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Abstract
The realization of hybrid optics could be one of the best ways to fulfill the technological requirements of compact,
light-weight, and multi-functional optical systems for modern industries. Planar diffractive lens (PDL) such as diffractive
lenses, photonsieves, and metasurfaces can be patterned on ultra-thin flexible and stretchable substrates and be
conformally attached on top of arbitrarily shaped surfaces. In this review, we introduce recent research works
addressed to the design and manufacturing of ultra-thin graphene optics, which will open new markets in compact
and light-weight optics for next-generation endoscopic brain imaging, space internet, real-time surface profilometry,
and multi-functional mobile phones. To provide higher design flexibility, lower process complexity, and chemical-free
process with reasonable investment cost, direct laser writing (DLW) of laser-induced-graphene (LIG) is actively being
applied to the patterning of PDL. For realizing the best optical performances in DLW, photon-material interactions
have been studied in detail with respect to different laser parameters; the resulting optical characteristics have been
evaluated in terms of amplitude and phase. A series of exemplary laser-written 1D and 2D PDL structures have been
actively demonstrated with different base materials, and then, the cases are being expanded to plasmonic and
holographic structures. The combination of these ultra-thin and light-weight PDL with conventional bulk refractive or
reflective optical elements could bring together the advantages of each optical element. By integrating these
suggestions, we suggest a way to realize the hybrid PDL to be used in the future micro-electronics surface inspection,
biomedical, outer space, and extended reality (XR) industries.

Introduction
Seeing is believing. Vision is the most dominant cap-

ability for us to perceive the surrounding environment.
Through vision, we acquire a variety of information, such
as the shape, color, and distance of an object. Optics have
been utilized to improve this visual perception process and
their usage has gradually increased to date1–6. However,
despite the increase in use, general optical systems are
limited in their size, weight, function, and complicated

optical alignment requirement. Next-generation hybrid
optics will overcome these limitations and provide superior
performance compared to the traditional optical system by
exploiting the advantages of refractive6, reflective7, and
diffractive2–5,8 optics and metasurfaces9–11. Traditionally,
hybrid optics are fabricated by patterning optical elements
on the surface of conventional bulk refractive or reflective
optical elements6,12. However, the high-resolution manu-
facturing requirements of diffractive patterns on top of the
free-form refractive or reflective optical surfaces have
hindered their widespread implementation8,13. In the
context of integrated hybrid systems, the conventional
solution is to stack or align several diffractive and refractive
optical elements in series6,12. Such combinations are
associated with complicated processes with custom-made
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bulky manufacturing equipment. Moreover, these pro-
cesses are not sufficiently versatile to work with arbitrary
geometries.
By taking the industrial demands on mass production

into account, direct laser writing (DLW) of planar dif-
fractive lens (PDL) can be considered as the potential
alternative technology for realizing hybrid optics as shown
in Fig. 1a, b8,9,14–17. PDL, hereafter, includes 1D/2D dif-
fractive optics, Fresnel zone plates, photonsieves and
metasurfaces as shown in Fig. 1b. A conformal layer of
direct laser-written PDL on top of flexible or stretchable
substrates can be directly attached onto the surface of
arbitrary optical surfaces8,9,14,15,17. This combination
offers positive incooperation of the key advantages of each
optical component; it could further provide totally new
unprecedented functionalities. Novel 2D materials, such
as graphene8,9,14–16,18, molybdenum disulfide (MoS2)

19,
and MXene20 can be considered as the base optical
material; these could provide new regimes of optical
permeability and permittivity as well as the electrical
properties for future electrically active adaptive optics.
Here, we start with the graphene as the most widely
applied optical base8,9,14–16,18. The ultra-thin graphene
optics could open new vistas in compact and light-weight

optics for next-generation endoscopic brain imaging21–24,
space observation25–27, and multi-functional optics as
shown in Fig. 1c.
Regarding spatial array of micro-optics, the refractive

micro-optics have long been used in 3D optical imaging
based on nature-inspired compound insect eyes28,29

