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Abstract  Sub-10 nm nanostructures have received broad interest for their intriguing nano-
optical phenomena, such as extreme field localization and enhancement, quantum tunneling 
effect, and strong coupling. The range of cutting-edge applications based on single-digit-
nanometer scale structures has expanded with the development of nanofabrication technolo-
gies. However, challenges still remain in overcoming fabrication limits, such as scalability, con-
trollability, and reproducibility for further practical applications of the sub-10 nm nanostructures. 
In this review, we discuss the recent advances in top-down nanofabrication methods towards 
single-digit-nanometer-sized structures. The well-known examples include electron beam li-
thography (EBL), focused ion beam (FIB) milling or lithography, atomic layer deposition (ALD),
and other unconventional techniques to obtain sub-10 nm nanostructures or nanogaps. We 
discuss state-of-the-art applications for sub-10 nm nanophotonics such as optical trapping or 
sensing devices, imaging devices, and electronic devices.  

 
1. Introduction   

Nanoscale patterns have been fabricated for practical applications such as transistors [1-6], 
displays [7-17], optical devices [18-25], absorbers [26-32] tunable color filters [33-37], and other 
functional devices [38-50] because of their unique mechanical and/or optical properties which 
are not realized in bulky sizes. Especially, metasurfaces of sub-100 nm nanostructures which 
are applied for controlling light have been mainly produced by electron beam lithography (EBL) 
[8, 51-56] and focused ion beam (FIB) milling [48, 57-60]. High throughput fabrication of these 
optical nanostructures is being actively studied, combined with alternative nanopatterning proc-
esses such as nanoimprint lithography (NIL) [61-65], selective deposition [66-68], and direct 
laser patterning [69-71]. 

Moreover, sub-10 nm nanostructures are being researched actively due to their distinctive 
phenomena at the sub-10 nm scale such as plasmonic-coupled electromagnetic field localiza-
tion and enhancement [18, 72, 73], quantum tunneling effect [74-77], and strong coupling [78-
80]. These properties have been applied to promising optical devices such as optical trapping 
[19, 20, 81, 82], spectroscopy [80, 83-88], sensing [20, 89, 90], electrical trapping [91, 92], 
memory devices [38], and biomolecule identification [76, 93]. However, conventional top-down 
technologies such as EBL and FIB that are widely used to fabricate nanostructures have a 
resolution limit [94-97], preventing progress toward a next-generation nanofabrication method. 
Therefore, to solve the drawbacks, overcoming the resolution limit of EBL and FIB technologies 
or alternative nanofabrication methods based on a top-down process are needed. 

In this review, we mainly focus on the progress of top-down approaches for sub-10 nm fabri-
cation. First, we discuss advanced technologies of EBL and FIB. Afterward, we describe the 
development of the ALD process suitable for single-digit resolution. Then, we discuss uncon-
ventional nanofabrication methods such as NIL, structure collapsing, scanning probe lithogra- 
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phy (SPL), and pattern cracking in the views of fabrication for 
sub-10 nm nanostructures and nanogaps. Next, we introduce 
state-of-the-art sub-10 nm plasmonic applications such as optical 
sensing/trapping, imaging, and electronic devices. Finally, we 
review each of the processes and discuss outlooks toward prac-
tical applications of these emerging nanofabrication methods. 

 
2. Electron beam lithography 

EBL is a widely used process for several tens nanometer fab-
rication [98, 99], so EBL can be used for the sub-10 nm fabrica-
tion. Using various pattern transfer methods such as lift-off and 
etching [100], it is possible to create sub-100 nm two-
dimensional (2D) to three-dimensional (3D) structures through 
an overlay technique [101]. However, it is difficult to fabricate 
sub-10 nm patterns with general EBL because of the limited 
resolution due to a 2-10 nm electron beam size and the prox-
imity effect [102]. The electron beam size is much larger than 
the electron diffraction limit of 0.007 nm at 30 kV [103]. There-
fore, to overcome the resolution limit due to the beam size, sub-
10 nm fabrication methods have been developed using ad-
vanced techniques such as aberration-corrected EBL (AC-EBL) 
[102, 104, 105], negative resists with high resolution [106-108], 
proximity effect correction [3, 109, 110], and others [111-113]. 

The main factors that degrade the resolution in the EBL can 
be classified into four categories: (1) the electron beam size by 

equipment limitation of beam controllers such as magnetic 
lenses and beam deflectors [103], (2) the interaction between 
the electron beam and resist during exposure, (3) the pattern 
distortion by the resist development, and (4) the distortion in 
the pattern transfer process [104]. AC-EBL can overcome limi-
tations (1) and (2), while negative resists with high resolution 
and proximity effect correction can be used to solve limitations 
(3) and (4). 

 
2.1 Aberration-corrected electron beam lithog-

raphy 

AC-EBL has been studied as a sub-10 nm fabrication 
method utilizing the existing EBL fabrication process. Scanning 
electron microscopes (SEM) correct aberration by detecting the 
reflected electrons of the secondary electrons (SE) and back-
scattered electrons (BSE) from the substrate, while scanning 
transmission electron microscopes (STEM) can also detect 
transmitted electrons through the ADF detector and correct 
more aberration [114]. AC-EBL uses the precise detecting 
principle applied to STEM for enhancing aberration correction 
[102, 104, 105], so has a smaller electron beam size and pre-
vents the resolution degrading factors (1) and (2). AC-EBL 
enables the fabrication of sub-10 nm nanostructures as shown 
in Fig. 1(a). Since the fabrication process of AC-EBL is similar 
to existing EBL, it has advantages such as a wide selection of 

 
 
Fig. 1. EBL for fabricating sub-10 nm nanostructures: (a) SEM images of sub-10 nm line patterns and nanohole arrays using AC-EBL [104]; (b) schematic 
and SEM images of sub-10 nm hexagonal nanogap fabrication using HSQ [106]; (c) schematic of sub-10 nm nanogap fabrication using EBL proximity effect 
correction [109]; (d) schematic of sub-1 nm nanogap using EBL overlay technique [111] (adapted with permission from Fig. 1 in Refs. [104, 106, 109, 111]). 
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materials and intricate patterning.  

 
2.2 High-resolution of negative resist 

Hydrogen silsesquioxane (HSQ) has been used as a nega-
tive resist with high resolution to fabricate sub-10 nm nanos-
tructures by solving the resolution degrading factor (3) [106-
108]. EBL patterning by HSQ can have a 2 nm minimum fea-
ture size in the commonly used electron beam resists such as 
poly(methyl methacrylate) (PMMA), ZEP520, SU-8, and HSQ, 
etc. [115]. When HSQ is salty developed, the resist contrast is 
considerably improved, so whether the exposed resist has a 
chemical change is determined depending on whether it is 
more or less than the appropriate dose [108, 116]. Only the 
portion of HSQ exposed with the electron beam is developed, 
achieving high resolution of nanostructures. Therefore, it is 
possible to fabricate sub-10 nm nanopatterns with a wide se-
lection of materials like existing EBL using HSQ. In addition, 
HSQ can be used with AC-EBL to solve the resolution limita-
tions (1~3) of EBL [104]. Fig. 1(b) shows a schematic of fabri-
cating a sub-10 nm nanogap using HSQ. The top left panel is a 
CAD file showing the scanned area, which is imported into the 
EBL equipment to expose the shape. The top center panel 
shows the developed pattern of the exposed HSQ and a 5 nm-
thick hexagonal wall. The bottom left panel shows gold (Au) 
deposition on HSQ. The last two panels show that the lift-off 
succeeded in forming a sub-10 nm nanogap. The Au particles 
agglomerate on the HSQ, creating a nanogap slightly wider 
than the sidewall thickness. If a positive resist is used to create 
such a sub-10 nm nanogap, since the exposure area is larger 
than negative resist, the proximity effect is greater, and there-
fore the resolution is lower. 

