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Abstract: Nanostructures have unique characteristics, 
such as large specific surface areas, that provide a wide 
range of engineering applications, such as electronics, 
optics, biotics, and thermal and fluid dynamics. They 
can be used to downsize many engineering products; 
therefore, new nanofabrication techniques are strongly 
needed to meet this demand. A simple fabrication pro-
cess with high throughput is necessary for low-cost 
nanostructures. In recent years, three-dimensional (3D) 
nanostructures have attracted much attention because 
they dramatically opened up new fields for applications. 
However, conventional techniques for fabricating 3D 
nanostructures contain many complex processes, such 
as multiple patterning lithography, metal deposition, 
lift-off, etching, and chemical-mechanical polishing. 
This paper focuses on controlled-acceleration-voltage 
electron beam lithography (CAV-EBL), which can fabri-
cate 3D nanostructures in one shot. The applications of 
3D nanostructures are introduced, and the conventional 
3D patterning technique is compared with CAV-EBL and 
various 3D patterning techniques using CAV-EBL with 
nanoimprinting technology. Finally, the outlook for next-
generation devices that can be fabricated by CAV-EBL is 
presented.

Keywords: 3D patterning; electron beam lithography; 
nanoimprint; nanostructure; roll substrate.

1  �Introduction
As various nanopatterning techniques used for the fab-
rication of semiconductor devices have progressed, the 
range of applications for nanopatterns has been widened, 
e.g. microelectromechanical systems, lab-on-a-chip, cell 
culture, holographic memory, antireflective surfaces, sur-
faces for drag reduction, and heat transfer enhancement. 
The patterning size on a silicon wafer used in recent years 
is approximately 300 mm in diameter, which is sufficient 
for some applications. Furthermore, three-dimensional 
(3D) patterns can be obtained by repeating the conven-
tional manufacturing processes for semiconductors, such 
as lithography, metal deposition, lift-off, etching, and 
chemical-mechanical polishing (CMP). New functions 
are obtained when the 3D pattern can be fabricated. In 
Section 1, the applications of 3D nanostructures and how 
to fabricate them using conventional nanopatterning 
technologies are described. Then, the 3D nanostructure 
fabrication method using controlled-acceleration-volt-
age electron beam lithography (CAV-EBL) is introduced 
in Section 2, and their suitability for the duplication of 
3D nanostructures using transfer methods with nanoim-
printing technology are described in Section 3. Moreover, 
some achievements using the obtained 3D nanostructures 
are shown in Section 4, and the summary is presented in 
Section 5.

1.1  �Applications of 3D nanostructures

1.1.1  �Electronic applications

Conventional nanopatterning techniques were originally 
developed for manufacturing semiconductor devices. 
There is a famous prediction about dense integrated cir-
cuits (ICs), i.e. Moore’s law, which states that the number 
of transistors in an IC chip doubles about every 18 months. 
The lithography roadmap released by the IEEE Interna-
tional Roadmap for Devices and Systems shows that a 
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minimum half pitch will be <10  nm (10−9 m) in 2027  [1]. 
In the fabrication processes for IC chips, a 3D pattern-
ing technique is commonly used: e.g. a dual damascene 
process [2] (Figure 1A). A typical IC chip includes multi-
layer wiring; the metal wires in the lower and upper layers 
are connected by holes. To reduce the connecting error 
(due to the positioning error of a wafer stage) between the 
upper and lower wires at this time, both the hole and upper 
wiring layer are fabricated simultaneously. Furthermore, 
some processes (e.g. electroplating and CMP) are carried 
out only one time, while a single damascene process must 
repeat the processes. Moreover, freestanding T-shaped 
gate structures are used for high electron mobility transis-
tors (Figure 1B). To fabricate a T-shaped gate structure, the 
interlayer is dissolved after the deposition of metal on a 
3D pattern. Conventionally, these structures are fabricated 
with a multilevel resist process [3–10]. However, the multi-
layer resist process requires two or more resists, and these 
must be spun coated on a substrate separately. Moreover, 
the dedicated developers for each resist layer are needed, 
resulting in a complicated and time-consuming process. 
To fabricate a 3D pattern with high throughput at low cost, 
a simple technique is strongly desired.