Shack–Hartmann wavefront sensors30,31, and array con-
focal microscopes for high-speed biomedical imaging and
micro-electronic metal bump inspection32,33. Although the
fabrication of refractive micro-optics is possible with
micro-molding34 or lithographic processes35, the mass
production of the aspheric curved surfaces and special
shape features required in refractive optical elements has
involved high costs, complicated tools, and long produc-
tion cycles36,37. Converging and diverging refractive optics
are based on phase modulation of the incoming light when
it passes through the lens material as shown in Fig. 2a. The
physical features and material properties of the refractive
optics, such as the 3D surface shape, thickness profile and
refractive index, determine the light propagation direction.
However, the working mechanism of the refractive optics
restricts their design flexibility in terms of the lateral size,
thickness and weight. Contrarily, diffractive optics can
provide significantly higher design flexibility14,38. Figure 2a
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Fig. 1 Direct laser writing of PDLs. a Schematic diagram of PDL patterning via direct laser writing. This example shows a case of PDL mass
production with a roll-to-roll process, which is ready to be applied in various industries. b Light propagation image of manufactured ultra-thin PDLs
(from left, FZP, grating, and hologram). c Future applications of PDLs in aerospace optical communication, flexible display, hybrid optics, bio
applications and vehicle sensors (i Adapted withpermission from NASA140. ii Adapted with permission from ref. 141., Springer Nature. iii Adapted with
permission from ref. 139, IOP publisher. iv Adapted with permission from ref. 142, Elsevier. v Adapted with permission from ref. 143, Elsevier)
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Introduction
Seeing is believing. Vision is the most dominant cap-

ability for us to perceive the surrounding environment.
Through vision, we acquire a variety of information, such
as the shape, color, and distance of an object. Optics have
been utilized to improve this visual perception process and
their usage has gradually increased to date1–6. However,
despite the increase in use, general optical systems are
limited in their size, weight, function, and complicated

optical alignment requirement. Next-generation hybrid
optics will overcome these limitations and provide superior
performance compared to the traditional optical system by
exploiting the advantages of refractive6, reflective7, and
diffractive2–5,8 optics and metasurfaces9–11. Traditionally,
hybrid optics are fabricated by patterning optical elements
on the surface of conventional bulk refractive or reflective
optical elements6,12. However, the high-resolution manu-
facturing requirements of diffractive patterns on top of the
free-form refractive or reflective optical surfaces have
hindered their widespread implementation8,13. In the
context of integrated hybrid systems, the conventional
solution is to stack or align several diffractive and refractive
optical elements in series6,12. Such combinations are
associated with complicated processes with custom-made
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bulky manufacturing equipment. Moreover, these pro-
cesses are not sufficiently versatile to work with arbitrary
geometries.
By taking the industrial demands on mass production

into account, direct laser writing (DLW) of planar dif-
fractive lens (PDL) can be considered as the potential
alternative technology for realizing hybrid optics as shown
in Fig. 1a, b8,9,14–17. PDL, hereafter, includes 1D/2D dif-
fractive optics, Fresnel zone plates, photonsieves and
metasurfaces as shown in Fig. 1b. A conformal layer of
direct laser-written PDL on top of flexible or stretchable
substrates can be directly attached onto the surface of
arbitrary optical surfaces8,9,14,15,17. This combination
offers positive incooperation of the key advantages of each
optical component; it could further provide totally new
unprecedented functionalities. Novel 2D materials, such
as graphene8,9,14–16,18, molybdenum disulfide (MoS2)

19,
and MXene20 can be considered as the base optical
material; these could provide new regimes of optical
permeability and permittivity as well as the electrical
properties for future electrically active adaptive optics.
Here, we start with the graphene as the most widely
applied optical base8,9,14–16,18. The ultra-thin graphene
optics could open new vistas in compact and light-weight

optics for next-generation endoscopic brain imaging21–24,
space observation25–27, and multi-functional optics as
shown in Fig. 1c.
Regarding spatial array of micro-optics, the refractive

micro-optics have long been used in 3D optical imaging
based on nature-inspired compound insect eyes28,29