Using the high etch resistance of HSQ, sub-10 nm pattern 
transfer is possible through HSQ mask etching [107, 117-119]. 
The silicon (Si) substrate was etched using a sub-10 nm HSQ 
pattern fabricated using EBL as an etch mask [117]. The high 
etch resistance of HSQ allowed Si substrate to be etched to a 
50:1 aspect ratio, resulting in sub-10 nm Si nanowires. The 
PMMA/HSQ double layer resist enabled sub-10 nm etching 
nanofabrication without hydrofluoric acid (HF) [118]. When 
HSQ is used for etching, the HSQ mask should be erased with 
HF, and HF removes oxides such as glass. In this research, 
PMMA/HSQ double layer resist was spin-coated, HSQ pattern 
fabricated by EBL was used to etch PMMA, and then sub-10 
nm Au nanopattern was created through lift-off process. Sub-
10 nm germanium (Ge) pattern was fabricated using HSQ 
[107]. It is difficult to create Ge patterns with high resolution 
despite using HSQ because Ge oxides are formed and it col-
lides with the developed pattern during the water cleaning 
process. In this research, a high resolution process was shown 
by removing native Ge oxides using acid.  

 
2.3 Proximity effect correction 

As a method to reduce the distortion by development and the 

pattern transfer process, proximity effect correction has been 
studied for fabricating sub-10 nm nanostructures [3, 109, 110] 
as in Fig. 1(c). Since the electron is scattered into the incident 
position of the substrate, the exposed pattern is developed with 
distortion unlike the area scanned by the electron beam, a 
phenomenon called the proximity effect. If the EBL is carried 
out under the same conditions, the proximity effect occurs al-
most the same, so it is possible to fabricate a sub-10 nm 
nanogap by calculating the size of the pattern increase. Using 
a developed area wider than the scan area, narrowing the gap 
between two objects is possible such as a bow-tie nanogap 
[110]. However, the proximity effect mainly occurs in the direc-
tion of expanding the pattern, so this method is difficult to fabri-
cate sub-10 nm grating or nanodots contrary to nanogap [120, 
121]. 

 
2.4 Others 

In addition, other methods of achieving sub-10 nm fabrication 
such as resist heating, pattern transfer with high resolution, and 
multiple exposure have been researched [111-113]. Homoge-
neous PMMA resist layers were formed through a thermal 
process to reduce the surface roughness, thereby fabricating 
sub-5 nm nanohole arrays [112]. Sub-10 nm nanogaps were 
fabricated using a free-standing 10 nm wide mesh pattern of 
double-layered HSQ/PMMA [113]. This method solves limita-
tion (4) enabling extreme undercut development. However, 
large-area fabrication is difficult because the area between the 
supports is small. Sub-10 nm nanogaps were fabricated by 
closing two nanoparticles (NPs) as much as possible with an 
overlay [111]. As in Fig. 1(d), the first EBL arranges a number 
of nanoparticles at regular intervals. After that, the second NPs 
are fabricated by varying the interval from -10 to 10 nm from 
the first NPs. Because alignment errors occur during the over-
lay process, sub-10 nm gaps of NPs can be chosen after the 
actual fabrication. However, it is difficult to use this method for 
mass manufacturing since the sub-10 nm nanogaps are fabri-
cated by accident. 

 
3. Focused ion beam 

Sub-10 nm FIB fabrication has been researched in the direc-
tion of using a high resolution light ion beam or overcoming the 
resolution limit of gallium (Ga) ion beam. In general, FIB fabri-
cation uses Ga ion beams generated by a liquid metal ion 
source (LMIS). However, since it has a resolution limit of about 
5 nm [122] and the scattered Ga ions destroy the surroundings, 
it is difficult to practically fabricate sub-10 nm features. To solve 
this problem, a light ion beam was developed based on a gas 
field ion source (GFIS), which uses stable inert gases such as 
helium (He) and neon (Ne). The ion beam size is approxi-
mately 1.9 and 0.5 nm for Ne and He ion beams [57], respec-
tively, which is high enough to fabricate sub-10 nm features 
considering ions scattering into the substrate. To overcome the 
limitations of Ga ion beam, proximity effect correction [60, 123] 
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and breaking grain boundary [124] have been studied. They 
are a solution to low resolution of the Ga ion beam. 

 
3.1 Helium ion beam 

For high resolution FIB milling and lithography, Ne and He 
ions are essential because of their atomic weight and chemical 
properties. In FIB milling, an ion beam irradiated on the surface 
physically scrapes the sample to create a desired shape. Since 
the size of the ion beam directly affects the resolution, it is pos-
sible to easily mill sub-10 nm features by using a light ion beam 
with a small beam spot size. In FIB lithography, an ion beam 
causes a chemical change in an irradiated resist to create the 
resist patterns, and then a pattern transfer process such as lift-
off or etching is needed. In the resist-based nanofabrication, a 
small beam size can have high resolution like EBL. In addition, 
sub-10 nm fabrication is mainly used in electronics, optics, and 
chemistry, so inactive ions implanted into the sample have the 
least influence on electrical and chemical properties compared 
to other group elements. 

In sub-10 nm He ion beam milling (HIBM), it is necessary to 
solve the problem that the ion beam deviates from the irradi-
ated position and affects not irradiated regions. Thus, it is sug-
gested to fabricate sub-10 nm nanoholes on a thin membrane 
such as graphene [125-129]. As in Fig. 2(a), the graphene 
nanomesh is fixed in the air by Au anchor which is fabricated 
by EBL and silicon dioxide (SiO2) etching. Since FIB milling of 

the nanomesh proceeds in the air, there is no He ion scattering 
by the atoms of the substrate under the irradiated surface. As 
another solution of the deviation, a simultaneous pulsed laser 
is used to increase photothermal energy of the He ion expo-
sure region, which reduces ion implantation and defect [130]. 
On the other hand, when only a small part of a soft metal such 
as Au is milled, the Au milling can be finished before the He 
ions do a great deal of damage to the substrate. Therefore, 
plasmonic structures made of Au nanopatterns can be fabri-
cated by HIBM [131]. 

He ion beam lithography (HIBL) is also useful for sub-10 nm 
fabrication [122, 132, 133], and it has several advantages 
compared to EBL. The beam size of the He ion beam is 
smaller than that of the SEM-based electron beam, so HIBL 
has a better resolution than EBL. Also, He ion beam has a 
smaller interaction volume and yields more secondary elec-
trons than the electron beam for the same energy. This means 
that He ions have smaller proximity effects and higher expo-
sure efficiency. In studies on sub-10 nm HIBL, there are cases 
where a resist becomes a final pattern [58] and a pattern trans-
fer process such as etching or nanoimprint is performed with a 
resist pattern [134, 135]. In Fig. 2(b), a sub-10 nm width of Si 
grating was fabricated by HIBL. A resist pattern for the etch 
mask is fabricated with a He ion beam, and sub-10 nm gratings 
are fabricated by etching. When exposed to metal-organic 
resist (Cr8F8(O2CtBu)16), secondary or auger electrons gener-
ated on the resist surface undergo a chemical reaction with He 

 
 
Fig. 2. FIB for fabricating sub-10 nm nanostructures: (a) schematic of graphene nanomesh using EBL with SiO2 etching, and SEM images for FIB milling 
process [125]; (b) fabrication process of ion beam lithography and SEM images of 7 nm width Si grating fabricated by HIBL [134]; (c) SEM images of 7 nm 
linewidth grating fabricated by NIBL [59]; (d) hole-type Au bow tie for capturing photons which is fabricated by GIBM with proximity effect correction [60]
(adapted with permission from Fig. 2 in Refs. [59, 60, 125, 134]). 
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ion, creating a chromium-oxide hard mask. This hard mask is 
suitable for dry etching used to etch Si and tungsten. 

