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ABSTRACT    Micro/nano  functional  structures  (MNFSs)  have  attracted  substantial  attention  because  of  their
outstanding  performance  in  optical,  tribological,  thermal,  electronic,  and  biomedical  applications.  Despite  the
development  of  various  mechanical  and  non-mechanical  machining  methods,  achieving  the  high-efficiency,  high-
precision fabrication of  MNFS from difficult-to-cut materials  remains a significant technical  challenge.  This review
begins  with  an  introduction  to  typical  artificial  MNFSs  and  their  stringent  requirements  and  then  provides  a
comprehensive survey of MNFSs, focusing on etching methods. In particular, plasma etching demonstrates notable
advantages  in  MNFS  fabrication.  However,  two  critical  challenges  persist:  accurately  controlling  topographical
information  during  pattern  transfer  in  plasma  etching  and  achieving  high-quality,  uniform  patterning  masks  over
large areas.  These issues  are  addressed by thoroughly analyzing and summarizing the modeling of  plasma etching
and  the  simulation  of  feature  profiles.  Various  hybrid  etching  machining  (HEM)  strategies,  including  laser  and
etching combined machining, cutting and etching combined machining, molding and etching combined machining,
and  self-assembly  and  etching  combined  machining,  are  categorized  and  compared  in  detail  to  facilitate  the
manufacturing  of  complex  MNFSs.  Finally,  this  review  summarizes  current  deficiencies  and  future  challenges  of
HEM, laying the groundwork for further advancements in MNFS fabrication and intelligent HEM technologies.

KEYWORDS    micro/nano  functional  structures, hybrid  etching  machining, difficult-to-cut  material, pattern
transfer, material removal mechanism

 
 1    Introduction

All  matter  in  the  universe  possesses  distinct
dimensions,  ranging from macro to meso,  micro,  and
nanoscale  (Fig. 1).  These  dimensions  are  categorized
into  macrostructures,  mesostructures,  microstruc-
tures,  and  nanostructures,  respectively.  Inspired  by
the  functional  surfaces  of  biological  structures,
artificial  micro/nano  functional  structures  (MNFSs)
have  garnered  significant  attention  [1–4].  These
structures  comprise  repetitive  geometric  units
spanning  one  or  more  scale  ranges,  such  as  groove

arrays,  lens arrays,  pyramid arrays,  pore arrays,  and
cone arrays. The unique structural features of MNFSs
endow surfaces with various functionalities, including
optical, tribological, thermal, electronic, and biomedi-
cal  properties.  As  a  consequence,  MNFSs  have
attracted  considerable  interest  from  researchers.  The
unique  structural  features  of  MNFSs  have  enabled
their  remarkable  performance  in  a  wide  range  of
areas,  such  as  structural  color  [5],  anti-reflection  [6],
drag  reduction  [7,8],  wear  resistance  [9],  anti-icing
[10], antifogging [11], oil–water separation [12], liquid
manipulation  [13],  self-cleaning  [14],  supercapacitors
and electrode [15],  sensors [16],  antibacterial  reaction
[17], and cell adhesion [18].

With the swift advancement of cutting-edge optical
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and  electronic  technologies  in  industries  such  as
semiconductors,  photonics,  and  aerospace,  MNFS
fabrication on difficult-to-cut materials (DCMs), such
as  superalloys,  glass,  ceramics,  and  crystals,  holds
great importance. Such components require ultrapreci-
sion  machining  with  minimal  damage  to  satisfy  the
stringent  application  demands  in  these  domains.
DCMs  are  characterized  by  high  strength,  chemical
inertness,  and  excellent  wear  resistance.  However,
these  properties  also  render  them  notoriously
challenging  to  machine,  often  complicating  efforts  to
maintain  surface  integrity.  Therefore,  MNFS
fabrication  on  DCMs  remains  a  substantial  and
unresolved  challenge  for  modern  manufacturing
industries.

Mechanical  and  non-mechanical  approaches  have
advanced  swiftly  to  address  the  challenges  of  MNFS
fabrication  on  DCMs.  Mechanical  machining  tech-
niques  play  a  crucial  role  in  MNFS  fabrication.
Among  these  methods,  ultra-precision  cutting  and
grinding  are  particularly  prevalent.  These  methods
utilize diamond tools or abrasives to achieve material
removal  at  micro/nanoscale  levels,  enabling  the
precise  fabrication  of  desired  structures  [19,20].
However,  this  technology  is  limited  by  material
machinability  and  processing  efficiency.  By  contrast,
laser technology offers superior material adaptability.
Laser-induced periodic surface structures demonstrate
significant  efficiency  in  MNFS  fabrication.  Neverthe-
less,  achieving  an  optimal  balance  between  high
efficiency  and  precision  remains  a  challenge  [21].

Micro-electrical  discharge  machining  and  micro-
electrochemical machining have also been explored for
producing MNFS with high aspect ratios and complex
geometries  [22].  Known  for  its  ability  to  achieve
atomic-scale  material  removal,  etching  provides  high
efficiency  and  precision  in  manufacturing.  Compared
with  wet  etching,  dry  etching  offers  enhanced
flexibility  and  controllability.  According  to  their
surface reaction mechanisms, dry etching methods are
categorized into ion beam etching (IBE), reactive ion
etching  (RIE),  and  plasma  chemical  etching.  As  the
standard process for integrated circuit manufacturing,
etching  is  commonly  used  in  conjunction  with
lithography to fabricate  simple  microstructure arrays
[23].  The  manufacturing  of  complex  MNFSs  that
require  cross-scale,  large-area,  high-efficiency,  and
high-precision  techniques  still  presents  significant
challenges. Various hybrid etching machining (HEM)
strategies,  including  laser  and  etching  combined
machining  (LEM),  cutting  and  etching  combined
machining  (CEM),  molding  and  etching  combined
machining  (MEM),  and  self-assembly  and  etching
combined machining (SAEM), have been developed to
address these issues.

MNFS  fabrication  using  HEM  strategies  has  been
the  focus  of  numerous  published  studies,  as  depicted
in Fig. 2.  However,  systematic  reviews  on  this  topic
are  scarce.  The  present  review  aims  to  offer  a
comprehensive  summary  of  recent  advancements  in
the  fabrication,  theory,  and  application  of  MNFSs
prepared via HEM. We begin with a brief  discussion

 

 
Fig. 1    Natural  and  artificial  entities  at  different  scales  [1–4].  Reproduced  from  [1]  with  permission  from
Elsevier. Reproduced from [2] with permission from John Wiley & Sons. Reproduced from [3] with permission from
Optica Publishing Group. Reproduced from [4] under CC BY 4.0 license.
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on  the  applications  of  MNFS,  followed  by  an
examination  of  their  corresponding  structural
features.  Next,  we  systematically  summarize  and
evaluate HEM strategies.  We also provide a detailed
introduction  to  the  modeling  and  simulation  of
pattern  transfer  using  etching,  addressing  the  key
issues  in  precision  control  encountered  during  this
process.  Finally,  we  discuss  the  difficulties  and
challenges  faced  in  MNFS  fabrication  using  HEM
strategies.  By  outlining  these  advancements  and
presenting  our  perspectives,  we  aim  to  offer
researchers a comprehensive and nuanced understand-
ing and pave the way for the practical application of
MNFSs.