Shack–Hartmann wavefront sensors30,31, and array con-
focal microscopes for high-speed biomedical imaging and
micro-electronic metal bump inspection32,33. Although the
fabrication of refractive micro-optics is possible with
micro-molding34 or lithographic processes35, the mass
production of the aspheric curved surfaces and special
shape features required in refractive optical elements has
involved high costs, complicated tools, and long produc-
tion cycles36,37. Converging and diverging refractive optics
are based on phase modulation of the incoming light when
it passes through the lens material as shown in Fig. 2a. The
physical features and material properties of the refractive
optics, such as the 3D surface shape, thickness profile and
refractive index, determine the light propagation direction.
However, the working mechanism of the refractive optics
restricts their design flexibility in terms of the lateral size,
thickness and weight. Contrarily, diffractive optics can
provide significantly higher design flexibility14,38. Figure 2a
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Fig. 1 Direct laser writing of PDLs. a Schematic diagram of PDL patterning via direct laser writing. This example shows a case of PDL mass
production with a roll-to-roll process, which is ready to be applied in various industries. b Light propagation image of manufactured ultra-thin PDLs
(from left, FZP, grating, and hologram). c Future applications of PDLs in aerospace optical communication, flexible display, hybrid optics, bio
applications and vehicle sensors (i Adapted withpermission from NASA140. ii Adapted with permission from ref. 141., Springer Nature. iii Adapted with
permission from ref. 139, IOP publisher. iv Adapted with permission from ref. 142, Elsevier. v Adapted with permission from ref. 143, Elsevier)
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shows the comparative focusing mechanisms of refractive
and diffractive optics under different input wavelengths.
Planar diffractive lens (PDL), such as Fresnel zone plates

(FZP), are constructed with base unit diffractive elements
arranged in the lateral domain, which specifically tailor
the beam direction by coherent interference of incoming
light. Compared to refractive optics, diffractive optics are
relatively thin and can be miniaturized down to the
wavelength scale39–42. Therefore, they can be excellent
alternatives for realizing ultra-thin compact light-weight
optical systems. However, the mass-production of such
planar diffractive elements requires high-resolution
manufacturing, such as photolithography or nano-
imprinting on ultra-thin substrates. This requirement is
even more stringent for metasurfaces because they require
a sub-wavelength patterning resolution with a high aspect

ratio to provide novel optical functionalities40,43–45. With
direct laser writing onto the 2D materials, one could
actively manipulate the optical transmittance or optical
phase delay at the PDL8,14,16,46. With dedicated laser
parametric control, multi-step transmittance and phase
profile be prepared for higher efficiency beam focusing
with suppressed spatial side lobes around the main focal
spot, as shown in Fig. 2b. These microscale diffractive
optics can provide a relatively smaller refractive index
gradient, which can be far improved by incorporating with
conventional refractive, reflective or diffractive optics, as
shown in Fig. 2c8. An optical system generally consists of
several optical elements and is configured by aligning or
stacking them along the propagation axis. Occasionally, it
includes bulky, complex, and custom-made fixtures to
align and group the optical elements, which have non-flat
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Fig. 2 Refractive and diffractive optics for light manipulation. a Focusing optics (left: refractive optics, right: difractive optics) of incoming light
source at different wavelengths. b Schematic of an ultra-thin multi-level micro-optics for focusing light. (insert top right) Thickness profiles for multi-
level optics. (insert bottom right) A conceptual diagram of transferred diffractive micro-optics onto a flexible/stretchable substrate. c A conformal
layer of diffractive optics directly attached to the surface of a conventional refractive lens. a Adapted with permission from ref. 38, Springer Nature.
b Adapted with permission from ref. 8, Elsevier. c Adapted with permission from ref. 8, Elsevier, adapted with permission from ref. 139, IOP publisher
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surface profiles. Hence, a sophisticated optical config-
uration results in high integration costs and excess
weight2,47. The concept of stacking multiple conformal
optics attracts considerable attention recently. This
approach involves the construction of ultra-thin multiple
layers of optical elements that can be directly attached to
the surface of an arbitrary object, then, stacking them in a
simple way could provide the novel optical functionalities
with minimal complexity and weight43 (Fig. 2c).
In this review, we introduce recent research efforts

