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region. Basically, all-dielectric metama-
terials are composed of polymers, dielec-
trics, ferrites, or composite materials.[20–22] 
The unusual electromagnetic properties 
of all-dielectric metamaterials not only 
derive from their artificial structure, but 
also originate directly from the materials, 
revealing an approach to designing meta-
materials with more freedom.[23]

Since the initial proposal of all-die-
lectric metamaterials, various realiza-
tion mechanisms have been studied 
and reported.[24–26] The most classical 
mechanism is based on the so-called 
Mie-resonance theory, and has been 
studied extensively.[27–29] In this strategy, 
dielectric particles with relatively high 
permittivity are used to generate strong 
magnetic or electric resonance through 
electromagnetic wave interaction. There-

fore, a negative permeability or permittivity can be produced by 
the oscillation of the resulting magnetic or electric dipole. This 
mechanism is simple and versatile, and is generally adopted for 
the realization of all-dielectric metamaterials with low losses.[30] 
Ferromagnetic resonance (FMR) theory is another classical 
realization mechanism for all-dielectric metamaterials.[31,32] 
When the ferromagnetic resonance of the ferrite takes place, a 
negative permeability appears. Many factors can influence the 
FMR of the magnetic materials, including the bias magnetic 
field, magnetocrystalline anisotropy field, and demagnetiza-
tion field. Hence, ferrite metamaterials with dual-band, multi-
band, or tunable properties can be obtained, providing a way to 
resolve the narrow band problem. Besides, mechanisms such 
as indefinite media or crystal lattice vibration have also been 
used to realize all-dielectric metamaterials.[33,34]

When determining the realization mechanism for an all-die-
lectric metamaterial, one crucial factor must be considered: the 
choice of a fabrication method. Moreover, to achieve different 
performances, many types of materials with specific electro-
magnetic properties are used to prepare all-dielectric metamate-
rials.[35] Hence, researchers have developed various techniques 
for the fabrication of all-dielectric metamaterials derived from 
different materials.[36–40] In addition, the fabrication require-
ments are quite different for all-dielectric metamaterials oper-
ating at frequencies ranging from the microwave to optical 
regions. In particular, the size of the metamaterial unit cell is 
much smaller than the operational wavelength, making the 
fabrication technology for all-dielectric metamaterials become 
the key to their further application. Here, we present a com-
prehensive review of the various techniques used to produce 
all-dielectric metamaterials. We review the existing fabrication 
technologies for microwave, terahertz, and optical all-dielectric 
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1. Introduction

Metamaterial is a type of artificial material in which the electro-
magnetic properties are mainly defined by the unit cells, with a 
feature size much smaller than the operational wavelength.[1–3] 
A metamaterial exhibits many novel electromagnetic proper-
ties, such as negative refraction, an inverse Doppler effect, 
and backward Cherenkov radiations, and has many important 
potential applications.[4–7] Pendry et  al. realized the negative 
permeability by using split-ring resonators;[8] today, most cur-
rent metamaterials are constructed using periodic artificial 
metallic structures.[9–11] Although metamaterials exhibit exotic 
physical properties and have a wide range of potential applica-
tions, metallic metamaterials have many unsolved problems 
and/or bottlenecks, such as serious Ohmic loss and narrow 
bandwidths.[12,13]

Recently, there has been a great deal of attention devoted to 
all-dielectric metamaterials, which have a wide range of poten-
tial applications in wave front control,[14,15] absorbers,[16] strong-
field-enhanced spectroscopy,[17] and perfect reflectors,[18,19] at 
frequencies ranging from the low microwaves to the optical 
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metamaterials, respectively, according to different working 
frequencies and accuracy requirements. This article also 
highlights some of the advantages and disadvantages of each 
fabrication technology. In addition, this review includes sche-
matic diagrams for the various methods of all-dielectric meta-
material production, and for the features of the all-dielectric 
metamaterials that can be produced using each technique.

2. Microwave All-Dielectric Metamaterial 
Fabrication Techniques
Microwave devices have wide applications in information trans-
mission field, such as radar and communications. All-dielectric 
metamaterials with an extraordinary electromagnetic response 
and low dielectric loss in the microwave range are desirable for 
developing electromagnetic devices. Therefore, many efforts 
have been devoted to the fabrication of microwave all-dielectric 
metamaterials. Owing to the limitations of the operating wave-
length and fabrication technology, the size of the all-dielectric 
metamaterial for microwaves is mainly within the millimeter 
range. In this section, the methods for fabricating all-dielectric 
metamaterials are classified as follows.

2.1. Molding–Sintering Method

A ceramic with relatively high permittivity is beneficial to pro-
ducing an electromagnetic response in the microwave range. 
Therefore, ceramics have been extensively used to fabricate 
all-dielectric metamaterials. The molding–sintering method 
is a specific technology for fabricating all-dielectric metama-
terials based on ceramics. In the basic production process of 
the molding–sintering method as reported by Yahiaoui et al.,[41] 
a ceramic powder precursor was prepared using compressing 
molding method, in which pure commercial titanium dioxide 
(TiO2) powders were pressed into cylinder blocks. Then, the 
pre-fabricated pellets were sintered into ceramics at a high tem-
perature (1300  °C). Figure  1a shows the process flow for the 
fabrication of all-dielectric metamaterials using the molding–
sintering method. The fabricated ceramic pellets (Figure  1b) 
are placed in periodic holes in a Rohacell substrate (Figure 1c) 
to obtain the all-dielectric metamaterial, which can simultane-
ously realize the left-handed property and broadband magnetic 
response.