 
3.2 Neon ion beam 

Ne ion beam lithography (NIBL) has been studied more than 
Ne ion beam milling (NIBM) in single-digit-dimension nanos-
tructure fabrication. The He ion beam has high resolution fairly, 
but the sputter yield of less than 0.1 atom/incident ion is so low 
that it is not suitable for milling bulk semiconductors [122]. Thus, 
NIBM has been researched for sub-20 nm fabrication [136, 
137], but studies on sub-10 nm are still insufficient due to the 
resolution decrease due to the substrate damage of Ne ions. 
Therefore, when fabricating sub-10 nm nanostructures using 
Ne ion beam, NIBL is used such as Fig. 2(c) [59]. The overall 
fabrication process is the same as that of HIBL but requires 
about ten times less exposure than He ion. On the other hand, 
since there is a problem of lowering the resolution due to sub-
strate damage caused by the exposure beam that does not 
exist in EBL, it is necessary to avoid using He or Ne ion beams 
to produce large features. 

 
3.3 Gallium ion beam 

Ga ion beam milling (GIBM) can also fabricate sub-10 nm 
nanogap with proximity effect correction [60, 123] and breaking 
grain boundary [124]. Similar to the EBL, the proximity effect is 
caused by the irradiated ions affecting the periphery of the 
exposure target. Therefore, FIB milling for nanogap fabrication 
is carried out while predicting how much proximity effect will 
occur like EBL proximity effect correction. As in Fig. 2(d), a 
plasmonic 4 nm nanogap was fabricated using GIBM with 

proximity effect correction. Thus, by breaking the Au grain 
boundary using GIBM, a sub-2 nm nanogap can be created 
[124]. First, GIBM creates a nano junction containing a single 
grain boundary, and the second GIBM only exposes the junc-
tion to break the grain boundary. If Ga ion beam is used for 
sub-10 nm nanogap fabrication, the sputter yield rate is high 
and unintentional damage applied to the substrate can be 
quickly and stably fabricated than HIBM and NIBM. However, it 
is hard to fabricate sub-10 nm grating or nanodots due to the 
same disadvantage of EBL proximity effect correction. 

 
4. Atomic layer deposition 

Along with EBL and FIB techniques, ALD is regarded as one 
of the most important fabrication methods of a thin film for vari-
ous materials [138, 139]. The single-digit fabrication technique 
with EBL and FIB has limitation in beam size and large-area 
fabrication. ALD can be used to overcome these limitations. Fig. 
3(a) shows a typical ALD process [138]. The deposition occurs 
as a gaseous chemical precursor is pulsed and purged, result-
ing in the binary reaction of gas and surface. First, the reactant 
precursor A is pulsed in the chamber, resulting in conformal 
deposition of precursor A on the entire substrate surface. After 
unreacted precursor A is removed by purging chamber with an 
inert carrier gas, counter-reactant precursor B is pulsed, pro-
ducing binary reaction with precursor A, resulting in single layer 
of the material. After removing unreacted precursor B, one 
cycle to fabricate one single layer is completed. By repeating 
this cycle n times, a thin film built from atomic layers can be 
fabricated.  

ALD has two unique advantages compared to other deposi-
tion methods. First, precise thickness control at the monolayer 

 
 
Fig. 3. Single-digit nanofabrication method using atomic layer deposition_1: (a) fabrication process of atomic layer deposition [138]; (b) fabrication process of 
atomic layer lithography and SEM image [140]; (c) schematic of atomic layer lithography using adhesive tape and SEM image [141]; (d) schematic of pattern-
ing of atomic layer lithography with adhesive tape using photolithography [91] (adapted with permission from Fig. 3 in Refs. [91, 138, 140, 141]). 
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level (Å scale) is possible [139]. So, it has a slow deposition 
rate. The other advantage is the self-limiting property in that it 
does not build up more than a single layer. Thus, ALD films 
have higher conformality over the whole surface [139]. There-
fore, the material is also deposited on the vertical wall, and a 
single-digit nanometer gap can be fabricated. In this chapter, 
we review the fabrication method for producing single-digit 
nanometer structures. 

 
4.1 Atomic layer lithography 

Atomic layer lithography (ALL) has been developed to fabri-
cate single-digit nanometer structures using ALD [19, 84, 86, 
90, 91, 140-144]. Fabrication methods for producing nanome-
ter-scale gaps or cavities have been demonstrated using thin 
film deposition [145, 146]. However, these methods only 
achieve the fabrication of planar structures. In 2010, nanogaps 
of a vertical metal-insulator-metal (MIM) structure using ALD 
were demonstrated [140]. The left panel of Fig. 3(b) shows the 
fabrication process. First, arrays of Ag nanostructures arrays 
are fabricated using photolithography, and alumina (Al2O3) is 
deposited using ALD. After a second Ag layer is deposited, 
anisotropic ion beam milling is performed until the Al2O3 layer is 
revealed. Finally, the horizontal part of the Al2O3 layer is peeled 
off using a buffered oxide etchant, creating a single-digit 
nanogap. The right panel of Fig. 3(b) shows an SEM image of 
a fabricated nanogap structure. Since ALD can control the 
thickness in Å unit, single-digit nanogaps can be demonstrated. 
However, this method is limited to the fabrication of hollow 
structures. This fabrication method, combining ALD and plug-
and-peel metal patterning for single-digit nanogaps, has been 

termed ALL. 
Adhesive tape can be used to peel off the metal for planari-

zation in ALL [90, 91, 141]. In 2013, nanostructures with down 
to 9.9 Å gap width were demonstrated without hollow structure 
by adhesive-tape ALL [141]. Single-digit nanogap is fabricated 
by depositing Alumina using ALD and metal using evaporator 
(the ‘plug’ process) in the patterned substrate is deposited, as 
shown in the left panel of Fig. 3(c). Adhesive tape can be used 
to peel off the metal film located above the substrate. The right 
panel of Fig. 3(c) shows an SEM image of the fabricated 5 nm 
gap structure. In 2016, micrometer-scale positive structures 
with single-digit scale nanogap were demonstrated by combin-
ing ALL and photolithography (Fig. 3(d)) [91]. After fabrication 
of a nanogap using ALL with adhesive tape, arrays of mi-
crometer-scale structures are patterned by photolithography. 
This fabrication method shows the possibility to fabricate an 
array of patterns with a single-digit nanogap.  

Similar to adhesive tape, epoxy can be used to peel off the 
metal in ALL [84, 142]. In 2015, a single-digit nanogap was 
demonstrated that is fabricated by patterning the template with 
stripes of epoxy [84]. Nanogaps are fabricated by depositing 
Al2O3 on patterned Au film using ALD. After evaporation of 
silver (Ag) (second layer of metal) on top of the Al2O3, nanogap 
structures are template-stripped and exposed (Fig. 4(a)). In 
2016, split-wedge antennas with gap width down to 1 nm has 
been demonstrated using template stripping and ALL (Fig. 
4(b)) [142]. 