addressed to design and manufacturing to realize the
widespread industrial use of ultra-thin LIG hybrid optics,
which will open new markets in compact and light-weight
optics for future endoscopic brain imaging, high-speed
space internet, and multi-functional mobile phones. The
concept of combining ultra-thin light-weight diffractive
optics with other optics (such as refractive and reflective)
will be the initial starting point, which could bring toge-
ther the advantages of each optical element8. As illu-
strated in Fig. 2b, c, ultra-thin diffractive optics with
tailored optical properties can be subsequently transferred
to flexible/stretchable substrates to serve as conformal
layer optics for integration with other optical compo-
nents. For higher design flexibility, lower process com-
plexity, and chemical-free process with reasonable
investment cost, direct laser writing (DLW) of laser-
induced-graphene (LIG) is actively being applied to the
patterning of PDL. For realizing the best optical perfor-
mances in DLW, photon-material interactions have been
studied in detail with respect to different laser para-
meters14,48–51; the resulting optical characteristics have
been evaluated in terms of amplitude and phase14. A
series of exemplary laser-written 1D and 2D PDL struc-
tures have been demonstrated with different base mate-
rials and the cases are expanded to plasmonic and
holographic structures9,11,52. The combination of these
ultra-thin light-weight PDL with conventional bulk
refractive or reflective optical elements could bring
together the advantages of each optical element.
Firstly, we introduce micro-patterning technologies

available for realizing ultra-thin PDL3,14,16,17,39–42,44–46,53.
Over the traditional methods, we consider direct laser
writing (DLW) as a promising solution candidate. Various
patterning methods have been reported with different
energy sources16,48,50,54; the laser-based couterpart also
has similar system components: laser, beam expander,
galvano scanner, f-theta lens, and sample stage. Secondly,
graphene-related optical base materials are introduced:
graphene, reduced graphene oxide (rGO), and laser-
induced graphene (LIG). Detailed material characteristics,
including chemical55–57, electrical58–62, mechan-
ical59,63–66, and optical64,67–70 ones, are analyzed in detail.
Then, photon-material interactions with different key
laser parameters are discussed for realizing the optimal

PDL performances. Thirdly, the optical performances of
the patterned PDL are characterized by comparing the
design, simulation, and experimental performances. The
characterization starts with the simplest 1D/2D gratings
and Fresnel zone plate (FZP); then, expands to an FZP
array transferred to a convex refractive lens further to
plasmonic and holographic samples3,7–9,11,14,15,52,53,71,72.
Although these series of examples could not approach
hybrid optics readily, the forthcoming efforts will make
successful hybrid PDL cases in the near future. Fourthly,
the promising applications of graphene-based PDL are
introduced in endoscopic bio-imaging21–24, lightweight
space optics73, fast surface profilometry33, and complex
functional hybrid optics in extended reality (XR) indus-
tries74. Finally, we would like to present our foresight on
what kind of follow-up research works should be
accompanied in the future for mass-production ultra-thin
light-weight PDL for wider-spread industrial applications.

Planar diffractive lens: patterning technologies
Patterning strategies for various planar diffractive lens:
summary
Recently, a conformal layer of metasurfaces intended for

arbitrarily shaped multifunctional optics was demon-
strated in Refs. 9,11,40,43–45,52. The authors present three
main requirements for constructing the conformal layer
of the PDL. Firstly, the device must be sufficiently flexible
to conform to general curved surfaces with a small
bending radius in one or more directions. Secondly, the
device should function according to optical design
requirements. Thirdly, a flexible manufacturing process is
the prerequisite to pattern arbitrarily shaped PDLs. These
impose unique design and manufacturing constraints:
ultra-thin optical structures, flexible substrates, and a
simple integration process. In order to meet these con-
straints, new breakthroughs should be explored through a
combination of emerging nano-materials with flexible and
stretchable polymeric substrates, and novel manufactur-
ing technologies. PDLs realize the focusing of light by
tailoring the interference of light diffracted from all the
PDL segments by optimizing their relative amplitudes and
phase delays3,14,16,17,39–42,44–46,53. Based on their structure,
PDLs can be classified into zone-plate, photon-sieve, and
metasurfaces, as shown in Fig. 317,43,53.
First, Fresnel zone plates consist of alternating transpar-

ent and opaque zones to achieve both amplitude and phase
modulation for wavefront shaping. This approach has long
been implemented on various materials such as silica72,
aluminum film39, graphene8,14,16,18, gold46, and nickel46.
Although there have been numerous demonstrations of the
Fresnel zone plates, there have been limited reports still on
flexible lenses. Li et al.53 presented a flexible PDL with
vertically aligned carbon nanotubes (CNTs) percolated into
polydimethylsiloxane (PDMS) so as to achieve stretchable
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shows the comparative focusing mechanisms of refractive
and diffractive optics under different input wavelengths.
Planar diffractive lens (PDL), such as Fresnel zone plates