Ceramic with other shapes can also be prepared for  
fabricating all-dielectric metamaterials using this method. A 
rectangular ceramic was prepared by pressing 0.7Ba0.6Sr0.4TiO3-
0.3La(Mg0.5Ti0.5)O3 powders into rectangular blocks, and 
then sintering to ceramics at 1500  °C. The obtained rectan-
gular ceramic particles were then arranged in a supporting 
matrix produced by a 3D printer to construct the all-dielectric 
metamaterials. The fabricated all-dielectric metamaterial fre-
quency-selective surfaces can achieve broadband stopband.[42] 
A cross-shaped ceramic sample was fabricated by pressing 
0.7Ba0.6Sr0.4TiO3-0.3La(Mg0.5Ti0.5)O3 powders into a cross-
shaped mold. A supporting matrix with cross-shaped holes was 
prepared by a 3D printer.[43] The all-dielectric metamaterial fre-
quency-selective surface based on the cross-shaped ceramic can 

realize a reconfigurable electromagnetic response by changing 
the orientation of the metamaterial.

2.2. Cutting–Molding Method

The cutting–molding method is another technology for fab-
ricating all-dielectric metamaterials based on ceramics. This 
method can produce many samples at once. In an example of 
the basic production process of the cutting–molding method, 
a Ba0.5Sr0.5TiO3 doped 10 wt% magnesia (MgO) ceramic plate 
with a thickness of 1  mm was fabricated using a tape casting 
technique, and was sintered at 1400 °C. Then, the ceramic plate 
was cut into cuboids, each with a size of 2 × 2 × 1 mm3. Finally, 
the all-dielectric metamaterial was obtained by embedding the 
ceramic cuboids into a Teflon slab matrix with periodic holes.[44] 
The process flow for the fabrication of an all-dielectric metama-
terial using the cutting-molding method is shown in Figure 2a. 
The fabricated ceramic cuboids are shown in Figure  2b. As 
shown in Figure 2c, the all-dielectric metamaterial is a flat lens, 
providing refocusing and omnidirectional radiation properties.

This method is suitable for fabricating an all-dielectric met-
amaterial with many samples, and is widely used to fabricate 
all-dielectric metamaterials.[45–49] In addition to the ceramic 
plates produced by the tape casting technique, ceramics made 
by other methods can also be cut and molded to fabricate all-
dielectric metamaterials. As reported by Bi et  al.,[50] a special 
ferrite ceramic was cut into dimensions of 1 × 1 × 10 mm3 
and inserted into a Teflon substrate to fabricate a magnetically 

Figure 1.  a) Process flow for the fabrication of all-dielectric metamaterial 
with molding–sintering method. b) Photograph of the fabricated TiO2 
disks. Reproduced with permission.[41] Copyright 2012, AIP Publishing. 
c) Photograph of the Rohacell substrate. Reproduced with permission.[41] 
Copyright 2012, AIP Publishing.
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tunable all-dielectric metamaterial. The process flow and a 
photograph of the ferrite rods are shown in Figure 3a. A fabri-
cated all-dielectric metamaterial filter based on the ferrite rods 
has a strong resonance, and a tunable bandwidth and operating 
frequency. Figure 3b shows the fabricated magnetically tunable 
all-dielectric metamaterial bandstop filter. Figure  3c shows a 
magnetically tunable all-dielectric metamaterial bandpass filter 
fabricated by combining two ferrite rods with different satura-
tion magnetizations.

In addition, the cutting ceramic particles can also be com-
bined with other-shaped particles to fabricate all-dielectric 
metamaterials. In the study by Li et al.,[51] an H-shaped sample 
has been prepared for all-dielectric metamaterial band-pass fre-
quency-selective surfaces with low loss.

2.3. Cavity Injection Method

The cavity injection method is mainly used to fabricate all-die-
lectric metamaterials based on liquid. In the microwave range, 
water behaves with dielectric properties, and is an ideal material 
for low-cost, environmentally friendly, and easily obtained all-die-
lectric metamaterials.[52–54] All-dielectric metamaterials based on 
water have been realized using the cavity injection method.[55,56]

As shown in Figure  4a, the metamaterial is prepared by 
injecting water into glass tubes in a Plexiglas box. Figure  4b 
shows a photograph of an all-dielectric metamaterial based 
on water. The all-dielectric metamaterial based on water has a 
transmission aspect related to the strong toroidal mode.[57]

An all-dielectric metamaterial based on water can realize 
ultra-wideband absorption.[58] In one study, a ultraviolet-light 
photosensitive resin (UV-PR) substrate with cross water-flow 
channels was fabricated using a 3D printer. The UV-PR was 
used to surround four sides of a sample, to encapsulate the 
sample. An inlet and outlet were reserved on the upper and 
lower sides of the sample, respectively. In addition, all-dielectric 
metamaterials have wideband absorption, which has potential 
applications in electromagnetic stealth. For example, a flexible 
water container for supporting water was fabricated using 3D 
printing technology and a thermoplastic urethane material. 
This flexible all-dielectric metamaterial based on water could 
realize ultra-wideband absorption with a 4 mm thickness.[59]

Room-temperature ionic liquids are new flexible mate-
rials and act as green electrolytes as they are molten organic 
salts consisting of anions and cations. The ionic liquids have 
excellent performances in regards to thermal stability,[60] the 
liquid temperature range,[61,62] recyclability,[63] and ionic con-
ductivity.[64–66] Moreover, the ionic liquids have high dielec-
tric-loss factors in the microwave range, which are desirable 
for fabricating microwave all-dielectric metamaterials.[67] The 
cavity injection method has been used to fabricate all-dielec-
tric metamaterials based on ionic liquids. In one example, a 
3D printer was employed to fabricate hollow annular groove 
unit cells. A whole annular groove bracket with dimensions 
of 180 × 180 mm2 was combined with the annular groove unit 
cells. The ionic liquids were injected into the hollow of the 
annular groove using injectors, and the hollow was covered the 
hollow by a lid. An all-dielectric metamaterial based on ionic 
liquids can realize ultra-wideband absorption with insensitive 
polarization and oblique incidence properties.[68]

