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Electroplating has been favored to date as a surface treatment technology in various industries in the development

of semiconductors, automobiles, ships, and steel due to its advantages of being a simple, solution-based process,

with low cost and high throughput. Recently, classical electroplating has been reborn as an advanced

manufacturing process for functional materials by combining it with unconventional optical three-dimensional (3D)

nanofabrication techniques capable of generating polymer templates with high-resolution 3D periodic

nanostructures.

electroplating  nanostructure  nanofabrication

1. Introduction

Around the 2000s, with the explosive increase in interest in the experimental realization of three-dimensional (3D)

photonic crystals in the academic world, various unconventional techniques optimized to manufacture

nanostructured materials with 3D structural periodicity at the sub-micron level were developed. The proposed 3D

nanofabrication techniques can be broadly classified into two types, non-optical and optical approaches. Non-

optical approaches include colloidal self-assembly , block copolymer lithography , direct ink writing

, and layer-by-layer transfer printing . These methods have the advantage of being able to easily create 3D

periodic nanostructures with a simple experimental setup, but they inherently have limitations in industrial aspects

such as patterning resolution, defect control, and mass production. On the other hand, optical approaches derived

from photolithography, which is a mature technology in the semiconductor industry, can precisely control 3D

periodic nanostructures with high resolution and have great potential to advance into industrial technologies. The

high resolution of optical manufacturing technologies is due to the nature of light that can be highly focused and

precisely controlled through delicate optical components. Various interesting approaches such as direct laser

writing (DLW) , multi-beam interference lithography (MBIL) , and

proximity field nanopatterning (PnP)  have emerged as optical 3D

nanofabrication techniques and have successfully demonstrated their ability to implement different classes of 3D

periodic nanostructures.

Recently, the research trend related to 3D nanofabrication and nanostructures has started to change slightly. The

mainstream of previous research has focused on optical applications including 3D photonic crystals based on the

structural periodicity of 3D nanostructures fabricated through 3D nanofabrication techniques. In addition to the

unique optical properties that stem from structural periodicity, many scientists and engineers have begun to pay

attention to the porous nature of structures created through 3D nanofabrication techniques. In particular, optical
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approaches such as DLW, MBIL, and PnP have a differentiated ability to precisely control pore size at the

nanoscale and to align sub-micron pores three-dimensionally. Through this, it is possible to design the porosity of

the material and to control the microscopic flow of liquid/gaseous substances or electron/phonon, which may have

a profound impact on the overall performance of the electronic and electrochemical systems . Many

existing electrochemical devices facing the limit of performance improvement seek to employ such well-designed

porous materials with large surface-to-volume ratio (SVR) because their performance is primarily dependent on the

degree of surface chemical reaction. Moreover, the porous network of a 3D periodic nanostructure allows it to

serve as a matrix capable of continuously carrying heterogeneous materials to realize multifunctional materials 

. Such types of bicontinuous nanocomposites have the advantage of being able to independently control

heterogeneous physical functions that cannot be achieved through traditional mixture-based nanocomposite

systems .

In response to these technical demands, research on the development of functional materials with 3D periodic

nanostructures for non-photonic applications is actively progressing by combining unconventional optical 3D

lithography with conventional thin film deposition techniques such as chemical vapor deposition (CVD), physical

vapor deposition (PVD), atomic layer deposition (ALD), sol–gel reaction, and electrochemical deposition. Since

most 3D periodic nanostructures created through optical 3D nanofabrication techniques are inevitably composed of

photoreactive polymer-based dielectrics, a material conversion step is required to convert them into functional

inorganics or composites that can be used for electronic or electrochemical devices. Among various infiltration

systems, electroplating, which can grow an inorganic thin film on a conductive substrate through a reduction

reaction using electrical energy, has already been widely used for industry because of its advantages in terms of

process simplicity, chemical diversity, low cost, and high throughput . In particular, a bottom-up growth behavior

from a seed layer makes electroplating very well suited for densely filling 3D nanostructured porous templates with

functional inorganics. In addition, unlike other infiltration techniques that generally require a high-temperature

environment , electroplating, which is based on a solution process near room temperature, can transform the

constituent materials of 3D nanostructures without causing heat-induced structural collapse to the polymer

template, with a relatively low melting point generally below 200 °C.

