. 

5. Application of nanomolding 

Today’s development of nanoscience and nontechnology relies on the feasibility of nanofabrication methods. From the discussion 
above, nanofabrication through molding offers the ability to fabricate nanostructures that exhibit the following characteristics: i) 
vertically aligned nanowire/nanorod arrays and nanopatterns, ii.) precise control over size and geometry of the nanowire/nanorod, 
iii.) nanowire/nanorod are attached to a bulk reservoir. In principle, nanostructures with such specifics can also be fabricated with 
nanolithography techniques or direct writing methods (FIB). However, the former is limited to semiconductor materials and the latter 
suffers from the fundamental inability for scale-up. Nanomolding on the other hand can be carried out with metals, non-metals, solid 
solutions, and ordered phases in a highly scalable manner, hence, enables potential application in broad fields including: 

Devices: Various electronic, photonic, and chemical devices rely on the utilization of nanowires due to their high surface-to- 
volume ratio or surface-to-footprint ratio [301,302]. In some cases, their functional properties originate from the size reduction 
[301,303-306]. Nanowires of functional materials that exhibit enhanced properties are widely used in a variety of fields including: i.) 
energy storage [307], where functional nanowires (e.g., metals, silicon-based materials, lithium titanium oxides, conducting polymers, 
and carbon materials) are used as electrodes for lithium-ion batteries [308,309], sodium-ion batteries [310], and supercapacitors 
[311]. Important requirements of such nanowires are their dimensional accuracy, control over chemistry, high-quality crystal 
structures, and fast electronic transport due to their small scale. ii.) Computing [301], where semiconductor nanowires (e.g., Si, Ge, 
and III-V semiconductors) are used for fabrication of nanowire field effect transistors (FETs) [312]. These nanowire FETs exhibit high 
performance and high electron mobility suggesting possibilities beyond wafer-based electronics. iii.) Detectors [313] and sensors 
[306,314]. The large surface-to-volume ratios and quantum size effects of nanowire devices offer promising applications for detectors 
and sensors. These application include optoelectronic sensors based on FET with semiconducting nanowires [315], conductometric 
sensors with metal, metal-oxide, and polymer nanowires [316,317], and surface-plasmon-resonance-based sensors with metal 
nanowires which allow for ultrasensitive and direct detection of chemical (e.g., H2, CO, NH3) and biological (e.g., DNA, RNA, ATP) 
species. Single-photon detectors based on superconducting and semiconducting nanowires are another promising application field by 
exhibiting high-speed, wide wavelength, high efficiency, and precise photon detecting. iv.) Energy conversion [318]. For example, 
light emitting diodes exhibit enhanced extraction efficiency when based on semiconducting nanowires due to the concentrated 
emission from the tip of the nanowires. v.) Quantum devices [196,305]. Owing to their large surface-to-volume ratio and high electron 
mobility, nanowires are also of significant interest for applications in quantum devices where the topological properties become 
important. These quantum devices based on topological materials are attractive for the fundamental understanding of topology and for 
future applications such as low-dissipation electronics and high-speed electronics. Main materials for nanowire quantum devices 
include topological materials such as topological insulators (e.g., SnTe) and topological semimetals (e.g., Cd3As2) [319]. Unlike single 
nanowires, which typically require tedious assembly for device application, nanomolding fabricates nanowire arrays attached to 
substrates that can be readily integrated into devices. Examples of such applications include: supercapacitors [311,320], magnetic 
memories [163], single-photon detectors [313,321], chemical sensors [322], and light emitting diodes (LED) [318,323]. 

Energy harvesting: Vertically aligned nanowire arrays are promising candidates for solar energy [324-326] and chemical energy 
harvesting [5,161,327-330]. Applications include photovoltaics/solar cells, and fuel cells. Due to their efficient antireflection to the 
incident light and short collection length for excited carriers, nanowire arrays made from semiconductors (e.g., silicon and compound 
semiconductors) enhance light absorption in solar cells and other photovoltaic applications [326]. For example, Si and GaAs nanowire 
arrays can be used for high-performance solar cells [331,332]. In addition, perovskite nanowire arrays also show application for solar 
cells with high photocurrent density and high power efficiency [333]. High performance of photovoltaics requires the nanowires to be 
single-crystalline materials with low defect densities, well controlled morphology and dimensions, and well-defined doping compo
sitions [334]. Nanomolding as a method offering precise geometry control and high-quality nanowire arrays, is promising for required 
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Fig. 26. Comparison of nanofabrication methods by the materials they can fabricate and the throughput of the process. Established 
nanofabrication methods are summarized into different categories by their fabrication principles. Defined by the features of each fabrication 
principle, these categories exhibit different fabrication throughput (horizonal axis) and covering different material classes (vertical axis). Some 
techniques combine more than one of these principles. 