2.4. Drilling Method

Drilling methods are used to prepare all-dielectric metamate-
rials composed of composite materials with low hardness. The 
employed composite materials are fabricated by dispersing 
high-permittivity dielectric fillers into polymers with low per-
mittivity. Then, sub-wavelength holes are drilled in the obtained 
composite materials for the unit cells of the metamaterial. The 
composite material is low-loss, flexible, and light, and is there-
fore suitable for the fabrication of an all-dielectric metamaterial 
with low permittivity.[69] In one study, a multilayered polytetra-
fluoroethylene (PTFE) and glass fiber (F4B) with a dielectric 
constant of 2.65 and a loss tangent of 0.001 was used to fabri-
cate an all-dielectric cloak. The thickness of the employed F4B 
was 1 mm. According to the design, the location and diameter 
of the drilled holes were determined so as to achieve the 
cloaking property. The cloak could conceal objects in the micro-
wave band with wideband transmission and low loss.[70]

In another study, a conventional melt blending method was 
used to produce a composite dielectric plate by embedding 
TiO2 in a polypropylene (PP) matrix. To reduce the moisture, 
the purchased TiO2 and PP were dried at 50  °C overnight. 
When the PP melted at 180 °C, the TiO2 was added into the PP, 
and was mixed until uniformly blended. The trapped air in the 
mixture was pulled away by evacuating the mixer. The homo
genized composite materials were poured at 140 °C to produce 

Figure 2.  a) Process flow for fabrication of all-dielectric metamaterial with 
cutting–molding method. b) Photograph of ceramic cuboids. Reproduced 
with permission.[44] Copyright 2013, Optical Society of America. c) Pho-
tograph of all-dielectric metamaterial based on ceramic cuboids. Repro-
duced with permission.[44] Copyright 2013, Optical Society of America.
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the final dielectric plate. The all-dielectric metamaterial was 
constructed by uniformly drilling via-holes with specific 
diameters on the composite dielectric plate. An all-dielectric 
metamaterial lens could be produced using the drilled-hole  
PP/TiO2 composite materials.[71] Figure  5a shows the process 
flow for the fabrication of a composite material based on an 
all-dielectric metamaterial with a drilling method. Figure  5b 
shows the fabricated all-dielectric metamaterial, with via-holes 
of different sizes. The size of the hole can affect the permit-
tivity of the all-dielectric metamaterials. In addition, fillers 
with high permittivity for TiO2 can be used instead of carbon 
graphene, nanotubes, and other dielectric nanoparticles.[72–76] 
The matrix polymer PP can be replaced by polystyrene (PS), 
polyethylene (PE), PTFE, or thermoset resins.[77–79] The pro-
cessing conditions, such as the shape and size of the fillers, the 
combined types of the composite materials, and the fabrication 
process, can influence the performance of the fabricated com-
posite materials.

2.5. Templated Self-Assembly Method

A new templated self-assembly method has been proposed for 
fabricating all-dielectric metamaterials with negative permit-
tivity and low dielectric loss. After a process of self-assembly 

Figure 3.  a) Process flow for fabrication of ferrite rods. b) Magnetically tunable all-dielectric metamaterial bandstop filter based on ferrite rods. Repro-
duced with permission.[50] Copyright 2015, AIP Publishing. c) Magnetically tunable all-dielectric metamaterial bandpass filter based on ferrite rods. 
Reproduced with permission.[50] Copyright 2015, AIP Publishing.

Figure 4.  a) Schematic diagram of the all-dielectric metamaterial based 
on water using cavity injection method. b) Photograph of all-dielectric 
metamaterial based on water. Reproduced with permission.[57] Copyright 
2017, Springer Nature.

Figure 5.  a) Process flow for fabrication of composite material based 
all-dielectric metamaterial with drilling method. b) Photograph of all-
dielectric metamaterial with via-holes of different sizes. Reproduced with 
permission.[71] Copyright 2017, Elsevier.
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and pyrolysis, a 3D carbon network is constructed in a silica 
spherical matrix, and can realize a stable radio-frequency nega-
tive permittivity. The templated self-assembly method expands 
the metamaterial design freedom. This metamaterial operates 
at the microwave frequencies due to its artificial structure. 
The process flow for fabrication of an all-dielectric metama-
terial with the templated self-assembly method is shown in 
Figure 6. In step 1, monodispersed SiO2 (silica) microspheres 
are prepared by adding solution A (with orthosilicate (TEOS) 
and alcohol) to solution B (with alcohol, ammonium, and 
deionized water). The monodispersed SiO2 microspheres are 
finally obtained by centrifuge separation, cleaning, and drying 
processes. In step 2, SiO2 spheres suspension is obtained by 
adding the pre-prepared monodispersed SiO2 microspheres to 
sucrose solutions, and ultrasonically dispersing them. After 
centrifugal molding and drying, cylindrical sucrose/SiO2 pre-
cursor samples are obtained. The final C/SiO2 composite-based 
metamaterial is obtained via a pyrolysis process.[80]

A comparison of the fabrication techniques for microwave 
all-dielectric metamaterials is shown in Table  1. It sum-
marizes the five fabrication methods for the microwave all-
dielectric metamaterials: the molding–-sintering method, 

cutting–molding method, cavity injection method, drilling 
method, and templated self-assembly method. The molding–
-sintering method is used to fabricate an all-dielectric metama-
terial based on ceramics. The operating frequency of the meta-
material can be adjusted by changing factors such as the types 
of ceramic precursors, proportions, and fabrication conditions. 
However, this method has difficulty in fabricating many sam-
ples at once. Moreover, the fabricated metamaterials usually 
have a narrow band for the strong electromagnetic response. 
The cutting–molding method is another technology for fab-
ricating the all-dielectric metamaterials based on ceramics. 
Compared to the molding–sintering method, this method can 
produce many samples at once. The cavity injection method is 
mainly used to fabricate an all-dielectric metamaterial based on 
liquid. It is a simple and low-cost method for fabricating an all-
dielectric metamaterial with wideband and high-efficiency prop-
erties. However, the metamaterials fabricated by this method 
always have a limited application, owing to their high dielectric 
loss in the microwave range. The drilling method is a simple 
method for fabricating an all-dielectric metamaterial. However, 
the metamaterials fabricated by this method always have low 
permittivity, limiting their application in the microwave range. 