Through this strategy, several research groups have successfully reported a new class of functional materials

produced by the combination of optical 3D nanofabrication and electroplating. The form of the proposed materials

can be divided into two types: 1) 3D bicontinuous organic–inorganic composites and 2) porous inorganics. The

former is generated when the porous network of the polymer template is filled with a heterogeneous material, and

in this state, the latter may be generated when the polymer template is completely removed through a chemical or

physical process . These two types of 3D nanostructured materials are contributing to the innovation of existing

electrochemical or energy-related device architectures, including batteries, catalysts, and thermoelectric devices,

and fundamentally improve their performance limits imposed by planar architectures. As such, research on the

development of functional materials with 3D periodic nanostructures through the combination of optical 3D

nanofabrication and electroplating is gradually maturing, but the latest research cases have not been organized

yet. In this mini review, we would like to introduce the recent achievements related to 3D functional nanostructures
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generated by combining advanced optical 3D lithography and electroplating and discuss in-depth important

technical issues that should be considered critical in the fabrication process .

2. Fabrication Strategy for Functional Materials with 3D
Periodic Nanostructures

The manufacturing of functional materials with 3D periodic nanostructures covered in this review is essentially

based on a template-assisted synthesis that utilizes a porous template with interconnected open pores. This

template-assisted synthesis consists of two major steps: 1) preparing a porous polymer template with 3D periodic

nanostructure via optical 3D lithography (Figures 1a to 1c) and 2) bottom-up filling the porous template with a

heterogeneous inorganic material via electroplating (Figure 1d). If a porous inorganic material with high SVR is

required, removal of the polymer template can optionally be performed as a third step. In the following, we discuss

the technical issues that need to be considered significantly in the process, along with a detailed description of

each step.

Figure 1. (a) Schematic illustration (top) and SEM image (bottom) of a 3D scaffold synthesized by DLW (direct

laser writing) (reprinted with permission from . Copyright 2014 Elsevier); (b) Schematic illustration (top) and

SEM image (bottom) of 3D nanostructured anodes and cathode produced by holographic lithography (reprinted

with permission from . Copyright 2015 The National Academy of Science); (c) Schematic illustration (top) and

SEM image (bottom) of 3D nanostructured thermoelectric materials fabricated by PnP (proximity field

nanopatterning) (reprinted with permission from . Copyright 2017 The Royal Society of Chemistry); (d)

Schematic illustration of the fabrication process of 3D functional nanostructured materials.
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2.1. Preparation of 3D Nanostructured Polymer Templates via Optical 3D
Lithography

Since the early 2000s, various optical 3D nanofabrication techniques have been developed to experimentally

implement 3D photonic crystals requiring precise structure control at the nanoscale. In principle, optical 3D

lithography techniques are originated from photolithography in semiconductor processes and treat photoreactive

polymers in different ways. Essentially, the resolution and reproducibility of 3D nanostructures formed by optical 3D

lithography are superior compared to other self-assembly-based 3D nanofabrication techniques. In addition, optical

3D lithography has a high degree of freedom of 3D nanostructures that can be produced and has the potential to

advance into mass production technology. Such optical 3D lithography techniques can be largely divided into two

types: 1) serial process and 2) parallel process. One of the serial processes is DLW, which uses a highly focused

laser beam to draw a 3D feature in photoresist. Interference-based lithography is a representative parallel process

that generates multilayered, complex 3D nanostructures in a single exposure.

First, DLW is also called two-photon lithography or stereolithography. In principle, DLW can be regarded as a type

of 3D printing technology capable of constructing 3D nanostructures with sub-100 nm resolution . An ultrafast,

high-power laser beam is tightly focused through a high-magnification objective lens within the volume of a

transparent photoreactive polymer, and the exposed region is locally polymerized as a result of absorbing two

photons simultaneously. Based on drawings designed through computer-aided design (CAD) or computer-aided

manufacturing (CAM), the laser beam can travel along a given path to create a continuous 3D networked polymer.

Unpolymerized residues can be removed by a developing solvent. DLW is very advantageous when arbitrary 3D

nanostructures with high resolution are required. However, since DLW is based on a serial process, it inherently

has a fatal disadvantage in that the production speed becomes extremely slow as the overall volume of the product

increases or the size of the unit structure decreases . It takes approximately several days to fabricate a 3D

periodic nanostructure with a unit cell of several hundred nanometers in cm size. The development of photoresist

capable of absorbing two photons is challenged, and the power threshold for causing two-photon polymerization is

very high as well.