Fig. 27. Thermal stresses and resulting thermal deformation during nanomolding. (a) Due to the generally different thermal expansion co
efficients of mold and moldable material, Δα = αmold - αmaterial, cooling down to room temperature from the molding temperature changes the length 
of mold and moldable material in different ways. Due to the “anchoring” of the moldable material into the mold in the nanocavities, stress is 
building up. Such stress acts as a force to resist mold release. It can bend the mold/moldable material combination and may even break it. (b) 
Example, where thermal stresses after TMNM of Ag into AAO nanomolds at 700◦C cause the AAO mold to break when cooled to room temperature. 
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fabrication. Metal-based nanowire arrays (e.g., Pt-based, Ni-based alloys, and metallic glasses) are widely used in fuel cells for their 
high catalytic activity [5,85,161,328-330,335-337]. For example, Pt and Pt-Ru nanowires are demonstrated as catalysts for methanol 
fuel cells [338]. Ni-Co nanowire arrays are used in urea/hydrogen peroxide fuel cells [329]. Bulk metallic glass nanowire arrays 
fabricated by liquid base nanomolding also exhibit promising catalytic activity [5,161]. In general, it is the precise control over the 
wires’ diameter and spacing that makes nanomolding a front runner in fabricating energy harvesting applications. 

Chemical industry: One-dimensional nanowire arrays have shown enhanced efficiency for catalysis, electrochemistry [339-342], 
and photochemistry applications [343,344]. Efficient photocatalytic energy conversion requires high light absorption, high mobility 
for charge separation and collection, and fast mass transport of reactants. Nanowire photocatalysts, with their high absorption rate, 
small radial dimension, and large surface-to-volume ratio, become promising candidates. Semiconductor nanowire arrays (e.g., TiO2, 
ZnO, BiVO4, and other compound semiconductors) are widely used in photocatalysis processes. For example, it has been demonstrated 
that GaN nanowire arrays are promising candidates for photocatalyst, water splitting with a highly stable photocatalytic process [345] 
and CO2 reductions [346]. For electrocatalysts, of great advantages are the high catalytic activity enabled by high surface-to-volume 

Fig. 28. Scaling-up strategies for nanomolding. (a) Schematics of plate-to-plate, roll-to-plate, and roll-to-roll. Whereas in plate-to-plate, the 
entire plate is distributing the applied force, for roll-to-plate and roll-to-roll, only a narrow contact line experiences the applied force. Hence, for the 
same applied force, a much higher pressure is experienced in the contact line, compared to the pressure within a plate-to-plate setup in the contact 
area. (b) Mechanical model for roll-to-roll molding. (c) Example of roll-to-roll nanoimprinting of a polymer film [392]. 
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ratio an fast charge/carrier transfer during electrolysis within the nanowire arrays. Electrocatalysis utilizes mainly metal-based 
nanowires (e.g., Pt, Cu, FeP, and Ni-/Co– oxides). In this category, noble metals and bimetallic nanowires are typically used. For 
example, Pt and Ir nanostructures are used as high-performance electrocatalysts for water splitting [347,348]. In addition, metal-based 
nanowires, such as NiCo2O4 and Mo2C, have been also demonstrated as low-cost and highly active electrocatalysts [349,350]. 
Nanomolding can be used as the fabrication method of catalysts nanowire arrays that are attached to conductive substrates for the use 
in chemical processes such as water splitting [343,344] and reduction of CO2 [342,351]. 