Figure 6.  Process flow for fabrication of all-dielectric metamaterial with templated self-assembly method. Reproduced with permission.[80] Copyright 2018, 
Royal Society of Chemistry.

Table 1.  Comparison of fabrication techniques for microwave all-dielectric metamaterials.

Method Material Temperature [°C] Size Frequency range [GHz] Bandwidth [GHz] Ref.

Molding–sintering TiO2 1300 3.3 mm 30–70 5.0 [41]

BST/La(Mg0.5Ti0.5)O3 1500 2.0 mm 8–12 1.5 [42]

Cutting–molding BST/MgO 1400 2.0 mm 8–12 0.37 [44]

BST – 1.0 mm 6–12 0.34 [45]

BST/Mn – 0.88 mm 8–12 0.4 [46]

CaTiO3/ZrO2 1400 2.2 mm 8–12 – [48]

Ferrite – 1.0 mm 8–12 0.25 [50]

Cavity injection Water Room 14.0 mm 5–30 14.7 [58]

Ionic liquid Room 5.0 mm 10–50 36.2 [68]

Drilling F4R/F4B Room 1.3 mm 12.4–18 5.6 [69]

F4B Room 2.0 mm 8–12 4.0 [70]

TiO2/PP 180 1.5 mm 2.6–3.95 1.35 [71]

Templated self-assembly C/SiO2 900 527 nm 0–1 0.7 [80]

Adv. Optical Mater. 2020, 2001474



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001474  (6 of 15)

www.advopticalmat.de

The templated self-assembly method can realize the negative 
permittivity, but the operation frequency is low.

3. Terahertz All-Dielectric Metamaterials 
Fabrication Methods
All-dielectric metamaterials are a promising route for building 
terahertz devices. In the realm of terahertz devices, silicon-
based materials have been employed to realize high-perfor-
mance all-dielectric metamaterials.[81–84] By changing the 
dielectric properties and sizes of the particles, the resonant 
frequency of the electromagnetic wave can be modulated.[85,86] 
Therefore, as compared with conventional metallic metama-
terials, all-dielectric metamaterials improve the problems in 
absorption and energy loss, as well as the quality factor.[87]

3.1. Deep Reactive Ion Etching and Laser 
Micromachining Methods

Generally, the fabrication process of silicon-based all-dielec-
tric metamaterials includes mask photolithography and deep 
reactive ion etching (DRIE) as shown in Figure  7a.[88,89] The 
mask photolithography is conducted to pattern the photore-
sist (PR) layer, thereby preparing for the further processing of 
the DRIE.[90,91] To realize the mask photolithography, the PR 
is spin-coated on a silicon wafer. By employing conventional 
mask photolithography, the PR layer is etched as the desired 
mask for the DRIE. As depicted in Figure  7b, a silicon oxide 
layer is usually first deposited on the silicon wafer, via plasma-
enhanced chemical vapor. Then, the PR layer is spin-coated on 
the oxide layer. By using photolithography and dry etching, the 
PR layer and oxide layer are etched, to thereby act as the mask 
for DRIE. Owing to the excellent oxide selectivity of DRIE, this 
oxide mask has good protective effects in DRIE. In addition, a 
glass wafer or a metal layer is often bonded on the bottom of 
the silicon wafer, to act as a substrate. Although the metal layer 
can inhibit the charge accumulation on the structure bottom, 
it also introduces a parasitic capacitance. The glass wafer can 
effectively restrain the effects of footing or notching. These 
methods comprise improvements over traditional technology, 
which is helpful for the DRIE. After the DRIE process, the PR 
layer is removed using acetone and isopropanol, and the oxide 

and metal layers are leaned by piranha and hydrogen fluoride. 
Finally, the silicon-based all-dielectric metamaterial is peeled off 
and obtained, which can be used to design various devices with 
excellent functionality. Especially in the terahertz band, DRIE is 
a common fabrication method for all-dielectric metamaterials. 
For example, our group recently designed a highly efficient 
active all-dielectric metasurfaces, as shown in Figure 7c, based 
on DRIE technology.[92] By using this method, an all-dielectric 
metasurface with “hybrid structures” is obtained, and can be 
applied in ranges from terahertz to optic.

Laser micromachining combines mechanical and optical 
technologies to etch high-quality micro/nanostructures from 
many materials, and is usually used to define the surface shape 
of a silicon or quartz material.[93] Laser micromachining tech-
nology has been widely applied in material fabrication in the 
optic to microwave range, owing to its distinct advantages such 
as its clean ablative etching, simple steps, and compatibility 
with lithographic processes. During the DRIE processes, the 
desired masks are often made by laser micromachining. In 
the laser micromachining setup, the laser is focused onto the 
sample using a lens. The ultrahigh temperature directly trans-
forms the material from solid to vapor, and is friendly with the 
surroundings. Thus, there is no need for a waste gas treatment, 
or for many expensive process tools. Figure 8 illustrates a scan-
ning electron microscopy (SEM) image of a fabricated sample 
etched by laser micromachining. The smooth machined sur-
face has attracted attention, and has wide applications in the 
fields of polymers, metals, ceramics, glasses, crystals, insula-
tors, composite materials, etc.[94] With the help of program-
mable mechanical motion devices, this highly flexible shape 
etching provides an enormous advantage. Certainly, the gra-
phitization of the surface caused by the high temperature is a 
distinct drawback. However, this effect may be overlooked if 
there is no electrical connection, especially in silicon-based all-
dielectric metamaterials.