On the other hand, MBIL, also called holographic lithography, which uses 3D interference patterns of light

generated by overlapping multiple coherent beams at one point, can produce 3D periodic nanostructures in mm or

cm size with a single, short exposure . The exposure time depends on the sensitivity of the

photoreactive polymer and the intensity of the laser, which is within a few seconds. In order to create 3D periodic

nanostructures, interference of at least four beams is required, and various symmetric structures can be generated

by controlling the intensity, incident angle, or polarization of each beam. In comparison with DLW, although the

resolution of MBIL is slightly lower, it definitely has improved productivity. However, MBIL requires a very complex

configuration of expensive optical components because at least four coherent beams have to be superimposed,

and the reproducibility is extremely poor due to low vibration tolerance. To solve these issues, a single beam-based

interference lithography using a well-designed microprism has been developed, but the degree of structural

freedom is still somewhat inferior .
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PnP, also called phase-mask interference lithography, which uses diffraction and interference generated from a

transparent phase mask, can be regarded as a high-resolution interference lithography technique that has evolved

to be closer to a mass production process . The phase mask used for PnP contains a

relief grating structure on its surface whose grating periodicity is close to the wavelength of incident light to

generate far-field diffraction. Near the mask surface, a 3D periodic intensity distribution of light can occur as a

result of interference of diffraction orders. This unique optical phenomenon is called the Talbot effect, discovered by

Henry F. Talbot in 1836, and was reborn in 2004 as a key technical principle of PnP, which is an advanced type of

3D optical lithography. In order to capture the Talbot interference within a photoresist layer, the phase mask has to

self-adhere to the photoresist surface and be able to separate from it without causing any damage. Thus, the

phase mask is generally made of an elastomer or soft polymers such as poly(dimethylsiloxane) (PDMS),

perfluoropolyether (PFPE), modulus-controlled polyurethane acrylate (PUA), and ultrathin poly(vinyl alcohol) (PVA)

. The Talbot interference pattern can be diversified by adjusting the wavelength of the incident light and

the grating structure of the phase mask and can be designed or analyzed through optical simulations such as finite

difference time domain (FDTD), finite element modeling (FEM), or rigorous coupled wave analysis (RCWA) .

Because all complex interference optics are integrated into the phase mask, the exposure configuration is very

simple and the reproducibility is greatly improved compared to MBIL. In addition, since exposure proceeds with the

phase mask and photoresist in conformal contact, the PnP process is insensitive to vibration and shows excellent

resolution. Above all, the size of the product can be simply enlarged to several inches by increasing the size of the

incident beam and phase mask, since the size of the patterned 3D nanostructure matches the size of the phase

mask one-to-one .

The key technical features of DLW, MBIL, and PnP introduced above are briefly summarized in Table 1. The

methods can be combined with each other and used complementarily as needed . Additional information

regarding these techniques can be explored in more detail in other literature .

Table 1. Technical comparison of unconventional optical 3D lithography.

  Materials
Product

area
Speed Resolution Structures Remarks

DLW

Photosensitive

polymer or hybrid

material

< several

mm
~250 μm/s ~100 nm Arbitrary Low throughput

MBIL Photosensitive

polymer or hybrid

materials

< several

cm

μs to

seconds

~300 nm Periodic

(FCC, BCC,

woodpile,

Sensitive to

environment
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etc.)

PnP

Photosensitive

polymer or hybrid

materials

< several

in

μs to

seconds
<250 nm

Periodic,

aperiodic,

quasi-

periodic

Dependent on

phase mask

design

2.2. Infiltration of Functional Inorganics into 3D Nanostructured Polymer Templates
via Electroplating

Electroplating, also called electrodeposition, is a conventional thin film deposition process in which a thin film is

grown on a conductive substrate using electrical energy through reduction reaction. Electroplating requires a

simple experimental setup consisting of an electrochemical cell and accessories for applying current at a certain

voltage. The cell generally contains an electrolyte, a working electrode (cathode), and a counter electrode (anode)

(Figure 2a). As necessary, a three-electrode system with a reference electrode made of Ag/AgCl or Pt can be used

to improve the stability of electroplating by compensating the ohmic potential (iR) drop accompanying the passage

of current through the electrolyte . Depending on the electrolyte recipe, a variety of metals, semiconductors, and

dielectrics composed of a single element or compound can be deposited . When an optimal potential is

applied to the cell, the alignment of water molecules occurs in a diffusion layer and the source cations dissolved in

the electrolyte are reduced on the conductive substrate, which acts as the cathode, forming a thin solid film (Figure