1.1.2  �Optical applications

The wavelength of visible light is about 400–800  nm; 
therefore, visible light is affected by nanostructures. For 
example, a conical nanostructure array (called a moth-eye 

structure) is used as an antireflective coating (Figure 2A) [11]. 
To achieve a low reflective index, the pitch and height of the 
conical nanopattern should be less than the wavelength 
and above a few hundred nanometers, respectively. In the 
moth-eye structure, the effective refractive index is gradu-
ally changed from the index of air to that of the structured 
material. The antireflective coating using the moth-eye 
structure is superior to a multilayer interference coating 
because the moth-eye structure has a lower reflectance and 
higher resistance to oblique light irradiation.

Computer-generated hologram read-only memory 
(CGH-ROM) is expected to be a next-generation optical 
recording medium (Figure 2B) [12]. CGH-ROM’s reading 
speed and recording capacity are much higher than those 
of conventional optical memory. CGH-ROM consists of 3D 
nanostep patterns, whose vertical interval is <100 nm.

3D photonic crystals [13], which consist of periodic 
nanostructures in the x-y-z directions, are also attracting 
much attention because they can control optical propa-
gation (Figure 2C). The photonic crystal is a promising 
technology for optical communication on chips.

1.1.3  �Functional surface modifications

When nanostructures are fabricated on a surface, the 
surface properties can then be modified (Figure 3). For 
example, the surface wettability can be changed to super-
hydrophilic or superhydrophobic by fabricating the nano-
structures on a surface. The lotus effect [14] is typically 
employed for fabricating a superhydrophobic surface 
used for self-cleaning [15] or antifrost coatings [16]. More-
over, the nanostructures inspired by cicada and dragonfly 
wings have been demonstrated as antibacterial surfaces 
[17, 18]. The rose petal effect [19] is also useful for the 
hanging-drop method [20], which can obtain spheroids, 
because the rose petal effect can produce a superhydro-
phobic state with high adhesive force.

1.1.4  �Thermal and fluids engineering

3D hierarchical structures, which consist of both 
nano- and microstructures, are used for thermal and 
fluids engineering. For example, boiling heat transfer 
enhancement was demonstrated using the hierarchical 
structures made by the deep reactive ion etching tech-
nique and electroplating [21]. Critical heat flux can be 
improved using the hierarchical structures. In addition, 
nanostructures on microriblets are used for drag reduc-
tion in fluid flow [22].

Figure 1: Schematic view of (A) the dual damascene process and (B) 
the T-gate structure where 3D nanopatterns are needed.
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1.2  �Conventional techniques for making 3D 
structures

1.2.1  �Direct laser writing

Using a photopolymer, direct laser writing (DLW) [23] 
can be used in 3D structure fabrications (Figure 4). There 
are three types of the DLW method: the serial (Figure 
4A), parallel (Figure 4B), and multi-photon polymeriza-
tion methods (Figure 4C). The irradiated part of the resist 
is dissolved (called a positive-type resist) or remained 
(called a negative-type resist) after the development 
process. As a result, a 3D structure can be obtained after 
development. When the multi-photon polymerization 
method was used, in particular, the irradiated photon 
is nonlinearly absorbed in photopolymers, and the 
spot size of the photopolymerization area is <100  nm. 
The DLW process can be operated in air, and a vacuum 
chamber is not necessary. Moreover, 3D structures can 
be obtained with DLW when the DLW stage is moved in 
the x-y-z directions using a piezo stage. Galvanometer 
mirrors are also used for scanning laser beams in the 
serial method. In the case of 3D fabrication with DLW, 
the gray-tone lithography technique is used [24–26]. 
However, the resolution of a sub-micron pattern is chal-
lenging because of the spot size of the laser. On the other 

hand, <10-nm line patterns with a two-line resolution of 
52 nm using the stimulated emission depletion method 
have been reported [27].