3.2. Self-Assembly Method

Recently, actively tunable properties have become increas-
ingly important in practical applications. In the study by Lan 

Figure 7.  The fabrication process of silicon-based all-dielectric metamate-
rials: a) conventional method, b) adding the oxide layer and metal layer on 
the double sides of the silicon wafer, and c) a processed sample. Repro-
duced with permission.[92] Copyright 2019, American Chemical Society.

Figure 8.  SEM image of a fabricated sample etched by laser microma-
chining. Reproduced with permission.[93] Copyright 2009, American Phys-
ical Society.
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et al.,[95] a flexible all-dielectric metamaterials with single-layer 
ceramic microspheres embedded in an elastomeric medium 
led to new insights into the design and fabrication of all-die-
lectric metamaterials in the terahertz (THz) regime. In the 
study, spherical zirconia particles were prepared using an inor-
ganic sol–gel process. During the fabrication of the proposed 
metamaterials, the key was embedding the particles into the 
elastomeric medium. The fabrication process is illustrated in 
Figure  9. First, a piece of tape, as shown in Figure  9a, was 
used to attach the prepared spherical particles. After reversing 
the tape, a nearly full single layer of metamaterials was 
obtained (Figure 9b). Then, the tape was placed on the bottom 
of a stainless steel container made by a traditional mechanical 
machining method (Figure 9c). For embedding in the elasto-
meric medium, the side of the tape with particles was faced 
toward the up direction, and then the polydimethylsiloxane 
polymer was cast into the container (Figure  9d). Finally, the 
proposed metamaterials were peeled off and obtained after 
24 h of curing (Figure 9e).

Nowadays, the exiting fabrication methods for all-dielectric 
metamaterials often have difficulty in regards to the prepara-
tive scale, precision, and cost. To prepare large-scale, high-
precision, and flexible ceramic microsphere all-dielectric 
metamaterials, our group has proposed a micro-template-
assisted self-assembly (MTAS) method.[96] This method is 
inspired by nanotemplate-assisted self-assembly technology, 
and is shown in Figure 10. First, a thin stainless steel element 
with various geometries is etched using a solid-state laser. It is 
then used as the template in the MTAS method. An adhesive 
layer is employed to fix the microspheres and the template. 
After these preparations, the microspheres can be moved with 
the help of a soft slicker that blows the microspheres from left 
to right. Under the resultant force of the external force (Fe) and 
gravity (Fg), the microspheres are pushed and fixed in the holes 
of the template. Finally, a well-controlled microsphere-based all-
dielectric metamaterial is obtained after removing the template 
and redundant microspheres. A fabricated sample as depicted 
in Figure 10b has a relatively regular shape. Owing to the flex-
ibility of the geometries, the all-dielectric metamaterials can be 
designed to arbitrary patterns and scale, ensuring low-cost and 
environmentally friendly fabrication.

3.3. 3D Direct Writing Method

3D direct writing technology is a low-cost, easy-to-fabricate tech-
nology for all-dielectric metamaterials in the THz range.[40,97] 
Generally, TbFeO3 is prepared as the ink of a 3D printer. In a 
deionized water solution of polyvinyl alcohol, TbFeO3 inks are 
obtained by mixing Tb4O7 and pre-sintered Fe2O3 powders. To 
ensure thorough mixing and obtain well-distributed suspen-
sions, a step-by-step addition of the Fe2O3 powders is employed, 
and 20–30 min of shaking is required in each step. Then, the 
prepared TbFeO3 inks are loaded into a syringe connected with 
a three-axis motion element of the printer to build the desired 
metamaterial structures. A layer-by-layer process (as illustrated 
in Figure 11) is conducted to build the 3D metamaterial model 
based on a computer-aided fabrication program. After a conven-
tional solid-state sintering process, the proposed all-dielectric 
metamaterial is obtained, and is ready for applications.

For a clear comparison, detailed information on the tera-
hertz all-dielectric metamaterial fabrication methods, including 
laser micromachining, DRIE, the self-assembly method, 
and 3D direct writing, are listed in Table  2. These methods 
have their own inherent advantages and disadvantages. Laser 
machining prepares the material in a single step, saving a large 
amount of time in fabrication. The ability to operate simply 
has led laser direct writing to become a pretreatment for many 

Figure 9.  The process flow of the flexible all-dielectric metamaterials: 
a) attaching the ceramic particles by a tape, b) reversing and cleaning 
the tape for nearly single-layer metamaterials, c) loading the tape-based 
metamaterials on the container, d) casting the polydimethylsiloxane, and 
e) peeling the proposed metamaterials.

Figure 10.  a) Illustration of the MTAS and b) a fabricated sample. Repro-
duced with permission.[96] Copyright 2019, Chinese Laser Press.

Figure 11.  Schematic of the layer-by-layer 3D direct writing technique. 
Reproduced with permission.[97] Copyright 2018, Optical Society of 
America.
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methods. Other prominent merits include its high efficiency, 
high speed, high precision, low cost, and wide usage.[98–100] 
However, laser cauterization causes great harm to the mate-
rials. Moreover, the fabricated pattern is usually 2D. Thus, this 
method is often used to fabricate various surface structures. 
Among them, the periodic grating and split ring are commonly 
designed for improving the electromagnetic performance of 
terahertz devices. The DRIE technology features a vertical 
aspect ratio, high precision, high etched rates, and anisotropic 
profiles.[101–103] Many silicon-based devices have been fabri-
cated by this method, owing to the resultant high absorption, 
high-quality resonance, dual-bands, and miniaturization. A PR 
or metal can act as the mask in DRIE. However, the reaction 
between the metal and gas results in burrs on the bottom. The 
DRIE technology is not suitable for the fabrications of com-
plex 3D structures, such as spheres. Moreover, the precision 
depends on the etching rates, gas flow, and pressure. The post-
processing also requires a significant amount of time.