2b) . At this time, the deposition rate and morphology of the thin film can be controlled by the atmosphere

(e.g., pH and temperature of the bath), additives, a current density, a type of current waveform, etc. Optimization of

these process parameters is even more important when there are structures on the substrate surface. In particular,

when template-assisted electroplating is performed using a high-aspect-ratio microstructure, defects such as voids

or seams can easily occur if the process parameters are not optimized (Figure 2c–e).
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Figure 2. (a) Schematic illustration of an electroplating apparatus (reprinted with permission from . Copyright

2016 The Multidisciplinary Digital Publishing Institute); (b) Schematic diagram of steps in electrodeposition as a

function of the distance from the electrode (reprinted with permission from . Copyright 2018 The Multidisciplinary

Digital Publishing Institute); Schematic representation and SEM images of possible scenarios during electroplating

such as (c) defect-free deposition and formation of the (d) void and (e) seam (reprinted with permission from .

Copyright 2017 Springer Nature).

There are four main reasons that electroplating is suitable when filling a nanoporous polymer template with

heterogeneous materials. First, since solution-based electroplating is performed near room temperature, the

thermal damage to nanostructure composed of polymer with a low glass transition temperature or melting point is

negligible. Second, since electroplating exhibits a bottom-up growth behavior from the seed layer, templates with

3D nanoporous networks can be completely filled with heterogeneous materials to be electroplated. Third, since

electroplating is a mature industrial technology, chemical recipes capable of electrodepositing various inorganic

substances have been well developed and a batch process is available for mass production. Based on these good

compatibilities between optical 3D lithography and electroplating, various 3D nanostructured inorganic materials

have emerged. Figure 3 summarizes representative examples of the 3D nanostructured metals and

semiconductors produced by template-assisted electroplating.

Various metals and alloys (Au, Cu, Ni, Ni-Sn, etc.) with 3D nanostructures have been successfully demonstrated.

Gansel et al. reported the successful fabrication of a periodic array of tapered Au helix structures through the

combination of DLW and electroplating (Figure 3a) . Electroplating conditions with a constant electrical current of

0.6 μA were used to completely fill Au in a template with inverse helical structures. The polymer template was

subsequently removed by air plasma treatment. Gu et al. created 3D meso-lattices made of Cu and Ni through

electroplating using porous templates formed by DLW (Figure 3b) . An indium tin oxide (ITO)-deposited glass

cover slip was used as a conductive substrate for electroplating. A three-electrode electroplating system with a Pt

counter electrode and an Ag/AgCl reference electrode was used to ensure the stability of the electroplating. To

electroplate Cu and Ni into the templates, a Cu bath containing 125 g/L CuSO ·5H O and 50 g/L H SO  and a Ni

bath containing 240 g/L NiSO ·5H O and 45 g/L NiCl ·6H O and 40 g/L H BO ·2H O were used, respectively. The

applied potential to the electrochemical cells was 2 V. After electroplating, the polymer template made of positive-

tone photoresist (AZ4620, Microchem) was gently removed through a solution process with N-methylpyrrolidone

(NMP), yielding metallic porous meso-lattices. Ning et al. reported the successful fabrication of 3D mesoporous Ni-

Sn through the combination of MBIL and electroplating (Figure 3c) . To achieve this, a mesoporous Ni scaffold

was first prepared by 3D nanostructured template-assisted electroplating and subsequent template removal. Ni-Sn

was then conformally grown on the mesoporous Ni scaffold through pulsed electroplating (0.2 s on and 10 s off) at

–0.22 V by using an electrolyte composed of 0.06 M NiCl , 0.2 M SnCl , 1 M K P O , 0.04 M potassium sodium

tartrate, and 0.04 M glycine. The mesoporous MnO  also can be produced in a similar way by using an electrolyte

that contains 0.1 M Na SO , 0.1 M CH COONa, and 0.1 M MnSO . Kim et al. recently reported a large-scale 3D

nanostructured Ni produced by template-assisted electroplating (Figure 3d) . An inch-sized polymer template

with 3D periodic nanostructure was first prepared by PnP. Then, Ni was bottom-up grown from the seed layer,

which was pre-deposited on the substrate, through pulsed electroplating (5 s on and 5 s off) at 2 mA/cm  to
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completely fill the 3D nanostructured template with Ni. The template was carefully removed by an ashier to yield

porous Ni. In a similar way, Hyun et al. reported a 3D nanostructured Au with hierarchically arranged pores (Figure

3e) . To achieve hierarchical porous structures, Au-Ag alloy was grown in the 3D nanostructured template by

pulsed electrodeposition (5 s on and 5 s off) at an applied potential of -1.1 V. After template removal and selective

etching of Ag through a dealloying procedure, a large-scale mesopore-in-macropore Au structure was produced.