Glancing-angle ion beam polishing also can be used to peel 
off metal in ALD [19, 86, 143]. Glancing-angle ion polishing is a 
milling technique using argon (Ar) ion. In 2016, 2 nm gap coax-
ial apertures have been demonstrated using glancing-angle ion 

 
 
Fig. 4. Single-digit nanofabrication method using atomic layer deposition_2: (a) schematic of atomic layer lithography with template strip [84]; (b) schematic of 
split-wedge antennas fabrication using atomic layer lithography with template strip [142]; (c) schematic of atomic layer lithograph using glancing-angle ion 
beam polishing [143]; (d) fabrication process of a square-ring array with unsymmetrical single-digit gap using glanced ion beam [144] (adapted with permis-
sion from Fig. 4 in Refs. [84, 142, 143, 144]). 
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beam polishing [143]. Fig. 4(c) shows the process of top metal 
planarization using a glancing-angle ion beam. After planariza-
tion, a single-digit nanogap of Al2O3 is revealed and can be 
controlled by ALD thickness. In 2018, nanogap structures filled 
with silk were demonstrated [86]. To fill nanogap with silk, Al2O3 
of nanogap is etched and empty nanogap is filled with silk. This 
method shows the possibility to change the material of the 
nanogap, overcoming limited materials of ALD. This Al2O3 
nanogap structure could be applied to an optical application 
such as optical trapping [19]. It is also possible to fabricate 
nanoaperture with single-digit nanogap using adhesive tape 
[90]. However, this method has a limitation in that size of the 
hole gap should be large enough to deposit metal (tens of mi-
crometers to a few centimeters). On the other hand, in ALL 
using ion beam polishing, a second layer metal is deposited 
except for the positive nanohole aperture, making fabrication of 
a sub-micrometer scale hole gap possible. 

Wet etching also can be used for planarization in ALL. In 
2017, a split-ring resonator (SRR) with an unsymmetrical sub-
10 nm gap was demonstrated using ALL, Ar ion beam milling, 
and photolithography [144]. The structure consists of a square-
ring array with an unsymmetrical sub-10 nm gap. Fig. 4(d) 
shows the fabrication process of the SRRs. The first step is to 
make a chromium (Cr)/aluminum (Al) pattern on Cr/Au thin film 
by photolithography. Then, first ion milling eliminates part of the 
Cr/Au thin film, and Al2O3 is deposited by ALD, which deter-
mines the gap width of the final structure. Cr/Au thin films are 
deposited once again, and the ion milling mask is removed by 

wet etching. To fabricate an unsymmetrical gap, the sample is 
rotated by 90° and the previous steps are repeated except for 
the ALD step. 

 
4.2 ALD techniques compatible with other nano- 

patterning methods 

The fabrication method of 2~20 nm Al2O3 nanogap between 
Au NPs has been demonstrated using rapid thermal annealing 
(RTA) and ALD [147]. Fig. 5(a) shows the fabrication process 
and SEM image of fabricated two NPs and nanogap. First, Au 
film is deposited on Si substrate. Then, RTA is performed for 
30 s at 500 ℃. Thus, the Au films converge with each other to 
produce NPs. An Al2O3 thin film is deposited and the previous 
steps are repeated from more NPs. By performing chemical 
etching of Al2O3, nanogap between two NPs can be fabricated. 
This fabrication method has advantages of low cost and large-
area fabrication since this method does not use lithography 
technology.  

NIL is a high throughput fabrication method that fabricates 
nanopattern precisely with low cost and large area [148]. How-
ever, it is hard to fabricate a single-digit nanometer structure 
with NIL, since the resolution of a stamp is not good enough 
(resolution limited to 15 nm). Nanoimprint templates with sub-
10nm nanopatterns are fabricated using ALD and succeed to 
replicate and transfer nanopatterns [149]. Fig. 5(b) shows the 
template fabrication scheme and SEM images of the fabricated 
stamp and transferred pattern. Nanogaps width W of 15 nm 

 
 
Fig. 5. Single-digit nanofabrication method combining ALD technique with other nanopatterning methods: (a) fabrication process of two NPs and single-digit 
nanogap using rapid thermal annealing [147]; (b) schematic of fabricating 5~9 nm gap with atomic layer deposition and nanoimprint lithography [149]; (c) 
schematic of fabricating single-digit nanogap by combining atomic layer deposition and nanoimprint lithography in the flexible substrate [150]; (d) fabrication 
process of nanoholes with the feature size 9 nm by improving the resolution of plasmonic lithography with atomic layer deposition [151]; (e) fabrication proc-
ess of high dense arrays of annular nanogaps with sub-1 nm gap width by combining colloidal lithograph and atomic layer lithography [83] (adapted with 
permission from Fig. 5 in Refs. [83, 147, 149, 150, 151]). 
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are fabricated using EBL. Using ALD, the gap can be narrowed 
as thickness d of Al2O3 increases. After ALD of Al2O3, the final 
gap width is W-2d. In this paper, W is 17 nm and d is 4 or 6 nm. 
Therefore, NIL stamp with a gap width of 9 or 5 nm can be 
fabricated. Using this stamp, single-digit nanometer structure 
can be fabricated. In 2019, ALD was used to reduce the gap 
width of curved nanoimprint templates with flexible substrate 
[150]. In addition, PDMS are used to reduce the surface energy, 
so that stamp can easily release the polymer resist pattern. 
Single-digit nanometer structure on curved substrate can be 
imprinted by exposing UV light after stamping curved mold to 
soft substrate (Fig. 5(c)). 

Nanoholes with feature sizes as small as 9 nm have been 
demonstrated by improving the resolution of plasmonic lithog-
raphy with ALD [151]. Fig. 5(d) shows the fabrication process 
and SEM image of the inner gap after SiO2 deposition. First, 
the core pattern can be fabricated by plasmonic lithography 
that uses Ag as a plasmonic cavity lens. Next, ALD is utilized to 
fabricate nano-core patterns by filling nanoholes with SiO2, and 
the SiO2 thickness should be equal to the width of the nano-
core pattern. By etching SiO2 and photoresist using reactive ion 
etching (RIE), the final structure of SiO2 nanorings with sub-9 
nm inner diameters can be generated. This fabrication method 
using plasmonic lithography has the advantage of low cost and 
high aspect ratios.  

Highly dense arrays of annular nanogaps with sub-1 nm gap 
width over large areas have been demonstrated by combining 
colloidal lithography and ALD [83]. Fig. 5(e) shows the fabrica-
tion process and SEM image of fabricated narrow annular 
nanogap arrays. Polystyrene (PS) sphere monolayer covers 
metallic film on Si/SiO2 substrate. Next, the PS sphere is 
shrunk by RIE and used as a mask for following ion beam 
etching. The ion beam etching is taken to remove the uncov-
ered metal part. Then, deposition of Al2O3 is taken with ALD, 

and deposition thickness will determine gap width. After pilling 
metal with deposition of the metal film, a lift-off process is taken 
to remove the PS sphere and wet etch of the Al2O3 layer. Dif-
ferent from the ALL, this method combines ALD, lithography 
using PS, and lift off to fabricate single-digit-nanometer 
nanogaps array cost-effectively. 

 
5. Unconventional nanofabrication meth-

ods for sub-10 nm resolution 
Although nanopatterning processes mentioned above could 

achieve sub-10 nm resolution, these methods still have chal-
lenges, such as complex steps and costly systems, interrupting 
practical fabrication of nanostructures. To overcome these 
drawbacks, alternative nanofabrication methods have been 
researched in many fields. Thus, in this section, we describe 
emerging nanopatterning processes that can fabricate sub-10 
nm nanostructures or single-digit scale nanogaps. 