(FZP), are constructed with base unit diffractive elements
arranged in the lateral domain, which specifically tailor
the beam direction by coherent interference of incoming
light. Compared to refractive optics, diffractive optics are
relatively thin and can be miniaturized down to the
wavelength scale39–42. Therefore, they can be excellent
alternatives for realizing ultra-thin compact light-weight
optical systems. However, the mass-production of such
planar diffractive elements requires high-resolution
manufacturing, such as photolithography or nano-
imprinting on ultra-thin substrates. This requirement is
even more stringent for metasurfaces because they require
a sub-wavelength patterning resolution with a high aspect

ratio to provide novel optical functionalities40,43–45. With
direct laser writing onto the 2D materials, one could
actively manipulate the optical transmittance or optical
phase delay at the PDL8,14,16,46. With dedicated laser
parametric control, multi-step transmittance and phase
profile be prepared for higher efficiency beam focusing
with suppressed spatial side lobes around the main focal
spot, as shown in Fig. 2b. These microscale diffractive
optics can provide a relatively smaller refractive index
gradient, which can be far improved by incorporating with
conventional refractive, reflective or diffractive optics, as
shown in Fig. 2c8. An optical system generally consists of
several optical elements and is configured by aligning or
stacking them along the propagation axis. Occasionally, it
includes bulky, complex, and custom-made fixtures to
align and group the optical elements, which have non-flat
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surface profiles. Hence, a sophisticated optical config-
uration results in high integration costs and excess
weight2,47. The concept of stacking multiple conformal
optics attracts considerable attention recently. This
approach involves the construction of ultra-thin multiple
layers of optical elements that can be directly attached to
the surface of an arbitrary object, then, stacking them in a
simple way could provide the novel optical functionalities
with minimal complexity and weight43 (Fig. 2c).
In this review, we introduce recent research efforts

addressed to design and manufacturing to realize the
widespread industrial use of ultra-thin LIG hybrid optics,
which will open new markets in compact and light-weight
optics for future endoscopic brain imaging, high-speed
space internet, and multi-functional mobile phones. The
concept of combining ultra-thin light-weight diffractive
optics with other optics (such as refractive and reflective)
will be the initial starting point, which could bring toge-
ther the advantages of each optical element8. As illu-
strated in Fig. 2b, c, ultra-thin diffractive optics with
tailored optical properties can be subsequently transferred
to flexible/stretchable substrates to serve as conformal
layer optics for integration with other optical compo-
nents. For higher design flexibility, lower process com-
plexity, and chemical-free process with reasonable
investment cost, direct laser writing (DLW) of laser-
induced-graphene (LIG) is actively being applied to the
patterning of PDL. For realizing the best optical perfor-
mances in DLW, photon-material interactions have been
studied in detail with respect to different laser para-
meters14,48–51; the resulting optical characteristics have
been evaluated in terms of amplitude and phase14. A
series of exemplary laser-written 1D and 2D PDL struc-
tures have been demonstrated with different base mate-
rials and the cases are expanded to plasmonic and
holographic structures9,11,52. The combination of these
ultra-thin light-weight PDL with conventional bulk
refractive or reflective optical elements could bring
together the advantages of each optical element.
Firstly, we introduce micro-patterning technologies

available for realizing ultra-thin PDL3,14,16,17,39–42,44–46,53.
Over the traditional methods, we consider direct laser
writing (DLW) as a promising solution candidate. Various
patterning methods have been reported with different
energy sources16,48,50,54; the laser-based couterpart also
has similar system components: laser, beam expander,
galvano scanner, f-theta lens, and sample stage. Secondly,
graphene-related optical base materials are introduced:
graphene, reduced graphene oxide (rGO), and laser-
induced graphene (LIG). Detailed material characteristics,
including chemical55–57, electrical58–62, mechan-
ical59,63–66, and optical64,67–70 ones, are analyzed in detail.
Then, photon-material interactions with different key
laser parameters are discussed for realizing the optimal

PDL performances. Thirdly, the optical performances of
the patterned PDL are characterized by comparing the
design, simulation, and experimental performances. The
characterization starts with the simplest 1D/2D gratings
and Fresnel zone plate (FZP); then, expands to an FZP
array transferred to a convex refractive lens further to
plasmonic and holographic samples3,7–9,11,14,15,52,53,71,72.
Although these series of examples could not approach
hybrid optics readily, the forthcoming efforts will make
successful hybrid PDL cases in the near future. Fourthly,
the promising applications of graphene-based PDL are
introduced in endoscopic bio-imaging21–24, lightweight
space optics73, fast surface profilometry33, and complex
functional hybrid optics in extended reality (XR) indus-
tries74. Finally, we would like to present our foresight on
what kind of follow-up research works should be
accompanied in the future for mass-production ultra-thin
light-weight PDL for wider-spread industrial applications.