Life science: Nanomaterials/nanowires, when compared to bulk materials generally show greatly enhanced biological, me
chanical, and physicochemical properties. Their small scale, large surface area and biocompatibility, enhance or enable a variety of 
bio-applications. These applications include: i.) bio-sensors [19,352], where devices based on metallic and semiconducting nanowires 
are used as sensors to detect biomolecules and species, as discussed above. ii.) Bio-measurements [353] to probe signals from living 
bio-systems. For example, micro/nano electrode arrays are used to record electrical activities from living cells [354,355]. Typically, for 
electro-signal measurement, Au is used in the nanowires. iii.) Bacteria/cell adhesion [7,356,357]. Living cells can recognize and 
respond to nanoscale topographies, which has been observed by using vertically aligned nanowire arrays [358-360]. As a consequence, 
such arrays have been used for application in life science where they interface with cells and tissues [7,360-364]. Semiconductor 
nanowire arrays, including Si and ZnO [356,365], and metallic nanowires, such as Ag and BMGs [7,357] are typically used for cell 
adhesions. iv.) Bone and tissue engineering [366,367]. Natural bone surfaces usually contain features with a length scale of ~ 100 nm. 
To avoid rejection of the cells of artificial bone materials with a smoother surface nanostructured bone replacements are necessary 
[368]. For example, metallic nanowires and polymer nanofibers/nanowires are promising candidates for scaffolds in tissue engi
neering [369]. In general, to avoid a rejection by the human body materials must be bio-compatible, which has been shown to be the 
case for metals (e.g., Au and Ag), semiconductors (e.g., Si), polymers and metallic glasses (e.g., Pt-based BMG) [8,360]. 

Artificial surfaces and metamaterials: Artificial surfaces and metamaterials realize desired properties and functionalities with 
designed 2D/3D nanostructures [370]. They are of significant interest in optics [370], acoustics [371], mechanics [372,373], and 
related applications [374,375]. Functionality is generated through the geometry of the designed nanostructure. For example, optical 
metasurfaces use designed periodic subwavelength nanostructures to resonantly couple to incident electromagnetic fields. In such 
cases, precise fabrication of the designed functional nanostructure is critical to achieve the envisioned properties of these surfaces. 
Generally, any deviation from the designed nanopattern which originates from imperfections in the fabrication precision in shape of 
the individual nanofeature and the periodic arrangement of the nanofeatures leads to a drop in device performance [376-378]. These 
2D/3D nanopatterns with precisely controlled geometry can be potentially achieved by nanomolding against a patterned hard mold. 
Examples of applications include: optical devices [379] (metals and dielectric materials), plasmonic devices [380,395] (metals), 
surface enhanced Raman scattering [381,396,397] (metals), and superhydrophobic surfaces [382-384] (polymers and metals). 

Besides the application discussed above, nanomolding also offers solutions for the fabrication of nanostructures from materials 
which are generally difficult to synthesis on the nanoscale [64]. At least in principle any alloy and compound with any number of 
components can be molded. This includes highly ordered crystallographic structures such as ordered phases [64]. This recent success 
may also path the way for practical fabrication of quantum materials and devices. 

6. Concluding remarks on nanomolding 

Nanomolding is the underlying mechanism for a wide range of nanofabrication methods such as template-based deposition, 
extrusion, nanoembossing, soft lithography, nanoimprint lithography, thermomechanical nanomolding, and nanoimprinting. 

It has established itself as a versatile toolbox for nanofabrication; Nanomolding is the nanofabrication technique of choice for a 
wide range of materials and states of matter. Its versatility surpasses all other nanofabrication methods. Nanomolding offers solutions 
for lithography techniques and for the fabrication of a wide range of materials that are needed for envisioned nanodevices and 
quantum material and device applications. The various specific nanomolding methods can be further categorized by their physical 
mechanisms underlying the processes which themselves are defined by the states of matter and the material classes. 

While the technological readiness of nanomolding is generally high, in some cases the readiness has already reached a level that it 
has been commercially pursued, we want to point out critical research to accelerate and broaden commercial usage of nanomolding as 
an enabler for nanomaterials and devices. These are: 

(i) Requirements and limitations of hard molds: In particular for the most versatile nanomolding methods that require elevated 
temperature and high pressure, only few mold materials and mold material fabrication methods have been established. By far most 
common are anodic aluminum oxide (AAO) and nanopatterned silicon. Both techniques and nano molds are commercially available. 
However, costs for nanoarray molds are high, for example, ~10 dollars per cm2 for AAO research molds. Even though these costs can 
be significantly reduced in a large-scale production [385], it will be challenging to reduce cost by more than three orders of magnitude. 
Hence, for applications such as photovoltaic, most catalytic applications, and many plasmonic applications, these mold costs prevent 
nanomolding as a commercially viable process. Alternatives for AAO and silicon molds have been explored [143,144]. In order to mold 
lower melting temperature materials such as polymers, some metallic glasses and low temperature metals, instead of searching for 
inexpensive mold alternatives, reusable molds, made from highly durable metallic glasses have been pursued [143,223,386]. In 
general, a broader range of available molds which differentiate by mold costs, precision, shape and size would be highly beneficial to 
match the specifics of an application with the appropriate mold. 