 

2    Typical MNFSs and their
applications

To  thrive  in  complex  environmental  conditions,

plants and animals have developed a diverse range of
structural  features.  Inspired  by  these  biological
microstructures, various MNFSs have been developed,
making them a noteworthy research focus in the field
of  surface  interfaces.  This  section  offers  an  overview
of  representative  artificial  MNFSs,  including  prism
arrays,  pillar/cone  arrays,  pole/dimple  arrays,  lens
arrays, pore/dimple arrays, and hierarchical arrays. A
brief  introduction  to  their  manufacturing  methods
and applications is also provided (Fig. 3).

 2.1    Prism arrays

Prism  arrays  are  a  prominent  category  of  MNFSs,
with  notable  examples  including  groove  arrays  and
pyramid arrays. These structures are further classified
based  on  their  cross-sectional  shapes  as  V-groove,
rectangular  groove,  and  circular  groove  arrays.
Inspired  by  the  surface  texture  of  rice  leaves,  the
varying  frictional  forces  between  parallel  and

 

 
Fig. 2    Overview  of  MNFSs  and  their  fabrication  strategies  and  application  [5,6,8–10,13,15–18].  Reproduced
from [5] with permission from Springer Nature. Reproduced from [6] under CC BY 4.0 license. Reproduced from [8]
under CC BY 4.0 license. Reproduced from [9] with permission from Elsevier. Reproduced from [10] with permission
from  American  Chemical  Society.  Liquid  manipulation  [13],  reproduced  with  permission  from  RSC  Publishing.
Reproduced from [15] with permission from American Chemical Society. Reproduced from [16] with permission from
John Wiley & Sons. Reproduced from [17] with permission from American Chemical Society. Reproduced from [18]
with permission from Springer Nature.
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perpendicular grooves cause droplets to preferentially
flow  along  the  direction  of  the  parallel  grooves  [24].
Moreover,  groove  arrays  within  specific  size  ranges
can  be  employed  to  achieve  fiber  alignment  [25],
induce  structural  colors  [26],  and  enhance  lumine-
scence  efficiency  [27].  Recognized  for  their  excellent
anti-reflective  properties,  pyramid  arrays  are  widely
used in the photovoltaic industry [28].

Various methods exist for fabricating prism arrays,
with  ultra-precision  cutting  being  one  of  the  most
commonly  employed.  Our  research  team  compara-
tively  evaluated  the  machining  efficiency  and  preci-
sion  of  planning  and  fly-cutting  fabrication  methods
for  V-groove  and  pyramid  arrays  [29].  Although
femtosecond  laser  techniques  can  achieve  high
efficiency,  they  are  constrained  by  the  processing
quality and flexibility [30,31].  LEM has been utilized
for  fabricating  groove  arrays  to  improve  the
processing  quality  [32,33].  Furthermore,  the  aniso-
tropic properties of single-crystal materials have been
leveraged in  wet  etching.  This  approach has  enabled
the  production  of  complex  structures,  including
pyramids [28] and prisms [34].

 2.2    Pillar/cone arrays

Pillar  and  cone  arrays  are  frequently  observed  in
nature,  particularly on the footpads found in various
large species (such as geckos,  tree frogs,  and insects)
and displaying  remarkable  adhesive  properties  across
diverse  environments  [35].  This  observation  has
inspired the development of numerous artificial pillar
and  cone  arrays  for  adhesion  enhancement  and
hydrophilic  regulation.  Current  research  has  further
expanded the application of these arrays to areas such
as  optical  field  modulation  [36]  and  temperature
sensors [37].

Owing  to  its  compatibility  with  these  structures,
lithography is extensively utilized in the fabrication of
pillar arrays [36,38]. However, traditional lithography

encounters  resolution  limits  that  constrain  its
effectiveness  in  processing  large-area  nanopillar
arrays.  Nanosphere  lithography,  which  relies  on  the
self-assembly  of  nanospheres,  has  gained  prominence
for  the  production  of  nanopillars  and  nanocones
without  the  above  limitation  [39].  Techniques
utilizing  anodic  aluminum  oxide  (AAO)  are  also
employed to efficiently fabricate large-area nanopillar
arrays [40].

 2.3    Pole/dimple arrays

Pole and dimple arrays are another prevalent type of
MNFSs  found  in  nature.  With  advances  in
technology,  these  arrays  have  been  extensively
applied  in  fields  such  as  biosensing,  sensors,  light-
emitting  devices,  and  renewable  energy  [41–44].  For
example,  nanopore  sequencing  enables  the  complete
genomic  sequencing  of  the  human  body  [45]  and
facilitates  disease  prediction,  diagnosis,  and  drug
screening  [44].  Furthermore,  nanopore  and  dimple
arrays  have  been  extensively  used  in  electrode
materials [46] and cell culture [47].

At  the  microscale,  lithography  is  commonly
employed  to  fabricate  pore  arrays.  For  nanoscale
fabrication,  various  HEM  strategies  are  utilized  to
process nano pit and pore arrays [48]. A widely used
technique  for  creating  nanopore  arrays  is  anodic
oxidation, in which an electric current is applied to a
metal  or  alloy  to  produce  an  oxide  layer  through
electrolysis. Vertically aligned nanopore arrays can be
obtained  by  placing  aluminum  in  an  appropriate
electrolyte  [49].  Laser  technology  and  laser-assisted
techniques have also been employed in the fabrication
of  nanopore  arrays  to  enhance  material  compatibi-
lity [50,51].

 2.4    Lens arrays

Lens arrays are a fundamental component of MNFSs,

 

 
Fig. 3    Typical artificial MNFSs: (a) groove array, (b) pyramid array, (c) prism array, (d) pillar array, (e) cone
array, (f) pore array, (g) dimple array, and (h) lens array.
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playing  a  pivotal  role  in  advancing  optical  technolo-
gies. These arrays contribute to the miniaturization of
photonic  systems  and  enhance  the  functionality  of
imaging and sensing devices [52]. With the increasing
demand  for  integrated,  compact,  and  intelligent
devices,  the  manufacturing  of  microlens  arrays
(MLAs) with large formats, high efficiency, and small
dimensions has received growing interest.