Planar diffractive lens: patterning technologies
Patterning strategies for various planar diffractive lens:
summary
Recently, a conformal layer of metasurfaces intended for

arbitrarily shaped multifunctional optics was demon-
strated in Refs. 9,11,40,43–45,52. The authors present three
main requirements for constructing the conformal layer
of the PDL. Firstly, the device must be sufficiently flexible
to conform to general curved surfaces with a small
bending radius in one or more directions. Secondly, the
device should function according to optical design
requirements. Thirdly, a flexible manufacturing process is
the prerequisite to pattern arbitrarily shaped PDLs. These
impose unique design and manufacturing constraints:
ultra-thin optical structures, flexible substrates, and a
simple integration process. In order to meet these con-
straints, new breakthroughs should be explored through a
combination of emerging nano-materials with flexible and
stretchable polymeric substrates, and novel manufactur-
ing technologies. PDLs realize the focusing of light by
tailoring the interference of light diffracted from all the
PDL segments by optimizing their relative amplitudes and
phase delays3,14,16,17,39–42,44–46,53. Based on their structure,
PDLs can be classified into zone-plate, photon-sieve, and
metasurfaces, as shown in Fig. 317,43,53.
First, Fresnel zone plates consist of alternating transpar-

ent and opaque zones to achieve both amplitude and phase
modulation for wavefront shaping. This approach has long
been implemented on various materials such as silica72,
aluminum film39, graphene8,14,16,18, gold46, and nickel46.
Although there have been numerous demonstrations of the
Fresnel zone plates, there have been limited reports still on
flexible lenses. Li et al.53 presented a flexible PDL with
vertically aligned carbon nanotubes (CNTs) percolated into
polydimethylsiloxane (PDMS) so as to achieve stretchable
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amplitude-based zone-plate lens. This work combined the
excellent optical absorption of CNT with high transparency
and stretchability of PDMS for active control of focal point
(Fig. 3a). Similarly, Moghimi et al.3 used silica nanowires
with PDMS to construct an array of micro-FZPs for wide
field-of-view imaging3. However, the incident light was
partially reflected or absorbed by opaque zones in both
approaches, which drastically reduced the focusing effi-
ciency of the PDLs. The theoretical focusing efficiency of
the amplitude-based zone plate was approximately 10%4.
Instead of blocking all the opaque rings, Rayleigh proposed
the concept of the phase-reversal zone plate. The phase-
reversal zone plate utilizes the engineered optical thickness
or refractive index of each ring to make a phase delay.
Ideally, the phase profile should vary gradually over a zone
and return to π at the starting point of the next zone75. Such
a transparent zone plate can translate into an irradiance
increase by a factor of four. Fabrizio et al. used such a phase
modulation on a nickel plate and achieved a maximum
efficiency of 55% and a reduction in unwanted diffraction
orders46. Similarly, GO was used to create a phase mod-
ulation zone plate to facilitate broad wavelength operation
and a focusing efficiency of more than 32%16.
Second, the photon-sieve lens evolves from the zone

plate-based lens, with the transparent zone replaced with
non-overlapping, different-sized nanoapertures. The spa-
tial phase profile is acquired accumulatively from the
waves propagating through the plasmonic or photonic
waveguide modes, supported by nanoapertures. By prop-
erly designing the nano-aperture position, the side lobes
of the focal point can be adequately suppressed and the
transmitted wavefront can be shaped into a chosen
intensity distribution71. Similar to zone plate-based lenses,
the amplitude photon sieve has inherently lower diffrac-
tion efficiencies; hence, transparent phase modulation
concepts are introduced to increase the optical through-
put reported for phase modulation photon sieve lenses
with high flexibility, as shown in Fig. 3b to achieve dif-
fraction efficiencies as high as 49.7%17,76.
Third, metasurfaces consist of sub-wavelength-sized