(ii) Mold release: For the majority of applications free standing nanowires/arrays are demanded, which requires the separation of 
the nanowire/array from the mold. This typically requires dissolution of the mold through an etching process. Mold dissolution is most 
commonly achieved through wet-etching using KOH. For many materials including metals and ordered phases, such KOH exposure 
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also results in (at least partially) dissolution of the formed nanowires. A careful optimization of the etching process including tem
perature and mechanical irritation may reduce the undesired dissolution of the nanowire. However, it will be difficult to entirely 
eliminate dissolution when using KOH. Alternative mold release strategies have to be developed. Here, first attempts based on me
chanical demolding have been explored [143,189]. 

(iii) Thermal stresses during nanomolding: For the majority of nanomolding processes, molding is carried out at elevate temper
atures. As mold and moldable material are different materials, they generally exhibit different thermal expansion coefficients, Δα =
αmold - αmaterial. Such difference causes thermal stresses to evolve upon cooling mold and moldable material from the molding tem
perature down to room temperature. Such stresses resist mold release, can bend the mold/moldable material sandwich, or even break 
it (Fig. 27). For example, when TMNM of gold at 330◦C (α(Au) = 1.4 × 10−5 K−1) into AAO (α(AAO) = 8.2 × 10−6 K−1) cause a thermal 
stress of ΔαΔT∙G ~ 50 MPa when cooled to room temperature. Such stress is significant when considering that the tensile strength of 
gold is ~ 120 MPa. Minimizing molding temperature for a given material and slow cooling after the molding process to enable some 
stress release may offer some possibilities for stress release. Most effective however will be to reduce these thermal stresses by 
identifying mold/moldable material combinations with minimal Δα, making the need for a wider range of mold materials (i) even 
more important. 

(iv) Ability to scale-up and enhance throughput. Many of the commercial applications demand large size nanowire arrays 
[385,387-390]. An effective strategy to scale-up nanoimprinting from a batch-to-batch process to a continuous process are based on 
rolling strategies. During such roll-to-roll-based nanoimprinting, the molding force, which is spread out over a contact area in plate-to- 
plate nanoimprinting, is concentrated to the “area” of the contact “line”. This is the case for roll-to-plate [391] and roll-to-roll 
nanomolding [392-394] (Fig. 28). Due to the finite “line” contact regions between rollers, a much larger width can be achieved 
with the same molding force when compared to a plate-to-plate molding process, where force is distributed over the entire molded 
region (Fig. 28b). Further, when assuming a continuous feedstock, the length of the moldable material is unlimited during the rolling 
process. The molding force applied on the line contact during roll-to-roll molding is given by: 

F =
3ηU0

̅̅̅
R

√

(h1)3/2 f
(

h0

h1
,
hm

h1

)

, (8)  

where f is a constant depending on the ratios of h0/h1 and hm/h1. R, hm, and U0 are the radius of the roller, the minimum gap between 
the two rollers, and the rolling speed, respectively (Fig. 28(b)). h1 and h0 are the thickness of the feedstock sheet before and after 
rolling, respectively. Eq. (8) indicates that the molding force is independent of the area of the feedstock sheet (to be patterned region). 
This is in contrast to plate-to-plate nanomolding, where the molding force is proportional to the to-be-patterned area of the feedstock 
sheet. It is important to mention that roll-to-roll molding involves both molding and demolding processes. The requirement for 
demolding limits the aspect ratio of molded nanofeatures to typically less than unity [394]. Moreover, the interface friction and 
adhesion during rolling introduces new challenges such as the mechanical instability and the durability of the roller mold [393,394]. 
The major limitation of roll-to-roll nanoimprinting in terms of material selection stems from its temperature limitation. Current 
systems can be operated at temperatures of up to ~ 200 ◦C. This temperature is sufficient for molding of most polymers but excludes 
most other materials from being processed through this technique. Hence, development of rolling machines that operate at higher 
temperatures is required to scale up nanomolding to enable the use of a roll-to-roll process for most materials. 
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