1.2.2  �Electron and ion beam lithography

Electron and ion beams are also used for direct writing 
lithography (Figure 5). The spot size of electrons [28] or 
helium ion beams [29] is much smaller than that of the laser 
beam used in DLW (e.g. a diameter of a few nanometers is 
possible). Therefore, a <10-nm pattern is obtained using 
EBL. To obtain 3D structures using EBL, the multi-electron 
beam (EB) dose method is typically used [30, 31]. Ion beam 
milling is commonly used for cutting 3D structures. Because 
of their very high resolution, these techniques are used to 
fabricate photomask patterns or nanoimprint molds.

1.2.3  �Energy beam-induced deposition

Energy beams are used not only for lithography or milling 
processes but also for deposition processes with ions [32] 
or EBs [33] generated in a vacuum condition. When a pre-
cursor gas injection system was installed in the vacuum 
chamber of the energy beam system, it is possible to 

Figure 2: 3D nanopatterns used for optical applications: (A) moth-eye structure, (B) CGH-ROM pattern, and (C) 3D photonic-crystal 
structure.

Figure 3: 3D nanopatterns used for surface modifications: (A) the lotus effect, (B) the cicada and dragonfly wings, and (C) the rose petal 
effect.
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fabricate a 3D nanostructure (Figure 6). In this system, the 
precursor gas is affected by the energy beam and changes 
into nonvolatile and volatile compounds. The volatile 

compound is removed via a vacuum pump. Various metals 
and diamond-like carbon can be deposited by this process.

2  �3D nanostructure mold 
fabrication using CAV-EBL

As noted in the previous section, various techniques 
to obtain 3D nanostructures have been reported. Some 
techniques have a high resolution of <10 nm, while other 
techniques have a high throughput. However, it is chal-
lenging to obtain 3D nanostructures in large areas with 
both high resolution and high throughput. A fine mold 
for nanoimprinting technology (e.g. <10-nm patterns 
are possible) can be obtained using EBL. However, the 
throughput of EBL is very low because it is a direct writing 
technique (e.g. several days are needed for writing). In 
contrast, despite its very high throughput, the resolu-
tion of the nanoimprinting technology depends on the 
mold pattern. Therefore, the combination of EBL with 

Figure 4: A typical experimental setup for DLW using (A) the 
serial method, (B) the parallel method, and (C) the multi-photon 
polymerization method.

Figure 5: Schematic view of (A) EBL and (B) ion beam milling.

Figure 6: Schematic view of an electron beam-induced deposition 
process.
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nanoimprinting technology is a promising technique 
for meeting the demand. However, 3D nanostructure 
mold fabrication using EBL is challenging. EB dose 
time control is typically used for 3D patterning [34, 35]; 
however, it is difficult to obtain a fine 3D structure, 
especially <100 nm, by varying the dose time. CAV-EBL 
[36] has attracted much attention in fabricating fine 3D 
molds. In the following section, the CAV-EBL technique 
is described in detail.

2.1  �The principle of CAV-EBL

In the EBL process, an EB resist is affected by irradiated 
electrons or secondary electrons. As a result, the irradi-
ated part of the EB resist is dissolved (called a positive-
type EB resist) or remained (called a negative-type EB 
resist) in the development process. When EBL is used for 
the fabrication of 3D structures, the EB dose time is typi-
cally varied while the EB acceleration voltage is kept con-
stant (Figure 7A). With positive properties, in this case, a 
higher EB dose tends to fabricate a deeper pattern; thus, 
the depth of developed patterns can be controlled easily 
by varying the EB dose time. However, the electron irra-
diated to the EB resist is scattered in the EB resist or the 
substrate. These phenomena are called forward and back 
scattering, respectively. Therefore, the pattern width of 
the developed pattern tends to be wider with a higher EB 

dose, and it is difficult to obtain a <100-nm 3D pattern 
using EB dose time control.