At  present,  ultra-precision  machining  is  the  pre-
dominant  method  for  fabricating  MLAs  [53,54].
However,  challenges  remain  in  the  processing  of
DCMs such as  SiC,  Si,  and sapphire.  Although laser
processing  provides  efficient  removal  for  these
materials,  it  often  falls  short  of  delivering  the
precision  required  for  high-quality  fabrication.  LEM
offers  a  viable  solution  to  this  problem  [55–57].
Various  lithography  techniques,  including  ultraviolet
(UV) lithography, grayscale lithography, and thermal
reflow, are also effective for fabricating MLAs on hard
and brittle materials [58–61].

 2.5    Hierarchical arrays

With  the  growing  diversification  and  integration  of
demands  for  MNFSs,  hierarchical  structures  with
multiple functions have been designed and fabricated
by  arranging  micro- and  nanoscale  elements  along
periodic  pathways  in  space.  These  structures  offer  a
range of functionalities, including anti-icing [10], anti-
reflection,  enhanced  transparency  [6],  and  superhy-
drophobicity  [62].  Furthermore,  they  facilitate  the
integration  of  multiple  functions,  such  as  geometric
and diffraction optics [63].

Researchers  investigated  fabrication  techniques  for
hierarchical  arrays,  with  ultra-precision  machining
being  extensively  utilized.  For  instance,  Zhu  et al.
[64]  fabricated  a  hierarchical  micro-nanostructure  by
integrating  slow  tool  servo  techniques  with  fly
cutting.  Our  research  team  utilized  ultrasonic
vibration-assisted  fly  cutting  to  manufacture  multi-
level groove array structures [65]. In contrast to ultra-
precision machining, laser technology offers enhanced
efficiency.  Hu  et al.  [66]  effectively  showcased  the
production  of  hierarchical  array  structures  on  SiC
wafers  through laser  technology.  HEM has  also  been
widely  applied  in  the  production  of  hierarchical
structures [67,68].

In  summary,  numerous  artificial  functional
structures  inspired  by  natural  designs  have  been
developed,  each  demonstrating  significant  potential
for  various  applications.  This  review  presents  a
comparative  and  classificatory  analysis  of  the
prevalent forms, fabrication methods, and application
domains  of  MNFSs  as  detailed  in Table 1.  These
insights  aim  to  guide  future  investigations  and
provide  a  solid  foundation  for  the  application  of

MNFSs  across  diverse  fields,  including  aerospace,
marine  technology,  energy,  environmental  science,
and  biomedicine.  Future  investigations  will  focus  on
elucidating  the  relationship  between  these  structures
and their  functionalities  to elucidate the mechanisms
underlying  their  performance.  A  broad  range  of
MNFSs, particularly hierarchical MNFSs, is expected
to attract increasing attention from researchers.

 

3    Etching techniques for MNFS
fabrication

Etching,  a  critical  step  in  integrated  circuit
fabrication,  is  generally  divided  into  two  primary
types: dry and wet etching. Dry etching methods are
further  categorized  based  on  their  surface  reaction
mechanisms  into  plasma  chemical  etching,  RIE,  and
IBE.  The  following  section  provides  a  detailed
discussion  of  the  material  removal  mechanisms  and
specific surface reaction processes. In dry etching, the
etchant is introduced in the vapor phase for enhanced
precision  and  control.  By  contrast,  wet  etching
involves the removal of material from a surface using
a  chemical  solution.  A  liquid  etchant  is  used  to
selectively  dissolve  the  target  material  through  a
chemical reaction, making it a simple process that can
be performed using basic laboratory equipment.

Dry and wet etching techniques facilitate the fabri-
cation  of  3D  structures  with  diverse  topographical
features,  which  are  influenced  by  the  choice  of
masking  materials  and  specific  etching  parameters.
This section offers a comprehensive review of essential
etching  methods  and  masking  approaches,  including
UV  lithography,  grayscale  lithography,  and  thermal
reflow-assisted  etching,  which  are  employed  to
achieve precise and controlled surface morphologies in
DCM microfabrication.

 3.1    UV lithography-assisted etching

UV lithography is a widely used 2D mask patterning
technique.  When  combined  with  etching,  it  enables
the  fabrication  of  various  types  of  MNFSs,  such  as
cavities,  MLAs,  and  cylindrical  arrays  [77,89,95]
(Fig. 4(a)).  This  hybrid  fabrication  approach  is
referred to as UV lithography-assisted etching.

Wet  etching  facilitates  the  isotropic  etching  of
amorphous  and  polycrystalline  materials.  When
combined with traditional UV lithography techniques,
it  facilitates  MLA fabrication.  For  materials  such  as
polycrystalline Si and glass, the wet etching process is
isotropic.  Zhang  et al.  [58]  utilized  wet  etching  to
create  spherical  arrays  and sharp ribs  on the surface
of  a  quartz  substrate,  as  shown  in Fig. 4(c).  For
single-crystal  materials  such  as  silicon  and  gallium
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Table 1    Representative artificial MNFSs and their applications
Classification Applications Fabrication methods References

Groove array ■ Grating
■ Drag reduction

■ Optical fiber positioning
■ Antireflective performance

Laser processing [30,31,69,70]
Ultra-precision machining [26,29,71,72]

LEM [32,33,73]

MEM [74,75]

Pyramid array ■ Hydrophilic regulation
■ Anti-wear

■ Antireflective performance

Ultra-precision machining [29]

Lithography and wet etching [28,76,77]

Pillar/core array ■ Adhesion enhancement
■ Optical field manipulation

■ Sensor
■ Hydrophilic regulation

Lithography and dry etching [78,79]

SAEM [80–82]

Lens array ■ Optical homogenization
■ Optical imaging
■ Wavefront sensing

■ Optical interconnections
■ Liquid crystal displays

Ultra-precision machining [53,54,83]

MEM [84]

CEM [85,86]

LEM [55–57,87,88]

Lithography and wet/dry etching [89,90]

SAEM [91,92]

Pore/dimple array ■ Gene sequencing
■ Cell culture

■ Electrode material
■ Sensor

Lithography and dry etching [93]

Anodic oxidation [94]

Laser processing [50]

Hierarchical array ■ Antireflective performance
■ Hydrophilic regulation
■ Droplet manipulation

■ Self-cleaning

Ultra-precision machining [64,65]

SAEM [67,68]

Laser processing [66]

 

 
Fig. 4    MNFS fabricated by UV lithography-assisted etching: (a) Schematic of UV lithography-assisted etching.
(b) Si  micropyramid array fabricated by anisotropic wet etching [77].  Reproduced with permission from Elsevier.
(c)  MLA  manufacturing  by  isotropic  wet  etching  [89].  Reproduced  with  permission  from  IOP  Publishing.
(d) Cylindrical array using dry etching [95]. Reproduced with permission from IOP Publishing.
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nitride, the etching rates vary with crystal orientation
because  of  differences  in  atomic  bonding  and
arrangement. Anisotropic wet etching methods can be
employed  to  produce  various  pyramid  array  struc-
tures [28,77] (Fig. 4(b)) and nanotip pyramids [96] on
Si  crystals  and  hexagonal  [34]  and  cavities  [97]  on
GaN and quartz crystals.