 
5.1 Fabrication of sub-10 nm nanostructures 

NIL is a promising nanopatterning process for large-area fab-
rication of sub-10 nm nanopatterns because it follows the reso-
lution of used molds [152, 153]. To fabricate the NIL mold with 
single-digit nanometer-scaled patterns with 1~4 nm width, sin-
gle-walled carbon nanotubes (SWCNTs) are utilized [154]. Fig. 
6(a) shows the steps for polymer imprint lithography. Using 
PDMS to transfer features of the geometry of the SWCNTs, the 
transparent mold is generated. Subsequently, contacting the 
mold with polyurethane (PU) and then curing it to UV light gen-
erate a precise replica of the nanostructure. Besides direct 
fabrication of molds with single-digit nanometer resolution, 
post-processing of fabricated molds has been studied actively 
to reduce the size of nanopatterns of the molds [155, 156]. An 

 
 
Fig. 6. Nanofabrication methods to achieve sub-10 nm nanostructures: (a) schematic of steps for polymer imprint lithography [154]; (b) schematic of self-
collapse lithography (SCL) [160]; (c) schematic of thermal scanning probe lithography (t-SPL), SEM image of a sharp tip, and image of practical patterning 
line arrays [165]; (d) schematic of secondary sputtering lithography (SSL) enabling sidewall deposition with high resolution [167] (adapted with permission 
from Fig. 6 in Ref. [154, 160, 165, 167]). 
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NIL mold with 50 nm half-pitch lines is chemically etched by 
diluted hydrogen fluoride (HF) solution for shrinking linewidth of 
nanopatterns on the mold [157]. The linewidth of nanogratings 
is shrunk from 50 nm to 33, 20, and 9.3 nm after 132, 189, and 
240 s of etching time of HF solution. 

Collapse of nanopatterns has been mainly considered as an 
unwanted phenomenon, but rather an intentional collapse 
based on mathematical analysis such as calculating capillary 
force can make uniform nanostructures with high resolution 
[158]. Using capillary force-induced cohesion during the post-
development and drying process, a new nanofabrication 
method to uniformly make collapsed nanopatterns has been 
demonstrated. As a follow-up study, the collapse of complex 
nanopatterns with a high aspect ratio has been also controlled 
[159] through engineering curvature, tilt, and asymmetric shape 
in the nanostructures. These processes have no proximity 
effect unlike photolithography and enable to control the single 
nanostructure. Furthermore, the self-collapse of polydimethylsi-
loxane (PDMS) has been used for the direct formation of small 
nanopatterns [160]. Fig. 6(b) is a schematic of self-collapse 
lithography (SCL). By controlling channel/reservoir geometry, 
adhesion, and bending stiffness of the PDMS, different col-
lapse properties of the PDMS is achieved [161]. The PDMS 
stamp after the oxygen plasma process is conformally con-
tacted with the self-assembled monolayer (SAM)-coated Au 
surface. After that the PDMS stamp is self-collapsed because 
of its load, selectively removing SAM layers. 

Scanning probe lithography (SPL) has been regarded as an-
other alternative nanopatterning process due to its extremely 
high resolution of used sharp tips [162, 163]. In particular, ther-
mal SPL (t-SPL), relying on thermal decomposition of resists, 
has enabled to fabricate sub-20 nm nanostructures [164]. Si 
NWs are scribed at a half-pitch of 18.3 nm to a depth of 5 nm 
on a polyphthalaldehyde (PPA) layer with 9 nm thickness by t-
SPL. Also, nanostructures with sub-10 nm feature size are 
fabricated on the Si substrate by using t-SPL [165]. Fig. 6(c) is 
a schematic of t-SPL, a SEM image of a sharp tip, and an im-
age of practical patterning line arrays with half-pitches of 10, 14, 
17, 21, and 30 nm at 600 °C and 24 nN. By optimizing condi-
tions of t-SPL, 11 nm half-pitch nanopatterns are achieved on 
the surface of the PPA layer. 

Sidewall deposition with a high spatial resolution also has 
been researched through secondary sputtering lithography 
(SSL), by which a target material is etched and adhered to the 
side surface of a pre-patterned template [166]. For example, 
Au nanopatterns with a high aspect ratio are fabricated on the 
single conventional block copolymer (BCP) template by SSL 
(Fig. 6(d)) [167]. SSL etches Au films on the substrate and 
simultaneously deposits them onto the sidewalls of the nanos-
tructure template. As a result, these steps produce nanopat-
terns with small feature sizes (10 nm), a high aspect ratio (>5), 
and a high density (14000 line ea mm−1). As a follow-up study, 
the ion bombardment process is applied to produce a high 
resolution nanogroove (HRN) structure with a narrow contact 
width (15 nm) [168]. After the platinum (Pt) is deposited on soft-

imprinted nanopatterns, Ar plasma bombardment is conducted 
to deposit Pt particles onto the sidewall of the nanostructures, 
causing nanopatterns with an ultra-high aspect ratio (~20) and 
high resolution (15 nm). 

 
5.2 Realization of single-digit-nanometer scale 

nanogaps 

Not only nanostructures, but nanogaps with single-digit reso-
lution have also been easily produced by NIL because of its 
excellent reverse transferring property [169]. In particular, sub-
4 nm size nanogaps are straightforwardly fabricated by NIL 
and collapsing nanopatterns [170]. Fig. 7(a) is a procedure for 
the fabrication of nanofingers. After dielectric coating to the 
imprinted nanofingers with Au particles, the adjacent nanos-
tructures are collapsed each other with a certain distance con-
trolled by dielectric coating thickness, resulting in Au nanoparti-
cles with nanogaps about 2~6 nm. As a follow-up study, plas-
monic nanostructures are fabricated by NIL, deposition of an 
ultra-thin (2 nm) dielectric tetrahedral amorphous carbon (ta-C) 
film, and the collapse of nanofibers [171]. After nanowires are 
produced by NIL, the nanostructures coated with Ag and ta-C 
are collapsed. The fabricated nanogap size is precisely defined 
by the ta-C thickness, which leads to enhancement of electro-
magnetic (EM) field owing to gap-plasmon resonance. 

Furthermore, collapsing nanopatterns could produce sharper 
nanogaps than existing nanofabrication methods, which the 
well-known example of is capillary-force-induced collapse li-
thography (CCL), as shown in Fig. 7(b) [172]. By modulating 
EBL conditions such as the electron beam dose (energy), de-
velopment time, and structural characteristics of the column, 
the collapse of nanopillars can be controlled precisely. Also, 
CCL fabricates nanogap structures with various shapes such 
as flowers or bowties, enabling practical fabrication of 
nanogaps with sub-10 nm size plasmonic structures on de-
mand. As a follow-up study, cascade domino lithography (CDL) 
is researched for the application of extreme photon squeezing 
[173]. Fig. 7(c) is a schematic of CDL and a SEM image of 
collapsed nanopatterns. Positive photoresists with different 
solubility in one developer are stacked on the substrate and 
patterned by EBL, followed by the cold development and the 
Au deposition. CDL goes beyond the fundamental limitation of 
EBL, the proximity effect, by collapsing nanopatterns intention-
ally. 