This approach allows not only metals and alloys but also semiconductors to be 3D nanostructured materials. Xu et

al. produced a 3D nanostructured titania (TiO ) by combining MBIL and electroplating (Figure 3f) . To

electroplate TiO  on the template with a periodic 3D nanostructure defined by MBIL, electroplating was performed

using a three-electrode system with a H SO -based aqueous solution of crystalline Ti powder with high purity (5N).

The applied potential was controlled from 1.0 to 1.3 V and the constant current was 10 mA. Through optimization of

the calcination process, the generation of thermal-induced defects in the 3D nanostructure during the template

removal was significantly suppressed. In a similar way, Miyake et al. and Park et al. successfully developed 3D

nanostructured Cu O with face-centered cubic (FCC)-like and woodpile symmetries (Figure 3g) . The polymer

templates were patterned on ITO substrates via MBIL. A three-electrode electroplating system with an aqueous

electrolyte containing 0.2 M cupric sulfate and 1.6 M lactic acid was used to deposit Cu O on the templates. The

pH of the solution was adjusted to ~9 by adding sodium hydroxide, and the temperature of the solution was kept

constant at 65 °C during electroplating. To ensure complete filling of Cu O in templates, a potentiostatic condition

at -0.55 V was used. Through the template removal by reactive ion etching (RIE) under O  and CF  flows, highly

symmetric inverse Cu O structures were obtained.

Figure 3. Various inorganic materials with 3D periodic nanostructures formed by template-assisted electroplating.

(a) SEM images of Au helix structures formed by the combination of DLW and electroplating (Reprinted with

permission from . Copyright 2012 American Institute of Physics); (b) SEM images of a Cu meso-lattice formed

by the combination of MBIL and electroplating (Reprinted with permission from [81]. Copyright 2015 Elsevier); (c)

SEM images of mesoporous Ni-Sn electrodes formed by the combination of MBIL and electroplating (Reprinted
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with permission from . Copyright 2015 The National Academy of Science); (d) SEM images of 3D

nanostructured Ni formed by the combination of PnP and electroplating (Reprinted with permission from .

Copyright 2018 Elsevier); (e) SEM images of hierarchically porous Au nanostructures formed by PnP and

electroplating (Reprinted with permission from . Copyright 2020 The National Academy of Science); (f) SEM

images of 3D nanostructured TiO  formed by MBIL and electroplating (Reprinted with permission from .

Copyright 2005 The American Chemical Society); (g) SEM images of 3D nanostructured Cu O formed by MBIL

and electroplating (Reprinted with permission from . Copyright 2009 WILEY-VCH).

2.3. Key Considerations for 3D Nanostructured Template-Assisted Electroplating

There are some special considerations needed when filling inorganic materials inside the polymer template with a

3D periodic nanostructure through electroplating. First, since the 3D nanostructured template to be formed on the

substrate is a polymer-based insulator, optical 3D lithography introduced in the previous chapter must be preceded

on a conductive substrate to enable electroplating. Second, plating conditions must be precisely controlled to

ensure the complete filling of the material to be deposited in the 3D nanoporous network without voids or seams.

Third, in order to extend the utility of the 3D nanostructured materials, it is desirable to be able to form a

freestanding membrane separated from the substrate as needed.