In contrast, an EBL process that varies the EB accel-
eration voltage has the potential to fabricate <100-nm 
3D structures (Figure 7B) [37]. This technique is called 
CAV-EBL [38]. The main advantage of CAV-EBL is its 
precise control of the developed depth (e.g. 5-nm steps 
with 30 V [38]). It is well known that the EB range depends 
on the EB acceleration voltage and the material properties 
of EB resist [39]. Therefore, the developed depth can be 
changed precisely by varying the EB acceleration voltage. 
Thus, the EB dose time can be optimized independently 
of the EB acceleration voltage. As a result, CAV-EBL can 
perform precise control of the pattern depth and width 
simultaneously.

When a negative-type EB resist is used for CAV-EBL, 
a midair structure can be obtained [40–42]. Figure 8 
shows the schematic view of a CAV-EBL process for the 
fabrication of midair structures. First, hydrosilsesquiox-
ane (HSQ), which is a negative-type EB resist, is coated 
on a substrate. After that, the beam and bridge parts are 
exposed to an EB accelerated by high and low voltages, 
respectively. On the one hand, at this time, the EB accel-
erated by a high voltage reaches the substrate under the 
EB resist layer. On the other hand, the penetration depth 
of an EB accelerated by a low voltage is controlled to be 
less than the thickness of the EB resist layer. With a neg-
ative-type EB resist, only the exposed area remained after 
the development and midair structures are consequently 
obtained. Figure 9 shows the midair structures fabricated 
by CAV-EBL. Here, an HSQ resist of 300-nm thickness on a 
silicon substrate was used. The acceleration voltages were 
30 and 3 kV. Bridges formed between beams can stand in 
air freely. By using a 1-kV EB as the low-voltage EB, bridges 
with thickness of 100  nm were obtained [40]. SU-8 [43], 
which is a famous photo and EB resist, was used for this 
purpose [44]. The width of the obtained bridge made of 
SU-8 was above 1 μm.

2.2  �EB resists for CAV-EBL

Although CAV-EBL can be used with various EB resists, 
the EB acceleration voltage must be low when a shallow 
pattern is needed. It is well known that forward scat-
tering [45, 46] is easily caused with a low EB accelera-
tion voltage [47]. Thus, a higher-contrast EB resist is 
preferred to fabricate fine 3D structures using CAV-EBL 
[48]. If the developed pattern fabricated by CAV-EBL is 
possible to be used for nanoimprinting directly, there is 
no need to carry out complex processes such as metal 

Figure 7: Fabrication techniques for 3D structures using EBL with 
positive resist behavior: (A) conventional dose time control and (B) 
CAV-EBL.
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deposition and dry etching. Therefore, a hard mate-
rial is suitable for the combination process of CAV-EBL 
with nanoimprinting technology. In performing the 
combination of CAV-EBL with nanoimprinting without 
using complex processes, spin-on-glass (SOG) and HSQ 
are suitable EB resists. After spin coating and curing, 
the main component of SOG and HSQ is siloxane (the 
Si-O-Si linkage), which is hard and transparent. Fur-
thermore, SOG and HSQ have high heat tolerance 
because the curing temperature for both SOG and HSQ 
is above 300°C. Thus, the 3D structures made from SOG 
or HSQ by CAV-EBL are suitable for use in nanoimprint-
ing technology. Using SOG, for example, sub-100  nm 
line patterns can be obtained with the EB at 1–5  kV, 
while the pattern depths were ca. 50–200 nm [37]. Note 
that the pattern depth is restricted by the initial resist 
thickness and the penetration depth of electrons into 
an EB resist in principle.