While cracking has been generated accidentally during fabri-
cation of nanostructures so considered as an undesirable phe-
nomenon like collapsing, the controlled initiation of various 
channeled crack patterns enables to produce single-digit scale 
nanogaps uniformly and quickly [174-176]. For example, Au 
break junctions having sub-3 nm gaps are fabricated by a self-
breaking based on the controlled crack formation (Fig. 7(d)) 
[75]. To fabricate uniform Au nanogaps, titanium nitride (TiN) 
and Au are coated on the Si substrate. Subsequently, TiN can-
tilevers as a nano-pulling stage are fabricated by selective 
etching of the Si. This causes cantilevers to be retracted in 
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opposite directions, breaking apart the Au film located on the 
TiN crack and generating Au nanogaps. Nanogaps are also 
fabricated on flexible substrates by swelling-controlled cracking 
[177]. Cr/Au electrodes are fabricated on a flexible polymer 
substrate by photolithography, sputtering, and lift-off processes. 
Subsequently, swelling of an organic solvent which is induced 
along a junction results in the generation of the nanogap on 
electrodes because the organic solvent permeates into the 
swelling layer under the electrodes. 

Utilizing the difference of adhesion between substrates and 
materials has been another alternative nanofabrication method 
to produce sub-10 nm nanogaps [178]. Metal electrodes and 
devices with asymmetric sub-15 nm nanogaps are fabricated 
by adhesion lithography [179]. After the metal M1 with a metal-
lophilic self-assembled monolayer (SAM) is selectively depos-
ited on the substrate, metal M2 is deposited evenly over the 
M1 and the substrate. Subsequently, an adhesive tape selec-
tively eliminates the M2 on the SAM by using the difference of 
adhesion between M2-substrate and M2-SAM, leaving M2-
SAM-M1 arrays with sub-15 nm nanogaps. As a follow-up 

study, large-area and flexible electronics with nanogaps are 
realized by the adhesion lithography [39, 180]. In addition, 
nanotransfer printing based on adhesion difference between 
target substrates and functional materials has been also attrac-
tive because of its fine pattern resolution, simple process steps, 
and cost-effectiveness [181]. For the fabrication of sub-10 nm 
nanogaps, metal-assisted transfer printing is conducted on the 
PDMS substrate [182]. The elastic substrate is stretched with a 
pre-strain and then Au nanostructures are transferred from the 
Ag/Si substrate to the PDMS surface. By releasing pre-
stretched PDMS to the original shape, the size of nanogaps is 
controlled easily. Fig. 7(e) is a specification of the bowtie struc-
ture and SEM images of Au nanostructures on the released 
PDMS substrate at pre-strain of 0 %, 20 %, 40 %, 50 %, and 
60 %, showing successful fabrication of sub-10 nm Au 
nanogaps. 

 
6. Applications 

As sub-10 nm fabrication methods have been developed, the 

 
 
Fig. 7. Nanofabrication methods for achieving single-digit size nanogaps: (a) schematic and SEM images of collapsed nanofingers with single-digit resolution 
[170]; (b) schematic of flower-shaped nanogap structures and SEM images of flower structures with six and eight nanogaps. The structures are designed to 
form N nanogaps when the N columns fall over each other. The nanogap size is ~6 nm (inset of (b)) [172]; (c) schematic of cascade domino lithography 
(CDL), SEM images of fabricated nanogaps, and surface enhanced Raman spectroscopy (SERS) mapping results [173]; (d) schematic of fabricating sub-3 
nm nanogaps using crack-defined Au break junction [75]; (e) schematic of specification of the bowtie structure and SEM images of nanostructures on the 
released PDMS substrate at different pre-strain [182] (adapted with permission from Fig. 7 in Refs. [75, 170, 172, 173, 182]). 
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range of application becomes wider. The noteworthy phenom-
ena which are excited between plasmonic gaps such as local-
ization of electromagnetic field and surface plasmon resonance 
extend the measurable or observable range up to molecular or 
nanoparticle level when sensing [18, 20, 89, 90, 171] or imag-
ing [80, 96, 183-187]. Moreover, light-matter interaction within 
the plasmonic nanostructures induces strong coupling, which 
enables the detection of quantum-level plasmonic response 
such as charge tunneling [74, 76, 93], Purcell effect [72, 80, 
188], and Rabi splitting [78, 79, 179, 189, 190]. In this section, 
we classify applications depending on functionality.   

 
6.1 Optical sensing and trapping devices 

The strong interaction between subwavelength scale nanos-
tructures and incident light amplifies output sensing signal and 
enhances trapping force. For this reason, optically stimulated 
plasmonic devices have been utilized for sensing and trapping 
devices for spectroscopy and real-time detection. For example, 
non-fluorescent detection with a tapered plasmonic antenna 
has been demonstrated for trapping NPs under 5 nm (Fig. 
8(a)) [123]. Conventional fluorescent detection and single 
wavelength non-fluorescent detection require a phosphor at-
tachment process for the trace tracking of target particles. 
However, this system does not need that process because the 
particles are trapped at the middle point of the bowtie antenna 
where the trapping force has the maximum value due to the 
field gradient. Because it exploits second harmonic illumination 
in plasmonic resonance within the cavity, it enables control of 
the trapping and the monitoring lights independently. Monitor-

ing output signal and field strength gets stronger when the gap 
size decreases. 10 nm coaxial nanohole array has been also 
suggested as the trapping device (Fig. 8(b)) [19]. Because the 
electromagnetic field is highly localized at metallic aperture, 
which induces particles to be trapped between gaps, this array 
operates at low power and the target subject gets less dam-
aged. Because the switching process between trapping and 
releasing is reversible, repetitive operating is possible. This 
system has a rapid speed of heat dissipation and high degree 
of freedom on design such as size and diameter of gap and 
thickness of the film. To improve detecting and sensing capa-
bilities, it is important to increase the trapping spot area. There-
fore, a fluidic system that widens the reaction area as the sur-
face rather than point has been introduced [85]. It is composed 
of a sandwich structure of Au nanodisk and Au film and the Au 
nanodisks are arranged with distinct width and periodicity 
which determine tuning resonance frequency (Fig. 8(c)). The 
gap size is modulated from 10 nm to 100 nm, which is deter-
mined by the target number of quantifying molecules. The elec-
tric field and the magnetic field are localized between gaps 
under irradiation of x-polarized IR light. This field confinement 
leads to trapping the target molecules between plasmonic gaps, 
and strong resonance is generated when the target exists. This 
strong resonance induces the change of reflection spectrum 
depending on species and numbers of target molecules. For 
example, the reflection spectrum of octadecane (C18H38/CCl4) 
differs from that of pure solvent (CCl4) because different bind-
ing states by bonding and chemical composition induces spe-
cific strong coupling that expresses as distinct peaks in the 
spectrum.  

 
 
Fig. 8. Optical trapping and sensing devices: (a) schematic of tapered plasmonic nanoantenna which traps sub-5 nm NPs and generates a second-harmonic 
signal (upper). NP positions at the potential minimum point, middle of the x-axis (lower) [123]; (b) bright-field optical microscopy image of optical trapping 
array. Each coaxial aperture has a 10 nm gap (upper). Time trace of the transmitted intensity in trapping and releasing modes (lower) [19]; (c) schematic view 
of the single unit cell of the nanofluidic channel (upper). Strong coupling between target molecules and plasmonic gap induces distinct changes of reflectance 
spectra [85] (adapted with permission from Fig. 8 in Refs. [19, 85, 123]). 
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Quantum sensing devices which exploit quantum plasmonic 
effects get great attention recently because the unrevealing 
physics can be observed through these devices. Nanoscale 
plasmonic structures strongly interact with various kinds of 
emitters like quantum dot (QD) [81, 191, 192], transition metal 
dichalcogenide (TMDC) [72, 193], and upconversion nanopar-
ticles [194-196], and show interesting phenomena such as 
gigantic photoluminescence enhancement and Rabi splitting. 
For example, a plasmonic system which consists of TMDC 
flakes and trenched Au substrate has been demonstrated to 
observe photoluminescent enhancement. (Fig. 9(a)) [73]. 
TMDC is integrated on the Au substrate which has patterned 
and unpatterned regions. Because the trench in a patterned 
area excites localized surface plasmon, which affects emission 
efficiency and excitation rate, the photoluminescence (PL) of 
TMDC on trench gets enhanced much more than that of TMDC 
in an unpatterned region. The PL intensity plot exhibits stark 
contrast between point A, which positions at the intersection of 
the trench, and point B on the unpatterned Au film. Rabi split-
ting phenomena due to light-matter interaction between the 
quantum emitter and single-digit nanostructure have been re-
ported. For instance, Rabi splitting between the Ag antenna 
and QDs has been reported [78]. The plasmonic cavity con-
fines the electric field and enables to shorten surface plasmon 
relaxation time and reduce mode volume (Fig. 9(b)). When the 
QDs locate inside the gaps because of interfacial capillary 