The proposal of the self-assembly method aims at processing 
sphere-based metamaterials. The prominent merits of this 
proposal include its large-scale, low intrinsic loss, high preci-
sion, and flexibility. These merits have been applied in hybrid 
microstructures and high-quality THz all-dielectric metama-
terials for enhancing the diffuse reflectance, providing broad-
band reflection, and gaining tunable characteristics.[104,105] 
Owing to its strong pertinence to specific applications, the 
application range of this method is limited. In addition, the 
requirements for a ceramic microsphere, container, and tem-
plate will increase the complexity of the fabrication. Regarding 
the fabrication of a 3D structure, 3D direct writing technology 
can be an effective approach. The multilayer structure, flexible 
shape, and automatic control make this method an alluring 
fabrication technique. Owing to the direct formation, no waste 
material will be generated. Here, TbFeO3, Al2O3, and BaTiO3 

were adapted to design periodic structures for flexible tunable 
THz devices.[106,107] Nevertheless, many limitations restrict its 
applications, including the syringe blocking, flow speed, and 
pressure. The preparation of inks and final solid-state sintering 
process requires the most time.

4. Optical All-Dielectric Metamaterial Fabrication 
Techniques
During the past few years, optical all-dielectric metamaterials 
and metasurfaces have become a popular research issue in the 
field of nanophotonics.[108–115] This can be attributed to their 
low loss, special photonic modes, and good compatibility.[116–122] 
However, fabricating all-dielectric all-dielectric metamate-
rials still involves challenges. Up to now, various fabrication 
methods have been proposed for obtaining all-dielectric meta-
materials. Here, we review these methods, and point out their 
advantages and disadvantages.

4.1. Lithography Method

In recent years, the most widely used method for optical all-
dielectric metamaterials is called the electron-beam lithography 
method. The wide usage can be attributed to the consider-
able advantages of the electron-beam lithography method. For 
example, as a standard and widely used micro/nanofabrication 
processing technique, the electron-beam lithography method 
has several properties, such as good precision, good repeat-
ability, and high reliability. Using this method, considerable all-
dielectric metamaterials can be obtained.

The most simple and straightforward process for the fab-
rication of all-dielectric metamaterials using electron-beam 

Table 2.  Comparison of fabrication techniques for terahertz all-dielectric metamaterials.

Method Material Time consuming Precision Structure Function Ref.

Laser micromachining SrTiO3 No µm Rods Negative effective permeability [93]

Ag No µm Split ring Improving electromagnetic property [98]

Metal film No µm Wire grid Low insertion losses [99]

Multilayer films No µm Split ring High throughput and efficiency [100]

DRIE Silicon Yes µm Grating structure High-quality magnetic resonances [92]

Silicon Yes µm Square holes THz photonic crystals [101]

Silicon Yes µm Waveguides structure Miniaturization [102]

Silicon Yes µm Square array with disks Dual-band and high absorption [103]

Self-assembly Zirconia Yes µm Single layer Tunable characteristic [95]

ZrO2 and Al2O3 Yes µm Single layer Broadband reflection [96]

Hybrid TiO2 Yes nm Nanosphere coating Enhancing diffuse reflectance [104]

Zirconia Yes µm Diamond structure Full photonic band gap [105]

3D direct writing TbFeO3 Yes µm Woodpile Polarization-independent refraction [97]

TbFeO3 Yes µm Grating and face-centered cubic 
structure

Polarization-independent and deep 
transmittance

[40]

Al2O3 Yes µm Woodpile Flexible operating frequency [106]

BaTiO3 Yes µm Periodic diamond Modulating refractive indices [107]
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lithography is called a “lift-off” process. The schematic flow for 
this method is shown in Figure 12a. First, a PR film is deposited 
on a substrate (glass or quartz). Then, the electron-beam lithog-
raphy is applied to the PR film. After that, the target dielectric 
material is deposited on it. Usually, the deposition method 
includes magnetron sputtering, electron-beam evaporation, and 
atomic layer deposition. Finally, the all-dielectric metamaterials 
are obtained after removing the PR film. This method has been 
used to fabricate all-dielectric metasurfaces, such as color meta-
surfaces[123] (Figure 12b), flexible all-dielectric metamaterials[124] 
(Figure  12c), metalenses[125] (Figure  12d), and absorbers.[126] 
However, this method has several evident disadvantages. For 
example, the thickness of dielectric film is limited, and the fabri-
cated particles are usually trapezoidal. In addition, in the deposi-
tion of the dielectric film, the PR can suffer from deformations, 
owing to the temperature. Up to now, this method has been 
employed to fabricate TiO2 and Si all-dielectric metamaterials.

In fact, a combination of the electron-beam lithography 
method with reactive-ion etching is the most widely used 
approach in the fabrication of all-dielectric metamaterials. The 
schematic flow for this method is provided in Figure 13a. First, 

the dielectric material film is deposited on the substrate. After 
that, the electron-beam lithography is applied to the PR film. 
Then, a reactive-ion etching process is employed to etch the 
exposed dielectric film. After that, the all-dielectric metamate-
rials are obtained after removing the PR film. As compared to 
the “lift-off” process, this method can avoid the disadvantages 
mentioned above. As a result, nearly 90% of the reported all-
dielectric metamaterials are fabricated using this method.[127–133] 
Figure  13b–d shows examples of properties from all-dielectric 
metamaterials fabricated using this method, including optical 
magnetism from a tellurium array,[127] biosensing from a silicon 
nanodisk array,[128] and ultrafast all-optical switching from a 
silicon nanodisk array.[131] It should be noted that although the 
electron-beam lithography method has considerable advan-
tages such as good precision, high reliability, and good repeat-
ability, it still suffers from disadvantages including its limited 
area, expensive cost, and complicated time-consuming process. 
In addition, this method can only fabricate 2D elements, and 
cannot fabricate flexible all-dielectric metamaterials.[134–141]