2.3  �Nanostep fabrication

Using an SOG as a positive-type EB resist, the fabrication 
of a nanostep is a typical application of CAV-EBL. As noted 
above, the developed depth can be controlled precisely 
with CAV-EBL. Figure 10 shows the atomic force micro-
scopy (AFM) image of a typical nanostep pattern obtained 
by CAV-EBL with an SOG resist. The depth step is approxi-
mately 50  nm. The minimum step of the depth control 
is 5 nm with a 30-V step in the acceleration voltage [38]. 
In addition, it is possible to fabricate a <100-nm 3D line 
pattern using CAV-EBL [37].

2.4  �Superresolution technique

SOG can be used as a positive-type EB resist, and it is not a 
chemically amplified resist (CAR). The postexposure bake 
(PEB) process is usually used with a CAR to enhance the 

Figure 8: CAV-EBL process with a negative-type EB resist to fabricate midair structures with negative resist behavior.

Figure 9: Tilted scanning electron microscopy images of the midair 
structures fabricated by CAV-EBL with an HSQ resist of 300-nm 
thickness.
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Figure 10: AFM image of the fabricated nanostep by CAV-EBL with 
an SOG resist.
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sensitivity. The PEB process is performed after EB expo-
sure and before the development. Although SOG is not 
a CAR, a unique phenomenon is observed after the PEB 
process, i.e. superresolution [49–52]. Figure 11 illustrates 
the PEB effect on an SOG resist. In CAV-EBL, the EB accel-
eration voltage is lower than that in the conventional EBL. 
Therefore, backscattering can be ignorable. However, 
forward scattering is a problem in fabricating a narrow 
pattern because the scattered EB affects a large area of 
the SOG layer. In contrast, the PEB process makes the SOG 
layer exposed by the EB hard and decreases the etching 
rate in the developer. As a result, a narrower developed 
pattern can be obtained compared with no PEB process. 
Figure 12 shows the superresolution effect by PEB with an 
SOG layer. The obtained pattern at 100 μC/cm2 without the 
PEB process is wider than that at 200 μC/cm2 with the PEB 
process at 350°C. The PEB process reduces the proximity 
effect caused by forward scattering.

3  �Transfer technique of 3D 
nanostructures from a mold 
obtained by CAV-EBL

Nanoimprinting technology, which utilizes a mold with 
nanopatterns, was developed in the 1990s. Recently, nano-
imprinting was recognized as a promising technique for 
fabricating nanopatterns at very high throughput. There 
are two main nanoimprinting processes, i.e. thermal 
nanoimprint lithography (T-NIL) [53] and ultraviolet nano-
imprint lithography (UV-NIL) [54] (Figure 13). Although 
a nanopatterned mold is necessary, the reversal pattern 
compared to the mold’s pattern is duplicated to transferred 
substrates or films, resulting in a very high throughput. 
Reverse nanoimprint lithography is also attracting atten-
tion because it can stack nanostructures repeatedly using 
ultraviolet curable resins or thermoplastics [55–59].

For the further improvement of the throughput of 
nanoimprinting technology, roll-to-roll nanoimprint 
(RTR-NIL) is a promising technique [60]. A roll mold with 
3D nanostructures is necessary for RTR-NIL. Figure  14 
shows the typical setup system for RTR-NIL. When a 
seamless roll mold was obtained, continuous 3D struc-
tures could be duplicated in a large area. Therefore, a 
seamless patterning technique onto roll substrates is 
needed. Normal EBL and CAV-EBL processes using a 
roll substrate have been reported previously [61, 62]. 
Figure 15 shows the HSQ pattern on a quartz roll mold 
fabricated by EBL. In addition, the lift-off process is also 
possible on a roll substrate with the obtained pattern 
[63]. Because it is challenging to obtain a large roll mold 
using CAV-EBL because of the long writing time, a dupli-
cation technique from a small roll mold to a large roll 

EB
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scattering
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Narrow
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SOG
Substrate

Figure 11: Schematic views of the effect of PEB on an SOG resist.

Figure 12: Superresolution technique using the PEB process for SOG: (A) without PEB and (B) with PEB at 350°C.
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mold was developed [64]. Moreover, the superresolution 
technique using the PEB process can be used for roll 
substrates [50].