force, strong coupling between QDs and nanocavity is induced. 
The splitting of scattering peak, called Rabi splitting, is ob-
served depending on the quantity and position of QDs. TMDC 
on the bow-tie antenna is another example of the optical sys-
tems exhibiting Rabi splitting (Fig. 9(c)) [193]. The monolayer 
TMDC, which is largely grown on the sapphire substrate, is 
transferred on the Au nanoantenna. The interaction between 
surface plasmon and exciton induces Rabi spitting, so the PL 
intensity gets split when the TMDC is integrated on the bowtie 
nanocavity. These quantum plasmonic devices have great 
potential to develop photo-detecting and photo-emitting sys-
tems with ultra-high quantum efficiency.  

 
6.2 Plasmonic lenses for imaging and lithog-

raphy 

The nanopatterns of plasmonic lenses can be applied in im-
aging and lithography. These lenses confine incident light with 
ultra-small mode volume, and thus diffraction limit-free imaging 
and maskless lithography are possible. First, a multi-stage 
plasmonic lens (MPL) array and plasmonic flying head have 
been suggested for maskless lithography (Fig. 10(a)) [95]. The 
MPL arrays consist of a dumbbell-shaped aperture and coupler 
(inner ring) and reflector (outer ring). The input UV light excites 
propagating surface plasmons which propagate inward and are 
inverted as localized surface plasmons near the aperture. 

 
                               (a)                                      (b)                                          (c) 
 
Fig. 9. Quantum plasmonic devices: (a) SEM image of TMDC monolayer flake on Au hybrid structure (upper). The PL intensity of TMDC at the intersection 
(position A) is much greater than that at the unpatterned region (position B) (lower) [73]; (b) distribution of the coupling rate of the bowtie plasmonic antenna. 
Strong coupling induces Rabi splitting of QD (upper). Whether Rabi splitting happens depends on the position and the quantity of QD (lower) [78]; (c) the 
dark-field optical micrograph of bowtie plasmonic antenna and monolayer TMDC. The inserted image on the top area is the bright field image of the white 
dashed zone. An SEM image of the Au bowtie is inserted on the bottom area (upper). Compared to the pure TMDC layer, TMDC on bow-tie antenna shows 
the split PL spectrum (lower) [193] (adapted with permission from Fig. 8 in Refs. [73, 78, 193]). 
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These localized surface plasmons help the incident beam to be 
confined within a deep sub-wavelength scale, which enables 
lithography with high spatial resolution. The output beam is 
confined to less than 50 nm and parallel patterns with a resolu-
tion of 22 nm half-pitch have been obtained. Secondly, 10 nm-
gap-patterned plasmonic lithography, which overcomes the 
diffraction limit, has been suggested (Fig. 10(b)) [197]. Not only 
high speed but also high accuracy is obtained because it is a 
direct pattering system that contains a circular-type probe and 
bow-tie shaped aperture. The dense line array is patterned on 
the substrate and the full width at half maximum size is 22 nm. 
Lastly, a push-pin plasmonic lens achieving both high effi-
ciency and high resolution in near-field imaging and lithography 
has been demonstrated (Fig. 10(c)) [96]. That lens consists of 
a set of the half-ring grating slit which induces a phase differ-
ence between the left-hand side and right-hand side propagat-
ing surface plasmon polaritons. The interference due to phase 
shift makes strong electric field enhancement along the off-
plane direction. That plasmonic lens is utilized in high sensitiv-
ity photodetectors because the spot size is reduced by 1/20 
times the wavelength of the incident beam. 

 
6.3 Electronic devices 

Metallic structures with a sub-10 nm gap can be used as 
electrodes and applied to nanoelectronic devices, such as 
electrical trapping device, a memory device, or a bio-molecular 
identifier. For example, the dielectrophoresis (DEP) technique 
has been suggested to trap NPs within a 9 nm gapped elec-
trode (Fig. 11(a)) [91]. The trapping system is fabricated by 

ALL and the size of the Al2O3 gap is modulated by controlling 
deposition thickness. Because the minimum trapping voltage 
decreases as the width of nanogaps gets thinner, reducing the 
size of the gap helps to obtain high trapping efficiency. Trap-
ping on/off modes are controlled by the operating frequency of 
the nanogap electrode and particles are trapped when the 
frequency is higher than a critical value. An electrical-optical 
dual-mode memory cell is another example of electronic de-
vices; it contains waveguide-integrated plasmonic nanogaps 
with phase change material (Fig. 11(b)) [38]. Both electrical 
and optical pulse inverts the states of phase change material 
because the Au contacts are exploited as both electrodes and 
field-enhanced plasmonic gaps. The change in phase compo-
sition due to electrical write and erase pulses is quantified as 
both optical transmission and electrical resistance. Electrical 
resistance gets higher and optical transmission becomes lower 
in an amorphous state under erase pulse, and the opposite 
effect happens in the crystalline case. That memory cell has 
potential for optical-electrical switchable computing and com-
municating devices. As seen in Fig. 11(c), nanogaps which 
were tuned by piezo-actuating have been utilized for identifica-
tion of nucleotide sequence by exploiting current tunneling [93]. 
The nucleotides are classified into four types including 
thymidine-, adenosine-, guanosine-, cytidine-5’-monophos-
phate and they have different molecular structures. Each time 
a unit nucleotide is passed, intensity peak Ip is obtained, which 
indicates affinity between the Au electrode and distinct nucleo-
tide. If there are multiple kinds of nucleotides, the superposed 
Ip distribution is obtained. Therefore, by analyzing the histo-
gram of the whole Ip data set, multiple nucleotides are identified  

 
 
Fig. 10. Plasmonic lenses for imaging and lithography: (a) schematic of maskless lithography with multi-stage plasmonic lens (MPL) array and plasmonic 
flying head. The inserted SEM image shows MPL which contains ring couplers and a dumbbell-shaped aperture (upper). AFM image of patterned dots, which 
resolution is the 22-nm half-pitch (lower) [95]; (b) SEM image of circular contact probe. The inset image on the top-right corner shows the bow-tie shaped 
aperture at the probe tip (upper). AFM image of line array pattern which has 22-nm half-pitch resolution (lower) [197]; (c) schematic view of push-pin plas-
monic lens (upper). The light gets enhanced at the center of the lens and the peak enhancement depends on the presence (black line) or absence (red line) 
of another Si wafer (lower) [96] (adapted with permission from Fig. 8 in Refs. [95, 96, 197]). 
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Table 1. Comparison chart for state-of-the-art top-down nanofabrication techniques. 
 

 Minimum pattern  
resolution Shapes Advantages Disadvantages Refs.