4.2. Laser Method

As mentioned above, the lithography method for all-dielectric 
metamaterials usually suffers from excessive time consump-
tion and price. Thus, a fast fabrication method is highly desired. 
Femtosecond laser is often used to prepare microstructures 
owing to its unique properties such as high precision and low 
time consumption. A laser-assisted method has been proven to 
fabricate nanoparticles with diameters of ≈100 nm. In addition, 
the laser-assisted method has several advantages, such as its 
high resolution and high energy density, as well as being mate-
rial-free. Consequently, it is not surprising that this method has 
become a promising fabrication method for high-quality all-
dielectric metamaterials. There are several approaches to fab-
ricating all-dielectric metamaterials or all-dielectric resonators 
using the laser-assisted method. The two most representative 
approaches are direct laser ablation and laser-induced transfer.

In the process of direct laser ablation, fragmentation made 
of the target material is converted into spherical nanoparticles 
by using ultrashort laser pulses, and then the spherical nano-
particles are deposited on the substrate. This method has been 
proven to fabricate single-crystalline nanoparticles. Mie reso-
nances of the all-dielectric nanoparticle resonators have also 
been demonstrated (Figure  14a).[142] The advantages of this 
method are evident. For example, high temperatures and/or a 
vacuum are not required. In addition, these all-dielectric reso-
nators can support high-quality-factor resonances. However, 
the disadvantages are also evident, as it is difficult to control 
the size and location. Laser-induced transfer is a promising 
laser-assisted method as compared to direct laser ablation. In 
this method, a transparent donor substrate (glass or quartz) is 
placed on the dielectric material substrate (silicon) with a space. 
The laser radiation focuses on the interface between the dielec-
tric material substrate and donor substrate. The fragmentation 
made of the dielectric material is converted into spherical nano-
particles, and is deposited on the transparent donor substrate 
(Figure  14b).[143] There are several advantages to this method. 
For example, the all-dielectric resonators can be tailored, and 

Figure 12.  a) Fabrication process of all-dielectric metamaterial using 
“lift-off” process method. b) Photograph of a color printer. Repro-
duced with permission.[123] Copyright 2017, American Chemical Society. 
c) Photograph of a flexible all-dielectric metamaterial. Reproduced with 
permission.[124] Copyright 2015, American Chemical Society. d) Photo-
graph of a metalenses. Reproduced with permission.[125] Copyright 2016, 
American Association for the Advancement of Science.

Figure 13.  a) Fabrication process of all-dielectric metamaterial using 
the combination of electron-beam lithography method with reactive-ion 
etching. b) Optical magnetism from tellurium array. Reproduced with 
permission.[127] Copyright 2012, American Physical Society. c) Biosensing 
from silicon nanodisk array. Reproduced with permission.[128] Copyright 
2017, American Chemical Society. d) Ultrafast all-optical switching from 
silicon nanodisk array. Reproduced with permission.[131] Copyright 2015, 
American Chemical Society.
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placed with high precision. Furthermore, this method is avail-
able for nearly all semiconductor materials and dielectric 
materials.

4.3. Nanosphere Lithography

The nanosphere lithography method is a special nanoparticle 
fabrication technology for fabricating high-quality and uni-
form single layers of nanoparticles, with sizes ranging from 
100 nm to 1 µm. In addition, this method can solve the prob-
lems regarding high cost and complexity. More importantly, 

large-scale single-layer nanoparticles can be obtained using this 
method.

In recent decades, considerable research groups have 
demonstrated that the nanosphere lithography method can 
be employed to fabricate various single-layer arrayed nano-
particles. As a result, it has been naturally extended to the 
fabrication of all-dielectric metamaterials. Several research 
groups have demonstrated that high-quality and large-scale 
all-dielectric metamaterials can be easily fabricated using 
this method.[144,145] Using this method, our group demon-
strated a flexible, all-dielectric metasurface, and found its 
potential applications in sensing.[145] Figure  15a shows the 

Figure 14.  All-dielectric resonators fabricated by laser method. a) Silicon nanoparticles made by direct laser ablation. Reproduced with permission.[142] 
Copyright 2012, Springer Nature. b) Silicon nanoparticles made by laser-induced transfer. Reproduced with permission.[143] Copyright 2014, Springer Nature.

Figure 15.  a) Fabrication process of all-dielectric metamaterial using nanosphere lithography method. b) SEM photograph of single PS spheres. c) SEM 
photograph of fabricated all-dielectric metamaterials. Reproduced with permission.[145] Copyright 2017, Optical Society of America.

Adv. Optical Mater. 2020, 2001474



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001474  (11 of 15)

www.advopticalmat.de

fabrication process of an all-dielectric metamaterial using 
the nanosphere lithography method. First, a dielectric mate-
rial film is deposited on the target substrate (transparent sub-
strate) using electron beam evaporation. After that, a single 
layer of compactly arrayed PS spheres is self-assembled at 
the air/water interface. Then, the single layer of PS spheres 
is transferred to the dielectric film/substrate, to function as 
a mask (Figure  15b). To achieve the desired patterns, a reac-
tive ion etching process is used to shrink the size of the PS 
spheres. Next, the etching process is employed to remove the 
exposed Si film. Finally, a flexible, all-dielectric metasurface is 
obtained after removing the PS spheres (Figure 15c). Notably, 
although this method can fabricate large-scale all-dielectric 
metamaterials with low cost and a simple fabrication process, 
it still suffers from some drawbacks. For example, the pat-
terns for the fabricated all-dielectric metamaterials are seri-
ously limited. In addition, it is difficult to obtain all-dielectric 
metamaterials with an area exceeding 1 cm2, and the process 
stability is poor. As a result, this method is still in the stages 
of laboratory research.