Dry  etching  techniques  exhibit  high  anisotropy,
allowing  for  precise  pattern  transfer.  When  paired
with UV lithography, the enhanced material removal
anisotropy in dry etching has successfully enabled the
fabrication  of  2D  and  high-aspect-ratio  structural
arrays, including groove arrays [98], cylindrical arrays
[95]  (Fig. 4(d)),  and  pillar/cone  arrays  [99]  across
various  materials.  Although  UV  lithography  can
generate  a  wide  variety  of  high-quality  MNFSs,  the
fabrication  of  complex  MNFSs  using  2D  masks
remains challenging.

 3.2    Grayscale lithography-assisted etching

Grayscale  lithography  represents  a  significant
advancement  over  conventional  lithography.  It
utilizes a specific mask or direct-writing technique to
achieve  varying  exposure  doses  across  different
locations  on  the  same  photoresist  film.  This
differential  exposure  leads  to  the  development  of
photoresist  structures  with  3D  profiles  [100].  The
mask  used  in  this  process  is  known  as  a  grayscale
mask.  Grayscale  exposure  technology  encompasses
electron  beam  lithography  [101],  laser  direct  writing
[102],  and  conventional  lithography  [61,103]  with
grayscale  masks.  As  this  technology  continues  to
evolve, its precision in 3D patterning also improves.

Figure 5 presents  the  MNFSs  fabricated  via
grayscale  lithography-assisted  etching  [104,105].  As
depicted in Fig. 5(a), Bekker et al. [104] developed an

 

 

µ

Fig. 5    MNFSs fabricated by grayscale lithography: (a) Fabrication protocol for solid immersion lenses in SiC
by  grayscale  hard-mask  lithography  [104].  Reproduced  with  permission  from  AIP  Publishing.  (b)  Fabrication  of
sapphire blazed gratings by etching-assisted femtosecond laser lithography [105]. Reproduced with permission from
IEEE. Scale bars in subfigure (a) represent 100, 10, and 2 m, respectively.
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innovative  method  that  combines  grayscale
lithography with hard-mask techniques to fabricate a
solid  immersion  lens  in  SiC.  Although  this  method
maintains  the  scalability  and  effectiveness  charac-
teristic  of  lithography-based  approaches,  achieving
precise  control  over  the  fabricated  structures
continues  to  be  a  significant  challenge. Figure 5(b)
illustrates  the  fabrication of  sapphire  blazed gratings
by  etching-assisted  femtosecond  laser  lithography
[105].  Although  laser  direct  writing  offers  high
precision,  its  low  processing  efficiency  significantly
limits  its  further  applications.  In  addition,  this
technique  has  increasingly  been  employed  for
fabricating  Fresnel  lenses  [106]  and  various  complex
freeform  optical  structures  [102,107].  However,  the
complex  pattern  transfer  during  plasma  etching
complicates  the  achievement  of  precise  control  over
the surface profile.

 3.3    Thermal reflow-assisted etching

Thermal  reflow  involves  heating  photoresist  beyond
its glass transition temperature, resulting in softening
and  deformation  due  to  surface  tension  [108].  This
transition is achieved by heating the initial structure
to  a  state  where  the  material  can  flow.  Once  cured
(cooled), the material retains its new shape, which is
influenced  by  surface  tension.  This  phenomenon
converts  the  initially  energy-unfavorable  structure
into  a  smooth  configuration  with  minimal  surface
energy.  This  technique  yields  low  surface  roughness,
which is advantageous for the industrial production of
MLAs.

The  combination  of  thermal  reflow  and  etching
(Fig. 6(a))  has  proven  effective  in  fabricating  MLAs
on  various  materials.  Lee  et al.  [59]  successfully
fabricated  microlenses  on  SiC  using  this  method,
achieving  shape  control  through  adjustments  in
etching  selectivity.  This  technology  has  also  been
applied to other materials, including Si [60,109], glass

[60],  and  diamond  [110,111]  for  MLA  fabrication.
However,  this  technique  is  limited  to  the  production
of  spherical  MLAs,  and  the  mechanism  of  shape
control is complex and requires further research.

Whether  through  lithography  for  2D  mask  or  3D
mask structures, MNFSs can be fabricated on DCMs
via pattern transfer. In the case of 2D masks, MNFS
is  primarily  created  through  anisotropic  etching
induced  by  the  interactions  between  the  etching
solution  or  plasma  and  the  target  material.
Meanwhile,  3D  masks  facilitate  the  fabrication  of
complex  MNFSs  by  establishing  a  direct  correlation
between the shapes of the mask and substrate under
specific  process  parameters.  Therefore,  the  accurate
kinetic  modeling  of  the  etching  process  and  the
efficient,  large-area  production  of  mask-relief  struc-
tures  are  essential  to  the  success  of  etching-based
hybrid  processing.  These  aspects  will  be  discussed in
detail in the subsequent sections.

 

4    Modeling of plasma etching for shape
control

The core of plasma etching for MNFS fabrication lies
in  the  development  of  a  mathematical  model  that
maps the relationship between the film and substrate
structures.  This  model  facilitates  the  understanding
and simulation of the transfer mechanisms involved in
patterning  complex,  3D shapes.  This  chapter  focuses
specifically on dry etching. We illustrate the modeling
workflow for shape evolution in Fig. 7(a).  The entire
modeling process is highly complex. First, the reactor
model  establishes  the  relationships  of  process
parameters,  including  source  power,  bias  power,  gas
flow,  and  chamber  pressure,  with  various  particle
densities  and  electron  temperature.  By  employing  a
sheath  model,  we  can  determine  the  ion  energy  and
angular  distributions  (IEADs)  incident  on  the
substrate.  Subsequently,  the  plasma-material  surface

 

 
Fig. 6    MNFS fabricated by thermal reflow-assisted etching. (a) Schematic of thermal reflow-assisted etching.
(b) Fabrication of MLAs on SiC [59]. Reproduced with permission from Elsevier.
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reaction models based on particle transport modeling
are  categorized.  Finally,  the  feature-scale  simulation
of  pattern  transfer  through  plasma  etching  is
comprehensively analyzed and summarized.

 4.1    Particle transport modeling

To  further  develop  the  feature-scale  model,
researchers  extensively  studied  the  transport  models
for  ion  and  neutral  fluxes  within  microscopic
structural  features  [112–114].  As  illustrated  in Fig.
7(b),  the  2D  model  indicates  that  the  ions  and
neutral  fluxes  from  the  plasma  strike  the  substrate
and  subsequently  interact  with  the  surface  of  the
etched material.