CAV-EBL with SOG or HSQ is a powerful tech-
nique for fabricating 3D nanostructures. However, 
some applications require 3D nanostructures made 
of metals. Because it is difficult to obtain the metal 3D 
structures directly with the EBL technique, dry-etching 
processes are usually employed. To reduce the cost of 
the dry-etching machine and improve the productivity, 
nanotransfer printing (nTP) [65, 66] is a suitable tech-
nique for duplicating 3D nanostructures made of metals. 
Figure 16 illustrates the typical nTP process. At first, the 

Figure 13: Typical nanoimprinting processes: (A) T-NIL and (B) UV-NIL.
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Figure 14: RTR-NIL with (A) thermoplastic film and (B) UV-curable resin.

Figure 15: A seamless HSQ pattern fabricated on a quartz roll 
substrate.
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nanopatterned mold is coated with a thin metal layer by 
a deposition method. Then, the transferred substrate 
is contacted with the mold while heating and pressing. 
Finally, the mold is released from the substrate after 
cooling, leaving the metal pattern on the substrate. The 
combination of the nTP process and 3D nanostructures 
obtained by CAV-EBL produces many progressive appli-
cations. In addition, metal 3D structures can be stacked 

repeatedly with the nTP process similar to reverse nano-
imprint lithography [67, 68].

Figures 17 and 18 show the three main types of nTP 
processes using 3D nanostructures, i.e. (a) filling the 
mold with a metal layer [69], (b) a split metal layer [70], 
and (c) liquid adhesive filling [71]. Before the nTP pro-
cesses, the obtained mold is coated with a thin chromium 
layer and oxidized. The obtained Cr2O3 layer improves 

Figure 16: The nTP process for fabricating metal patterns.

Figure 17: The nTP processes using 3D nanostructures: (A) filling the mold with a metal layer [69], (B) a split metal layer [70], and (C) a liquid 
adhesive filling [71].
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release property [66]. The nTP of filling the mold with 
a metal layer is the simplest process, and the deposited 
thickness of the metal layer is thicker than the height of 
the mold. The obtained pattern using the filling method 
is suitable for optical applications, e.g. binary blazed 
reflection gratings. The second method is to use a split 
metal layer. In this method, the metal layer in the deepest 
part of the mold is not transferred, which enables the 

design of isolated areas. Therefore, this method is poten-
tially preferred by electronics applications. Additionally, 
the nTP process using a liquid adhesive is a very useful 
technique for obtaining metal dot patterns, which is used 
for plasmonic applications. Furthermore, a two-tone nTP 
process was also developed using a liquid adhesive [72]. 
Both UV-curable and thermosetting resins can be used 
for this purpose.

Figure 18: Demonstration of three types of nTP processes: (A) filling the mold with a metal layer, (B) a split metal layer, and (C) a liquid 
adhesive filling.



N. Unno and J. Taniguchi: 3D nanofabrication using controlled-acceleration-voltage      263

4  �Applications of the 3D structures 
fabricated by CAV-EBL and 
nanoimprinting technology

The combination of CAV-EBL with nanoimprinting techno-
logy was introduced in the previous section as well as the 
supplementary techniques for CAV-EBL. In this section, 
some possible applications using these techniques are 
pointed out.

4.1  �CGH-ROM

CAV-EBL will be very useful for the fabrication of CGH-ROM 
because it consists of nanosteps. Figure 19 shows the AFM 
images of a part of the CGH-ROM pattern obtained by EBL 
using the PEB process. The size of one dot area is <500 nm; 
thus, the superresolution technique using the PEB process 
is employed. There are four nanosteps, and the edge of the 
pattern is sharp and smooth. When this pattern was fabri-
cated by the repetition of EBL and dry etching, a position-
ing system with very high quality (i.e. high cost) would 
be needed. In contrast, with the use of EBL with the PEB 
process, there is no need to align the sample and repeat 
the lithography process, including spin coating, baking, 
and development. The reconstruction results and further 
information were described previously [73–75]. Although 
the normal EBL was used here, 16  steps will be needed 
to improve the diffraction efficiency in the future, and 
CAV-EBL will be a promising technique. Therefore, the 
fabrication of optical elements including the CGH-ROM is 
one of the desirable applications using CAV-EBL.