Regarding the first issue, the most preferred approach is to perform optical 3D lithography (e.g., DLW, MBIL, or

PnP) on a transparent and conductive substrate such as ITO or fluorine-doped tin oxide (FTO) glass coated with

photoresist. At this time, it is very important to clean the substrate to improve the adhesion between the conductive

substrate and the photoresist. Despite meticulous pretreatment of the substrate, 3D nanostructured films with high

SVR formed by optical 3D lithography can be easily peeled off from ITO or FTO substrates. The reason is that the

area of the surface structure formed by optical 3D lithography in contact with the substrate is small, so inherently

poor adhesion between the substrate and the 3D nanostructured film cannot withstand the large swelling and

shrinkage of the photoresist. The SU-8, which is a well-known epoxy-based negative-tone photoresist for the

micro-electromechanical system (MEMS), generally suffers from 20~30% shrinkage during the development,

rinsing, and drying steps. In particular, this problem often occurs as the result of MBIL and PnP. The resulting

surface geometry of 3D periodic nanostructures generally consists of sharp and high-aspect-ratio nanopillars that

form point contact rather than surface contact with the substrate, resulting in very poor adhesion with the substrate

. For this reason, in most cases, a hard-baked relatively thin (<2 μm) homogeneous photoresist film (e.g., SU-8)

is pre-coated on the conductive seed layer-deposited substrate as an adhesive layer to maximize the bonding force

between the substrate and the 3D nanostructured film with a thickness of 10 μm or more. The seed layer usually

consists of highly conductive Cr/Au or Cu formed by sputtering or thermal evaporation. However, in template-

assisted electroplating, the adhesive layer, which is a solid insulator, impedes the flow of current from the

electrolyte to the seed layer (cathode) and does not allow electroplating. This is a significant practical concern that

has not been dealt with so far. To solve this, a “window” process was developed and used (Figure 4). This process

consists of three steps. 1) Through traditional photolithography, the adhesive layer is patterned to create an

exposed part of the conductive seed layer. 2) Next, the entire substrate area is coated with photoresist and optical

3D lithography is performed. At this time, since the adhesive layer outside the “window” tightly holds the 3D
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nanostructured film well, delamination from the substrate does not occur. 3) Through electroplating, thin film growth

occurs only in the area where the seed layer is exposed, filling the 3D nanostructured template with inorganic

materials. This strategy makes it possible to perform the template-assisted electroplating with 3D nanostructured

templates prepared by optical 3D lithography on an ad hoc basis . However, the effect of light reflection

from the metal seed layer on the formation of the 3D nanostructure has not yet been significantly considered.

Ultimately, the development of an approach that fundamentally solves the problem of adhesion between the

substrate and the 3D nanostructure is required. For example, a study to increase the contact area between the

substrate and the 3D nanostructure through control of the surface roughness of the substrate, or to optimize the

interfacial energy between the substrate and the 3D nanostructure through component control of the photoreactive

polymer, may be considered as a follow-up study.

Figure 4. Schematic illustration of “window” process for electroplating inorganic materials into 3D porous

templates.

Next, the complete filling of 3D nanostructured templates with inorganic materials without defects such as voids or

seams is a very important issue as well in the electroplating step in relation to the quality and functionality of the

resultant materials. When depositing a material by electroplating on a template with a nanoconfined structure

rather than an open structure, this is more likely to result in non-uniform deposition that can cause voids or seams.

One of the main reasons for non-uniform deposition is the lack of interaction between the hydrophilic components

of the electrolyte solution and the hydrophobic polymer template. There are several ways to improve the uniformity

of the filling while reducing defects, one of which is by adding surfactants to the solution (Figure 5a) .

For example, Shin et al. reported complete filling of Cu in a deep etched Si hole pattern by adding poly(ethylene

glycol) (PEG), bis-(3-sodiumsulfopropyl disulfide) (SPS), and Janus Green B (JGB) . PEG, SPS, and JGB act as

a suppressor, an accelerator, and a leveler, respectively, during electroplating. PEG and JGB contributed to

reducing the plating rate at the edges and surfaces of the hole pattern, while SPS contributed to increasing the

[38][82][86]

[87][88][89][90]

[51]



Electroplated Functional Materials | Encyclopedia.pub

https://encyclopedia.pub/entry/5848 11/20

plating rate inside the hole. Through the optimization of the concentration of each surfactant, void-free dense filling

was achieved by compensating for the plating rate that varies locally across the hole pattern.

The current density is also an important variable that must be optimized for the defect-free filling of inorganics in

the nanostructured templates. Essentially, as the current density increases, the plating rate or productivity

increases. However, if the current density is too high, dendritic or tree-like structure growth is preferred, resulting in

imperfect filling of the nanostructured templates. In addition, the current density tends to be maximized at the

interface between the conductive part (seed layer) and the insulating part, so a thicker layer is generally formed at

the edge of the substrate. This phenomenon is called as the edge effect. In the case of 3D nanostructured

templates, this non-uniformity of the current density becomes more problematic since localized electrical interfaces

are distributed over the entire area of the substrate and are continuously generated in volume as plating proceeds.