 4.1.1    Incident ion flux

In  the  ion  transport  from  the  sheath  edge  to  the
substrate  surface,  the  influence  of  ion  scattering
within  the  sheath  can  be  neglected  in  low-density,
high-voltage  plasma  etching.  Hence,  the  direction  in
which ions strike the substrate is mainly governed by
the  ion  temperature  or  their  random  movement
within  the  plasma.  Ions  at  the  edge  of  the  sheath
exhibit  an  angular  velocity  distribution,  and  the

angular distribution of the ion flux incident onto the
surface is described by the following expression [115]:
 

dΓi = Γ 0
i Gi(θ)cos θdθ, (1)

Γ 0
i

G(θ)cosθ

θ1
θ2

where  represents  the  ion  flux  at  the  sheath  edge
directed  toward  the  substrate.  The  incident  angular
distribution  of  ion  fluxes  onto  the  macroscopic  sub-
strate surface,  denoted as ,  is  determined by
the  ratio R between  the  energy  of  ions  accelerated
across the sheath and the ion temperature. The value
of R can  be  modified  by  regulating  the  process
parameters  such  as  electrode  bias,  RF  power,  and
chamber  pressure.  The  number  of  ions  entering  the
microstructures  decreases  because  of  the  shadowing
effect  created  by  the  mask  shape.  The  opening
window  is  determined  by  two  boundary  angles, 
and ,  which  constrain  the  ions’ straight-line  tra-
jectory  to  reach  a  specific  point.  As  shown  in Fig.
7(b), the incident ion flux at point P is expressed as
 

Γ 0
i (P ) =

∫ θ2

θ1

G(θ)cos(θ − ψ)dθ, (2)

ψ

Gi(θ)cosθ

where  denotes the angle of the surface slope. When
the  shadowing  effect  is  absent,  we  assume  that

 follows  a  Gaussian  distribution  so  that

 

 
Fig. 7    Feature-scale simulation of pattern transfer through plasma etching. (a) Flow chart of profile evolution
simulation. (b) Particle transportation model. (c) Surface reaction of plasma etching.
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∫ π/2

−π/2
Gi(θ)cosθdθ = 1

Γi(P ) = Γ 0
i

.  Given  that R is  chosen  to  be
between  300  and  500,  resulting  in  a  high  concentra-
tion degree, the ion flux along the etching direction at
any  point P can  be  defined  using  the  formula

.

 4.1.2    Neutral reactant flux

Sn(Q)

cosϕ
ϕ

Sn(Q) = Sn0

[
1− Sn(Q)

]

As  illustrated  in Fig. 7(b),  neutral  reactants  exhibit
isotropic angular distribution as they diffuse into the
grooves. Upon reaching point Q on the surface, these
species may either be adsorbed or reflected, depending
on their adhesion probability . We assume that
the  reflected  angle  complies  with  the  cosine  law;
therefore,  the  reflected  flux  is  proportional  to ,
where  denotes the angle measured from the surface
normal  at  the  point  of  emission.  The  present  model
indicates  that  adhesion  probability  is  influenced  by
surface  coverage,  decreasing  linearly  with  increasing
coverage  until  it  reaches  zero  at  saturation  [116].

.  The  surface  coverage  in
etching is represented by
 

Sn(Q) =
Sn0Γn(Q)

Sn0Γn(Q) + StΓi(Q)
, (3)

Sn0

Γn(Q)

St

where  denotes  the  sticking  coefficient  of  neutral
species on an uncovered surface,  represents the
incident  neutral  flux  at  point Q,  and  is  the  total
removal  number  of  neutral  during  the  per  ion
incidence.  Therefore,  the  incident  neutral  flux  at
point P (Fig. 7(b))  is  given  by  the  following
expression:
 

Γn(P ) =
Γ 0
n

2

∫ θ2

θ1

cos(θ − ψ)dθ

+

∫ [
1− Sn(Q)

]
Γn(Q) cosφP cosφQ

2r
dl. (4)

 4.2    Surface reaction modeling

All chemical etching processes generally involve three
essential steps [117]: 1) attachment of etching species
on the surface, 2) generation of reaction by-products,
and  3)  removal  of  these  products  from  the  surface.
During  plasma  discharge,  diverse  species  are
generated  [118],  such  as  charged  particles  (ions  and
electrons),  photons,  and  neutral  particles.  Plasma
etching  of  materials  involves  a  complex  interplay
between  chemical  reactions  and  physical  sputtering.
The  extent  of  physical  and  chemical  reactions  is
primarily  influenced  by  the  process  parameters.
Therefore,  plasma  etching  methods  can  be  divided
into  four  specific  types,  as  shown  in Fig. 7(c):
physical  sputtering,  thermally  induced  plasma
etching,  ion-enhanced  plasma  etching,  and  inhibitor-

controlled plasma etching. The total etch rate results
from  the  combined  effects  of  these  specific  types
outlined above:
 

ER = ΓiφS + Γn(1−α− β)φN + Γnαφ
∗
N + Γnβφ

∗∗
N , (5)

φN φ∗
N

φ∗∗
N

where  is  the chemical  etching efficiency,  and 
and  represent the chemical etching efficiencies on
two distinct surface fractions: α, which has undergone
ion bombardment, and β, which is covered by an etch
inhibitor.

 4.3    Feature-scale profile modeling

F (x, t) = 0

t+ δt

The  evolution  of  interfaces  between  two  phases  in
fluid  dynamics  has  been  extensively  studied  and
applied to investigate etching interfaces. Shaqfeh and
Jurgensen  [119]  were  among  the  first  to  utilize  the
fluid dynamics theory to simulate the pattern transfer
in RIE. If  defines the initial position of the
interface,  then  the  interface  position  after  a  time
increment  can be expressed as
 

F (x+ n(v · n)δt, t+ δt) = 0, (6)

v

n

n ≡ ∇F / |∇F |

where  denotes  the  velocity  of  the  interface
movement,  and  denotes  its  direction  vector.  For
the  above  equation, ,  which  implies
that the surface evolution equation is given by
 

v · n = − 1

∇F

∂F

∂t
. (7)