4.4. Chemistry Method

The chemistry method is a promising fabrication method for 
high-throughput all-dielectric metamaterials. An all-dielectric 
metamaterial based on a monodispersed silicon colloid is 
fabricated via the decomposition of trisilane in supercritical 
n-hexane under high-temperature condition.[146] In this fabrica-
tion, one can control the silicon colloid size by changing the 
reaction temperature and trisilane concentration. However, this 
method still has some disadvantages, such as high tempera-
tures, high pressures, and inflammable gases.

Recently, Cho et  al. reported an interesting study on fab-
ricating high-throughput all-dielectric selenium-based 
metamaterials.[147] A scalable and versatile synthesis method 
was proposed. The synthetic process for the c-Se all-dielectric 
metamaterial can be seen in Figure  16a, where the selenous 
acid is reduced to c-Se colloids in the presence of a reducing 
agent at a temperature of 65 °C. The sodium salts of the naph-
thalene sulfonate formaldehyde condensate and hydroqui-
none are the reducing agents. In the synthetic process, the 
colloid uniformity and the solvent polarity can be controlled 
using water and ethylene glycol. Through the synthetic pro-
cess, high-throughput dielectric colloidal nanoparticles can 

be prepared, without excessive cost and complex steps. With 
proper optimization, uniform dielectric colloidal nanoparticles 
can be obtained, as shown in Figure  16b. The authors have 
demonstrated that these nanoparticles support remarkable 
Mie resonances. In addition, these dielectric colloidal reso-
nators can be easily self-assembled into versatile metaoptics 
systems.
Table  3 provides a comparison of the fabrication tech-

niques for optical all-dielectric metamaterials. It can be seen 
that each method has advantages and disadvantages. Usually, 
it is difficult to reach a balance between the time consump-
tion, area, precision, price, and pattern. Owing to advan-
tages, such as good precision, good repeatability, and high 
reliability, the electron-beam lithography method has been 
widely used. However, the cost is very high, and the fabrica-
tion area is limited. The laser method is a convenient method 
for high-quality all-dielectric metamaterials. However, the 
limited area and high cost remain outstanding problems. Sev-
eral methods have been proposed to solve these problems, 
such as nanosphere lithography and the chemistry method. 
Using these methods, large-scale all-dielectric metamaterials 
can be obtained. In addition, the cost can be greatly reduced. 
However, the existing drawbacks, such as the relatively low 
precision and limited patterns, are evident. Recently, some 
other methods such as the focused ion beam (FIB), dewet-
ting, and nanoimprint methods have been proposed.[148–150] 
For example, FIB method has been employed to obtain orga-
nometallic perovskite metasurfaces and chiral metamaterials. 
The dewetting methods have also been proposed to prepare 
the monocrystalline silicon-based Mie resonators. It is worth 
mentioning that nanoimprint method is a promising method 
for all-dielectric metamaterials (especially for practical appli-
cations), owing to its high precision, low cost, good repeat-
ability, and high reliability.

Figure 16.  a) Synthetic route and b) SEM image of fabricated Se-based 
all-dielectric metamaterial. Reproduced with permission.[147] Copyright 
2018, Wiley-VCH.

Table 3.  Comparison of fabrication techniques for optical all-dielectric metamaterials.

Method Time consuming Area Precision Price Pattern Ref.

Lithography method Yes Limited High High Free [123–141]

Direct laser ablation No Limited Low Moderate Limited [142]

Laser-induced transfer No Limited High Moderate Limited [143]

Nanosphere lithography No Large Moderate Low Limited [144,145]

Chemistry method Yes Large Low Low Limited [146,147]

FIB No Limited High High Free [148]

Dewetting No Large Low Low Uncontrollable [149]

Nanoimprint No Large High Low Free [150]

Adv. Optical Mater. 2020, 2001474



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2001474  (12 of 15)

www.advopticalmat.de

5. Summary and Outlook

Owing to its special properties such as low loss and good com-
plementary metal oxide semiconductor compatibility,[151,152] 
there was little doubt that all-dielectric metamaterials would 
play a vital role in next generation of terahertz and photonic 
devices. Appropriate fabrication techniques could expand the 
applications of all-dielectric metamaterials.[153] However, until 
now, nearly all the reported all-dielectric metamaterials have 
remained in the laboratory stage.[154–156] To apply these meta-
materials in practice, proper fabrication techniques become 
particularly important. This review provides a comprehensive 
overview of the available fabrication techniques for the reali-
zation of all-dielectric metamaterials. The currently developed 
fabrication techniques allow for production of different types 
of all-dielectric metamaterials based on various materials. The 
advantages and disadvantages of each fabrication method are 
presented.

As for the microwave all-dielectric metamaterials, the cor-
responding fabrication methods are relatively mature tech-
nologies. In addition, 3D printing is a promising method 
for the microwave all-dielectric metamaterials with a better 
performance. It is environmentally friendly and low cost. In 
theory, any material can be formed by this method, as long as 
the corresponding powder sample is obtained. For terahertz 
and optical all-dielectric metamaterials, most of the fabrica-
tion methods suffer from several difficulties, and require fur-
ther development and improvement. It is worth mentioning 
that nanoimprint method is a promising method for terahertz 
and optical all-dielectric metamaterials (especially for practical 
applications), owing to its high precision, low cost, good repeat-
ability, and high reliability.

Fabricating large-area all-dielectric metamaterials with low-
cost and high precision is a significant challenge, especially 
for optical all-dielectric metamaterials. As a result, the use of 
a proper fabrication method in the corresponding frequency 
range is of great importance. In addition, a cost-effective 
method is highly desired when these all-dielectric metamate-
rials are applied in practice. Furthermore, the existing fabri-
cation techniques for all-dielectric metamaterials with good 
flexibility and biological compatibility are promising, and need 
to be further developed. Understanding this information makes 
it easier to design all-dielectric metamaterials with desired 
properties.
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