4.2  �3D metal electrode fabrication on plastic 
substrates for printed electronics

Printed electronics (PE) on plastic substrates attracts 
much attention because plastic substrates offer flex-
ibility, lightness, low cost and transparency and are 
eco-friendly. As the conventional silicon transistors 
have been improved by shrinking the pattern size, the 
transistor on PE devices also needed to become smaller. 
Therefore, a 3D metal electrode is needed to fabricate 
complex patterns in PE devices. To meet the demand, 
the combination of CAV-EBL and nTP will be a powerful 
technique. Figure 20 shows the fabricated 3D metal elec-
trode pattern with CAV-EBL and nTP of the split metal 
layer. There are three contact pads with 3D tips in the 
center. The electrical property of the transferred pattern 
has been reported previously [76], and a <50-nm gap can 
be obtained by nTP [66]. A roll mold can also be used in 
performing nTP [77].

4.3  �Calibration plate for total internal 
reflection fluorescence microscopy with 
refractive index matching

Total internal reflection fluorescence microscopy (TIRFM) 
is a promising technique to measure the x-y-z fluid flow 
in nanoscale channels [78, 79]. To measure the fluid flow 
via TIRFM, the intensity calibration of a fluorescent par-
ticle is necessary using calibration plates, which have 
nanosteps. The most important point is that the surface of 
the glass substrate must be uncovered. The conventional 
nanoimprinting process has the problem of residual layer 

Figure 19: A part of a CGH-ROM pattern obtained by EBL on an SOG with the PEB process.
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thickness under the imprinted pattern. When the lift-off 
pattern and 3D mold are prepared, it is possible to obtain 
multilevel calibration plates for TIRFM. Figure 21 shows 
the fabricated multilevel calibration plate for TIRFM. First, 
line patterns made of MEXFLON [80], the refractive index 
of which matches that of water, are obtained by the lift-off 
process. A 3D nanoimprint mold fabricated by CAV-EBL is 
then used to perform the T-NIL process. At this time, the 
bottom part of the 3D mold is not contacted to the lift-off 
pattern because the height of the lift-off pattern is lower 
than the depth of the 3D mold. As a result, the contacted 
part is only flowed out, and the 3D MEXFLON patterns on 
the uncovered area are obtained. The fabrication process 
and the calibration performance have been reported in 
detail previously [81–83].

5  �Summary
3D nanostructures are strongly desired in fabricating 
and improving next-generation devices in various fields, 

Figure 20: 3D metal electrode pattern obtained by CAV-EBL and nTP of the split metal layer.

Figure 21: Multilevel calibration plate for TIRFM fabricated by T-NIL using a 3D mold. (Note that the contrast of image was enhanced.)

Figure 22: Restriction of the design of developed pattern using 
CAV-EBL.
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such as electronics, optics, biotics, and thermal and fluid 
dynamics. Although conventional techniques are also 
useful in fabricating 3D nanostructures, the combination 
of CAV-EBL with nanoimprinting technology can acceler-
ate 3D fabrications with low cost and high throughput. 
However, CAV-EBL has some weak points, e.g. the fabri-
cation of multilayered structures (Figure 22) is very diffi-
cult because it is impossible to expose at different depth 
levels in one shot because of the continuous absorption of 
electrons in the material. However, the nTP process using 
a 3D mold would be used to stack the imprinted patterns 
[84, 85]. The design flexibility of 3D nanostructures will 
be widely expanded using this technique; thus, the nano-
imprinting technology using 3D nanostructured molds 
obtained by CAV-EBL can be used in next-generation 3D 
nanofabrication.
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