Various  methods,  including  string,  level-set,  shock-
tracking,  and  cell  removal,  have  been  employed  to
predict  the  evolution  of  etching  interfaces  for
materials such as Si, Si3N4, SiO2, and SiC in 2D and
3D  spaces  over  the  scale  of  100  nm  to  solve  the
partial differential equations and simulate the surface
evolution  during  etching.  The  string  algorithm  was
initially  utilized  to  simulate  the  2D  morphology  of
planar-type  MOSFETs  and  trench  structures
[120–122].  We  experimentally  determined  and  fitted
the angular dependence of the mask and the substrate
to  model  the  pattern  transfer  in  microgroove
inductively  coupled  plasma  (ICP)  etching  [74].
Hamaguchi  et al.  [123]  introduced  a  shock-tracking
algorithm  to  overcome  the  instability  of  the  string
algorithm  when  modeling  profiles  with  localized
variations,  such  as  sidewall  etching,  microgrooves,
and  mask  erosion.  This  approach  introduces
additional  entropy  conditions  to  ensure  the  stable
progression  of  the  etching  front  within  the  string
algorithm.  The  level-set  method  serves  as  a  refined
variant of  shock-tracking,  significantly enhancing the
accuracy and stability of etching evolution. Its stable
compatibility  with  simulations  of  3D  structures
further  contributes  to  its  utility  in  advanced

10 Front. Mech. Eng. 2025, 20(5): 32



applications.  Ichikawa  et al.  [124]  utilized  the  3D
level-set method, which accounts for the transport of
ions and neutrals, to simulate the RIE of high-aspect-
ratio  structures  and  revealed  the  mechanism  of
etching  residues  in  pattern  corners.  Cell  removal
methods  are  widely  employed  in  feature-scale
modeling because of their flexibility and compatibility
with Monte Carlo gas transport. Guo and Sawin [125]
developed  a  kinetics  model  for  SiO2 etching  in
C4F8/Ar  gas  plasma  and  then  incorporated  it  into  a
3D  cell  removal  profile  simulator  based  on  Monte
Carlo.

In  summary,  etching  techniques  can  be  utilized  to
fabricate  a  diverse  array  of  MNFSs  on  DCMs.
Compared  with  wet  etching,  dry  etching  provides
advantages  such  as  higher  precision  and  improved
control, making it the preferred method for processing
MNFSs.  However,  due  to  limitations  in  material
properties,  UV  lithography  and  thermal  reflow
techniques  are  generally  restricted  to  processing
specific MNFSs such as lens arrays and prism arrays.
Although grayscale  lithography can produce complex
3D  structures,  its  processing  quality  and  efficiency
still  require  significant  improvement.  The  modeling
and simulation of plasma etching have advanced from
simple 2D trench structures to complex 3D structures
composed of heterogeneous materials. Hence, addition-
al mask patterning techniques are urgently needed to
facilitate  the  efficient,  high-precision,  and  large-scale
fabrication of intricate MNFSs.

 

5    HEM strategies for MNFS
fabrication

HEM, a cutting-edge technique, is widely utilized for
MNFS fabrication. This approach comprises two main
components:  surface  patterning  and  pattern  transfer
through  etching.  Specific  mapping  relationships  are
employed to convert patterns from the initial surface
into  structures  with  predefined  designs.  These
mapping relationships encompass proportional scaling
in  multiple  directions  and  complex  transformations
between  different  shapes.  This  section  presents  a
systematic review of HEM strategies, including LEM,
CEM, MEM, and SAEM.

 5.1    Laser and etching combined method

 5.1.1    Laser and wet etching combined method

LEM  represents  a  prominent  hybrid  technique  for
fabricating  MNFSs.  This  approach  integrates
femtosecond  laser  surface  modification  with  chemical
wet  etching  as  illustrated  in Fig. 8(a).  Initially
introduced  by  Marcinkevičius  et al.  [126],  this

technique was employed to create microchannels on Si
substrates.  Since  its  inception,  considerable  efforts
have  focused  on  refining  its  process  parameters  and
expanding  its  applications.  Chen  et al.  [56]  success-
fully utilized this method to fabricate MLAs on hard
and brittle materials such as Si (Figs. 8(b) and 8(c)),
SiO2,  and  BK7  glass  [127].  Zhou  et al.  [57]
demonstrated  its  application  in  fabricating  MLAs on
chalcogenide  glass.  This  method  leverages  the
tendency  of  femtosecond  laser-modified  regions  to
evolve  into  spherical  shapes  during  prolonged
isotropic wet etching.

In addition to MLA fabrication, this technique has
been further developed for creating microgrooves and
curved compound eye array structures [128]. Li et al.
[32]  proposed  the  laser-guided  anisotropic  etching
(LGAE)  technique  illustrated  in Fig. 8(d).  The
process  begins  with  an  ultrafast  Bessel  beam
generating  high  aspect-ratio,  line-shaped  modifica-
tions,  which  are  then  etched  directionally  along  the
modified  paths  to  produce  V-shaped  profiles  with
controlled angles.  Finally,  LGAE is used to fabricate
flexible  microgrooves  and  micropyramid  array
structures  on  glass,  as  shown  in Fig. 8(e).  These
innovations  have  significantly  expanded  the
applicability of LEM.

 5.1.2    Laser and dry etching combined method

Similar to wet etching, RIE tends to exhibit isotropic
behavior  at  high  working  pressures  and  low  bias
power,  as  chemical  sputtering becomes the dominant
mechanism  under  these  conditions.  The  combination
of laser and dry etching exploits the tendency of laser-
modified  regions  to  evolve  into  concave  spherical
surfaces  during  dry  etching,  making  it  effective  for
fabricating  MLAs.  As  shown  in Fig. 9(a),  Liu  et al.
[55] proposed a dry etching-assisted femtosecond laser
machining method that consists of three stages: laser
irradiation  to  generate  the  modified  area,  an  initial
etching  stage  targeting  the  modified  region,  and  a
stable  etching  stage  to  expand  the  dimples.  This
approach has been successfully employed to fabricate
MLAs  on  Si  (Fig. 9(b)).  Its  application  has  been
extended to DCMs such as SiC, sapphire, GaAs, and
diamond  [129],  as  well  as  to  the  fabrication  of
compound eyes [130] (Fig. 9(c)).

 5.2    Cutting and etching combined method

Ultra-precision  machining  is  an  advanced  technology
for fabricating micro- and nanostructures using single-
point  diamond  tools.  This  technique  is  distinguished
by its ability to achieve surfaces with nanometer-level
precision,  often  eliminating  the  need  for  additional
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processing  steps.  It  features  high  accuracy  and
versatility,  making  it  a  prevalent  method  for  the
fabrication  of  microstructures  [131].  Various  ultra-
precision  cutting  techniques,  such  as  single-point
diamond  turning,  single-point  diamond  milling,  fly
cutting,  and  vibration-assisted  cutting,  are  widely
employed  for  the  production  of  MLAs  [53],  micro-
groove arrays [132], micropyramid arrays [29], Fresnel
structures  [133],  and  numerous  other  hierarchical
structures [64,65].