Electron beam lithography 
(EBL) ~ 2 nm Arbitrary 

Very high resolution 
No need of masks 

High resolution 

Proximity effect 
Slow speed 
High cost 

Need of resists 

[117] 

Focused ion beam (FIB) 
~ 1.9 nm (Ne ion) 
~ 0.5 nm (He ion) 
~ 2 nm (Ga ion) 

Arbitrary 
No need of masks 
No need of resists 

Very high resolution 

Ion contamination 
Slow speed 

Small patterning area 

[59, 
126, 
127] 

Atomic layer deposition 
(ALD) < 1 nm Ultra-thin film 

High precision 
High resolution 

Good step coverage 

High cost 
Slow speed [141] 

Nanoimprint lithography 
(NIL) ~ 1 nm Arbitrary 

Fast process 
Large-scale fabrication 

Cost-effective 
High resolution 

Highly dependent  
on molds 

Hard to align 
Residual resist remains 

[156] 

Collapsing ~ 1 nm Circle, triangle, 
rectangular 

Compatible to any  
nanofabrication 

Controllable parameters 
High resolution 

Limit of shape 
Not independent  

process 
[175] 

Scanning probe lithography 
(SPL) < 10 nm Arbitrary 

Mechanical drawing 
Controllable depth 

High resolution 

Slow speed 
Need of high temperature 

(if, thermal-SPL) 
Need of sharp tips 

[167] 

Cracking ~ 3 nm Line 

Simple mechanism 
Cost-effective 

Control cracks along  
crystal directions 
High resolution 

Hard to control  
parameters 

Monotonous shape 
[75] 

 

                  (a)                                              (b)                                                  (c) 
 
Fig. 11. Electronic devices: (a) schematic of DET trapping array. The nanogaps are exploited as electrodes and the electric field is localized at the gap (up-
per). Fluorescent image of the trapped mode in left and the dispersed mode in right (lower) [91]; (b) illustration of dually functional nanogap with a phase-
change material (upper). Schematics of electrical programming in which electrical switching is read by both optical and electrical ways (lower) [38]; (c) con-
ceptual illustration of DNA sequencing by scanning tunneling current (upper). Identifying nucleotides by analyzing statistical histogram (lower) [93] (adapted 
with permission from Fig. 8 in Refs. [38, 91, 93]).  
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by comparing single-base data. Aside from these, research for 
adapting single-digit nanostructure onto electronic devices 
continues to be actively studied such as ultra-small transistors 
[4], switches [198, 199], and sensors [23, 74, 200, 201].  

 
7. Conclusions 

In this review, we have presented the current state-of-the-art 
nanofabrication methods for achieving sub-10 nm nanostruc-
tures or nanogaps and then summarized features of the de-
scribed processes, as seen Table 1. First, EBL and FIB can 
overcome the limit of resolution for fabricating sub-10 nm 
nanostructures. For example, AC-EBL and He or Ne FIB have 
been introduced as a means of reducing the beam size itself. 
Besides, errors in the development and pattern transfer proc-
esses have been reduced by using resists with high resolution 
and exposing smaller areas than the desired pattern size to 
prevent the proximity effect. 

Second, promising technologies based on ALD have been 
introduced for the precise fabrication of single-digit nanostruc-
tures. ALD can be used to conformally deposit atomic-scale 
layers on arbitrary surfaces. In particular, ALL can be used to 
manufacture nanogaps on plain metal substrates by depositing 
materials on the sidewall of nanostructures and plugging and 
peeling materials. Furthermore, ALD has been integrated with 
other methods such as RTA, NIL, plasmonic lithography, and 
colloidal lithography for easily fabricating sub-10 nm size 
nanostructures. 

Third, unconventional nanofabrication methods to obtain 
sub-10 nm nanostructures or single-digit size nanogaps have 
been discussed. In particular, NIL and collapsing can be ap-
plied to fabricate both nanostructures and nanogaps because 
they replicate nanostructures easily based on the mechanical 
process. SPL and sidewall deposition are also used to gener-
ate sub-10 nm nanopatterns. On the other hand, cracking and 
the difference in adhesion are mainly used to fabricate single-
digit scale nanogaps. 

Lastly, state-of-the-art applications of sub-10 nm size nanos-
tructures involving optical trapping or sensing, imaging, and 
electronic devices have been studied. Optical devices can be 
utilized for precise devices such as spectroscopy, sensing, and 
optical trapping. Quantum plasmonic devices also can be a 
great achievement because they show interesting phenomena 
such as photoluminescent enhancement and Rabi splitting. 
Also, nanopatterned plasmonic lenses can be applied to limit-
free imaging and maskless lithography. Moreover, metallic 
structures with sub-10 nm size nanogaps are utilized as elec-
tronic devices, such as electrical trapping devices, memory 
devices, or biological DNA identifiers. 

Likewise, sub-10 nm nanostructures have been fabricated 
through various optical, mechanical, and chemical methods 
and are widely used in many applications. Despite these great 
achievements, ultra-precise nanofabrication methods are wor-
thy to be developed in the direction of scalable fabrication [202] 
and high yield rate of single-digit scale nanostructures. By inte-

grating established nanopatterning methods which are EBL, 
FIB, and ALD with unconventional methods such as NIL, col-
lapsing, and cracking, large-area production of sub-10 nm 
nanostructures will be realized. 
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Nomenclature----------------------------------------------------------------------------------- 

AC-EBL : Aberration-corrected electron beam lithography 
Ag  : Silver 
Al  : Aluminum 
Al2O3  : Aluminium oxide, Alumina 
ALD  : Atomic layer deposition 
ALL  : Atomic layer lithography 
Ar  : Argon 
Au  : Gold 
BCP  : Block copolymer 
BSE  : Backscattered electron 
CCL  : Capillary-force-induced collapse lithography  
CDL  : Cascade domino lithography 
Cr  : Chromium 
DEP  : Dielectrophoresis  
EBL  : Electron beam lithography 
EM  : Electromagnetic 
FIB  : Focused ion beam 
Ga  : Gallium 
Ge  : Germanium 
GFIS  : Gas field ion source 
GIBM  : Ga ion beam milling 
He  : Helium 
HF  : Hydrogen fluoride 
HIBL  : He ion beam lithography 
HIBM  : He ion beam milling 
HRN  : High resolution nanogroove 
HSQ  : Hydrogen silsesquioxane 
LIL  : Laser interference lithography 
LMIS  : Liquid metal ion source 
MIM  : Metal-insulator-metal 
MPL  : Multi-stage plasmonic lens 
Ne  : Neon 
NIBL  : Ne ion beam lithography 
NIBM  : Ne ion beam milling 
NIL  : Nanoimprint lithography 
NPs  : Nanoparticles 
PDMS : Polydimethylsiloxane 
PL  : Photoluminescence 
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PPA  : Polyphthalaldehyde 
PS  : Polystyrene 
Pt  : Platinum 
PU  : Polyurethane 
QD  : Quantum dot 
RIE  : Reactive ion etching 
RTA  : Rapid thermal annealing 
SAM  : Self-assembled monolayer 
SCL  : Self-collapse lithography 
SE  : Secondary electron 
SEM  : Scanning electron microscope 
Si  : Silicon 
SiO2  : Silicon dioxide 
SPL  : Scanning probe lithography 
SRR  : Split-ring resonator 
SSL  : Secondary sputtering lithography 
STEM  : Scanning transmission electron microscope 
SWCNTs  : Single-walled carbon nanotubes 
ta-C : Tetrahedral amorphous carbon 
TiN  : Titanium nitride 
TMDC  : Transition metal dichalcogenide 
t-SPL  : Thermal scanning probe lithography 
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