To ensure the complete filling of the electroplated materials in the nanostructured templates, it is desirable to lower

the current density to an optimum level for precisely controlling the plating rate. Such a strategy can be easily

found in the case of the 3D packaging process, in which a metal should be completely filled in through silicon vias

(TSVs) through electroplating for electrical interconnection . When the high current density is applied, the

outside of the hole is easily blocked with an electroplated film before even filling the inside of the hole. This is a

highly fatal defect in the electrical interconnection that reduces the reliability of the device. On the other hand, if the

current density is too low, the plating rate or productivity significantly decreases. The impurity level of the

electroplated film may increase as well. Therefore, the current density should be maintained at an optimal level to

ensure super-conformal deposition, which is closely related to the defect density of the nanostructured templates

(Figure 5b).

The waveform of the current applied to the electrochemical cell is also an important variable in determining the

quality of the filling in template-assisted electroplating. When a continuous current is applied, a negatively charged

layer gradually covers the cathode surface during electroplating. This unwanted layer prevents further ions from

reaching the cathode surface and causes non-uniform ion distribution. Pulse electroplating, in which the current is

turned on and off periodically, can solve this problem by temporarily discharging the negatively charged inhibition

layer (Figure 5c). More specifically, the non-uniform distribution of current density that occurs during electroplating

can be compensated for by the redistribution of ions during the off state of repetitive pulsed cycles, which leads to

homogeneous electroplating. Sometimes, pulse-reverse electroplating is used to improve the quality of the filling in

the nanostructured template . In this case, the stripping time with reverse current is introduced into the

electroplating cycle. This allows the ion concentration to be replenished by convective diffusion toward the cathode

surface and selectively dissolves protruding electroplated regions in the nanoconfined structure, resulting in much

more homogeneous filling in the template. In addition, the use of additives resulting in complex process control can

be neglected in pulse-reverse electroplating .

[50]

[91]

[91][92][93]
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Figure 5. Schematic illustration of electroplating results corresponding to its parameters: (a) Additive (reprinted

with permission from . Copyright 2018 The Multidisciplinary Digital Publishing Institute); (b) Current density

(reprinted with permission from . Copyright 2017 Springer Nature); (c) Current waveform.

Lastly, most of the proposed functional materials with 3D periodic nanostructures, which have been manufactured

by template-assisted electroplating, have served as a coating layer on the substrate. In order to maximize the utility

of such a useful structure, it can be peeled off from the substrate and utilized as a freestanding and monolithic

membrane as necessary. However, it is not easy to separate a highly porous thin film (depending on the

photoresist thickness and generally less than tens of micrometers) from the substrate and handle it without

destruction. Recently, Hong et al. reported a method of fabricating a 3D nanostructured composite membrane

made of Bi-Sb-Te and epoxy by combining dry and wet etching processes (Figure 6) . To briefly describe the

process, first, a 3D nanostructured polymer template was formed on an SOI wafer with a thin Au seed layer

through PnP, and Bi-SbTe, which is a useful thermoelectric material at room temperature, was electroplated into

the template. The membranization process consists of two sequential steps. 1) The SiO  layer is wet-etched by

hydrogen fluoride (HF) solution to float the membrane; 2) the thin Au seed layer at the bottom of the membrane is

carefully dry-etched by ion milling. In the process of selectively removing the sacrificial layer, it is very important to

select the appropriate etching solution and precisely control the ion milling conditions to reduce damage to the

electroplated material. The 3D nanostructured freestanding membrane implemented through this approach can be

used in various ways such as flexible electronic devices. In the future, there is a need to develop a variety of

membrane manufacturing methods optimized according to target applications.

[51]

[50]
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Figure 6. Fabrication process of a freestanding membrane: (a) Schematic illustration of fabricating a freestanding

membrane; (b) SEM image of cross-sectional view of 3D nanostructured Bi-Sb-Te showing SiO  layer as a

sacrificial layer; (c) Digital image of a delaminated 3D sample from the Si substrate after wet etching process and

(d) SEM image of a freestanding 3D nanostructured Bi-Sb-Te after dry etching process (reprinted with permission

from . Copyright 2017 The Royal Society of Chemistry).
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