CEM  merges  the  flexibility  of  micro-cutting  with
the  material  adaptability  and  precision  of  etching,
offering  an  advanced  solution  for  the  high-precision
fabrication  of  MNFSs  from  DCMs.  The  overall
process is divided into three stages: preparation of the
coating  layer,  ultra-precision  machining  of  the
coating,  and  pattern  transfer  via  etching.  This
method enables the transformation of hard and brittle
materials  into  machinable  substances  such  as
aluminum  and  photoresist.  The  etched  pattern  is
transferred onto the substrate of the hard and brittle
material, facilitating the ultra-precision fabrication of
microstructures on these materials.

 

 
Fig. 8    MNFS  fabricated  by  laser  and  wet  etching  combined  method.  (a)  Schematic  of  femtosecond-laser-
enhanced local wet etching method for (b) rectangular MLA and (c) hexagonal MLA [56]. (d) Schematic of laser-
guided anisotropic etching for (e) various microstructures [32]. Reproduced from [56] with permission from Optica
Publishing Group. Reproduced from [32] with permission from Elsevier.

 

 

µ

µ

Fig. 9    MNFS  fabricated  using  dry  etching  and
laser  combined  method.  (a)  Schematic  of  laser  and
dry etching combined method for (b) MLAs [55] and
(c) artificial compound eyes [130]. Scale bars: 100 m
for  subfigure  (c)  and  20 m  for  its  inset  image.
Reproduced  from  [55]  with  permission  from  John
Wiley & Sons. Reproduced from [130] with permission
from John Wiley & Sons.
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We  proposed  a  strategy  that  combines  micro-
cutting and etching for fabricating microstructures on
SiC as illustrated in Fig. 10. Initially, thin films of SU-
8  photoresist  were  created  using  spin  coating,
followed  by  single-point  diamond  machining  to

fabricate  an  MLA  structure  on  the  photoresist  film.
The  pattern  was  then  transferred  to  the  SiC  mold
substrate  using  ICP  etching  [85]  (Fig. 10(b)).
However,  due  to  the  poor  machinability  of
photoresist,  achieving  ultra-precision  machining  for

 

 
Fig. 10    MNFS fabricated  using  CEM.  (a)  Schematic  of  the  combined  cutting  and  etching  strategy.  (b)  SiC
MLAs processed through CEM using ICP etching [85]  and (c)  IBE etching [86].  (d)  Combined thermal  scanning
probe  and dry  etching  for  grayscale  nanopattern  amplification  [135].  Reproduced  from [85]  with  permission  from
Elsevier. Reproduced from [86] with permission from Elsevier. Reproduced from [135] under CC BY 4.0 license.
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the  mask  presents  a  significant  challenge  [134].  To
further  enhance  precision,  we  employed  aluminum,
which exhibits  superior  machinability,  as  the coating
material. An aluminum coating was applied to a 6H-
SiC substrate using magnetron sputtering. A concave
MLA  was  subsequently  fabricated  on  the  aluminum
coating through servo machining using a single-point
diamond slow tool and ultimately transferred onto the
substrate  via  IBE  to  obtain  the  concave  MLA mold
as  illustrated  in Fig. 10(c)  [86].  Following  a  similar
mechanical  scribing  principle,  Erbas  et al.  [135]
developed  a  technique  that  integrates  thermal
scanning  probe  lithography  with  dry  etching  and
achieved the isotropic amplification of nanostructures
on quartz substrates as illustrated in Fig. 10(d).

 5.3    Molding and etching combined method

Imprint  lithography  is  a  molding  technique  that
transfers  patterns  from  a  mold  onto  polymers  or
photoresists  through  contact  imprinting  [136].  This
method circumvents the resolution limits imposed by
diffraction  in  optical  lithography  and  addresses  the
flexibility  challenges  associated  with  two-dimensional
patterning,  offering  ultra-high  resolution,  high
efficiency, and low cost. Imprint lithography has been
widely employed in the fabrication of various complex
microstructures  [137].  However,  its  application  is

primarily constrained to photosensitive materials such
as  photoresist  and  thermoplastic  polymers,  which
significantly limits its broad applicability. In addition,
this technique encounters substantial challenges when
processing hard and brittle materials, including glass,
Si, and SiC.

MEM involves the construction of a patterned mask
structure  on  a  film  surface  using  imprinting
techniques,  followed  by  etching  to  transfer  the  2.5D
structure into the substrate material, as illustrated in
Fig. 11(a).  This  technique  was  initially  employed  for
the  fabrication  of  micro-optical  components,  such  as
gratings,  on  fused  quartz  [138,139].  Through a  series
of  optimizations,  it  was  further  applied  to  the
fabrication  of  Fresnel  lens  structures  in  quartz  [140].
Park  et al.  [82]  utilized  ultra-precision  machining  to
create  nickel  templates  as  molds  (Fig. 11(b)),  which
were  then  treated  to  prevent  adhesion.  They
subsequently  employed  ICP  etching  to  transfer  the
patterned  mask  from  the  photoresist  to  the  Si
substrate,  successfully  fabricating  a  spherical  MLA.
To  enhance  adaptability,  our  team  [74,75]  used
polydimethylsiloxane  (PDMS)  as  an  intermediate
mold  and  successfully  fabricated  microgroove  arrays
on  SiC  substrates.  As  a  flexible  composite  mold,
PDMS  significantly  improves  imprint  accuracy  and
enables  the  fabrication  of  micro-groove  arrays  on
curved surfaces as shown in Fig. 11(c).

 

 
Fig. 11    MNFS fabricated using MEM. (a) Schematic of MEM strategy. (b) SiC microgroove array fabricated
by MEM. (c) Si MLAs fabricated using MEM [82]. Reproduced under CC BY 4.0 license.
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 5.4    Self-assembly and etching combined method

SAEM  involves  generating  mask  structures  through
self-assembly  methods,  including  micro/nanosphere
and AAO template self-assembly. Dry etching is then
employed to  transfer  nanometer- or  micrometer-scale
patterns  onto  the  substrate  [141].  This  technique
utilizes  a  monolayer  of  nanosphere  arrays  as  the
mask.  A  range  of  micrometer- and  nanometer-scale
array  structures,  including  micro/nano  pillar  arrays
[81],  pore  arrays  [142],  pillar/cone  arrays  [82],  and
nanowire  arrays  [143],  are  fabricated  by  employing
various etching gases  and colloidal  spheres  composed
of  polystyrene  (PS)  and  silica  (Fig. 12).  Yang  et al.
[68]  assembled  a  layer  of  smaller  colloidal  particles
onto  a  monolayer  of  larger  colloidal  particles  and
utilized dry etching to fabricate complex hierarchical
structures  as  shown in Fig. 13(d).  In  contrast  to  the
self-assembled  micro/nanosphere  mask,  Li  et al.  [40]
fabricated  various  nanopore  and  nanoparticle  arrays
using  a  high-aspect-ratio  AAO  mask  as  depicted  in
Fig. 13.

Compared with traditional techniques that use self-

assembled microspheres as mask structures, our team
developed  a  novel  SAEM  strategy  that  utilizes
microsphere  self-assembly  to  create  a  photoresist
dimple  array  mask.  We  utilized  gas–liquid  interface
microsphere  self-assembly  to  form  a  patterned  mask
on  the  surface  of  photoresist.  This  mask  was
subsequently  transferred  to  a  SiC  substrate  through
ICP etching for MLA fabrication [91]. This approach
enables the efficient and high-precision manufacturing
of large-area, small-sized MLAs. However, due to the
dependence  on  capillary  forces,  the  arrangement  of
the  microlenses  is  limited  to  a  hexagonal  pattern,
which  significantly  restricts  the  method’s  flexibility.
To address this limitation and enhance the flexibility
of  MLA  arrangements,  we  introduced  a  template-
oriented-assembly  microsphere  lithography  method
shown in Fig. 14. This technique leverages the flexible
design of  concave micropyramid array templates  and
van  der  Waals  force-driven  self-assembly  to  enable
the  controlled  fabrication  of  MLAs  with  various
arrangements [92].

Compared  with  traditional  lithography,  HEM
presents  a  flexible  and  efficient  approach  for

 

 

µ

Fig. 12    MNFS  fabricated  using  hybrid  machining  strategies  that  combine  nanosphere  self-assembly  and
etching:  (a)  Schematic  of  nanosphere  lithography strategy.  (b)  Fabricated pillar  array [81],  (c)  needle  array [82],
and (d) hierarchical array [68] on Si wafer produced through this strategy. Scale bar in subfigure (d) represents 2

m. Reproduced from [81] with permission from IOP Publishing. Reproduced from [82] with permission from John
Wiley & Sons. Reprinted from [68] with permission from John Wiley & Sons.
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Fig. 13    MNFS fabricated  by  AAO template  self-assembly  and  etching  hybrid  machining  strategy:  (a)  Sche-
matic of AAO template self-assembly and etching hybrid machining strategy. (b) Fabricated nanopore arrays on Si
substrate  and  (c)  GaN  substrate.  (d)  Fabricated  Au  nanoparticle  arrays  on  Si  substrate.  (e)  Fabricated  Cr
nanoparticle arrays on Si substrate [40]. Reproduced under CC BY 4.0 license.

 

 
Fig. 14    Schematic of SiC MLA fabrication using template-oriented-assembly microsphere lithography.
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fabricating  MNFSs  on  DCMs  and  utilizes  complex
mask  patterning  and  pattern  transfer  from
heterogeneous  materials  through  plasma  etching.  A
detailed  analysis  and  comparison  of  various  HEM
strategies,  including  LEM,  CEM,  MEM, and  SAEM,
against traditional lithography are presented in Table
2.  In  the  future,  high-precision  and  high-efficiency
HEM  strategies  are  poised  to  become  the  emerging
trend in MNFS manufacturing on DCMs.

 

6    Summary and outlook

MNFSs  have  emerged  as  a  significant  and  rapidly
advancing  field  in  materials  science  and  engineering.
This  review  highlights  recent  advancements  in  the
theoretical  foundations,  fabrication  strategies,  and
practical  applications of  HEM for MNFS fabrication.
We analyze and compare typical  forms of  MNFSs in
terms of functional surface characteristics and provide
a  comprehensive  overview  of  HEM  strategies  for
MNFS  fabrication  on  DCMs.  We  also  discuss  the
current  state  of  development  in  the  modeling  and
simulation  of  etching  pattern  transfer,  emphasizing
precision  control  during  this  process.  Despite  the
considerable  advancements  in  HEM  strategies  in
recent  years,  several  challenges  persist  and are  listed
as follows:
● Many  researchers  utilized  biomimicry  to  design

and  fabricate  MNFSs  for  specific  functions.  Despite
the  availability  of  numerous  high-performance
examples,  the  fabrication  of  these  MNFSs,
particularly  hierarchical  MNFSs,  presents  a
significant challenge.
● A  primary  challenge  in  HEM  strategies  is  the

large-scale  fabrication  of  complex  mask  structures
with  high  precision,  consistency,  and  efficiency.
Advanced  mask  patterning  and  hybrid  processing
techniques  must  be  developed  to  address  the
increasing complexity of MNFSs.

● Another  critical  challenge  involves  developing
mathematical  models  that  accurately  map  the
geometric  relationships  between  mask  and  substrate
structures and simulating the transfer mechanisms of
complex  3D  shapes  during  pattern  transfer.  Further
work  is  required  to  enhance  the  modeling  and
simulation of  complex 3D structures  in homogeneous
and heterogeneous materials.

Looking ahead, HEM strategies are expected to play
a crucial role in advancing the production of MNFSs
with extreme characteristics, such as large areas, high
precision, cross-scale features, and complex shapes. In
terms  of  functional  applications,  single-function
structures  are  becoming  increasingly  inadequate,
whereas  multifunctional,  integrated,  multi-scale
periodic  structure  arrays  are  receiving  growing
interest.  The  development  of  these  multifunctional
and layered multi-scale periodic structure arrays with
significant  functional  advantages  is  an  inevitable
trend for future advancements.

 

Nomenclature

Abbreviations

AAO Anodic aluminum oxide

CEM Cutting and etching combined machining

DCM Difficult-to-cut material

HEM Hybrid etching machining

IBE Ion beam etching

ICP Inductively coupled plasma

IEAD Ion energy and angular distribution

LEM Laser and etching combined machining

LGAE Laser-guided anisotropic etching

MEM Molding and etching combined machining

MLA Microlens array

 

Table 2    Overview of various etching-assisted hybrid strategies for MNFS fabricationa)

Strategies Precision Efficiency Structure flexibility Scale flexibility

Assisted etching

　UV lithography ☆☆☆ ☆☆☆☆ ☆☆☆ ☆☆☆

　Grayscale lithography ☆☆ ☆☆☆ ☆☆☆☆☆ ☆☆☆☆

　Thermal reflow ☆☆☆☆☆ ☆☆☆☆ ☆☆ ☆☆☆

Others

　LEM ☆☆☆☆ ☆☆☆ ☆☆ ☆☆☆

　CEM ☆☆☆ ☆☆☆ ☆☆☆☆ ☆☆☆☆

　MEM ☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆☆ ☆☆☆☆☆

　SAEM ☆☆☆☆ ☆☆☆☆☆ ☆☆☆ ☆☆☆☆☆

a) More stars indicate superior performance.
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MNFS Micro/nano functional structure

PDMS Polydimethylsiloxane

PS Polystyrene

RIE Reactive ion etching

SAEM Self-assembly and etching combined machining

UV Ultraviolet
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