building blocks, such as TiO2, SiO2, gold, and silver,
which are appropriately adjusted in terms of size,

orientation, geometry, and arrangement to control and
modify the incident light in phase, amplitude, wavelength,
and polarization35. Using TiO2, efficiencies as high as
66–86% have been achieved for a lens with a numerical
aperture (NA) of 0.877. Recently, flexible metasurface-based
lenses have been demonstrated by a combination of a
periodic array of nano posts of amorphous silicon embed-
ded in PDMS, as shown in Fig. 3c. The physically thin and
flexible metasurface structure allows for easy conformance
to any object surfaces. Conceptually, they can be designed
to work in line with other optical elements to endow
additional optical functions43. Although metasurface-based
lenses exhibit many advantages, they require complex
manufacturing processes. Table 1 summarizes representa-
tive papers on rigid and flexible PDLs3,14,16,17,39–42,44–46,53,
categorized by lens type, physical features, optical perfor-
mance, base materials, and manufacturing methods.

Conventional patterning methods for planar
diffractive optics
Fabrication methods are an essential aspect of the reali-

zation of a PDL product. It determines the cost, function,
reliability, and physical features of the product and is clo-
sely related to the design and material. Therefore, it is vital
to understand the state of the arts, how to fabricate micro-
optics and how to integrate the micro-optical elements into
flexible substrates. The fabrication of PDLs has been closely
related to the microelectronics industry. Although similar,
the patterning technologies used to create the physical
profiles and microstructures to achieve the required optical
properties considerably differ14. The patterning methods
are categorized into either lithography or direct writing
approaches; the majority of PDLs are manufactured via
lithography therein. The lithography consists of four stages:
substrate preparation with photoresist coating, patterning
of the photoresist, etching of the substrate, and removal of
the photoresist, as shown in detail in Fig. 4. Sub-micron-
resolution PDL nanostructures of PDL have been readily
fabricated on materials such as metals and silicon using a
lithography process. In most cases, patterned nanos-
tructures are directly used for light manipulation. Thereby,
a sub-micrometer resolution down to a few hundred of

a cb

133 μμm

500 μμm150 μμm
1 μμm

2 mm10 μμm

Fig. 3 Planar diffractive optics. Planar diffractive lenses of (a) zone-plate, (b) photon-sieves, and (c) metasurfaces. a Adapted with permission from
ref. 53, Springer Nature. b Adapted with permission from ref. 17, The Optical Society. c Adapted with permission from ref. 43, Springer Nature
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amplitude-based zone-plate lens. This work combined the
excellent optical absorption of CNT with high transparency
and stretchability of PDMS for active control of focal point
(Fig. 3a). Similarly, Moghimi et al.3 used silica nanowires
with PDMS to construct an array of micro-FZPs for wide
field-of-view imaging3. However, the incident light was
partially reflected or absorbed by opaque zones in both
approaches, which drastically reduced the focusing effi-
ciency of the PDLs. The theoretical focusing efficiency of
the amplitude-based zone plate was approximately 10%4.
Instead of blocking all the opaque rings, Rayleigh proposed
the concept of the phase-reversal zone plate. The phase-
reversal zone plate utilizes the engineered optical thickness
or refractive index of each ring to make a phase delay.
Ideally, the phase profile should vary gradually over a zone
and return to π at the starting point of the next zone75. Such
a transparent zone plate can translate into an irradiance
increase by a factor of four. Fabrizio et al. used such a phase
modulation on a nickel plate and achieved a maximum
efficiency of 55% and a reduction in unwanted diffraction
orders46. Similarly, GO was used to create a phase mod-
ulation zone plate to facilitate broad wavelength operation
and a focusing efficiency of more than 32%16.
Second, the photon-sieve lens evolves from the zone

plate-based lens, with the transparent zone replaced with
non-overlapping, different-sized nanoapertures. The spa-
tial phase profile is acquired accumulatively from the
waves propagating through the plasmonic or photonic
waveguide modes, supported by nanoapertures. By prop-
erly designing the nano-aperture position, the side lobes
of the focal point can be adequately suppressed and the
transmitted wavefront can be shaped into a chosen
intensity distribution71. Similar to zone plate-based lenses,
the amplitude photon sieve has inherently lower diffrac-
tion efficiencies; hence, transparent phase modulation
concepts are introduced to increase the optical through-
put reported for phase modulation photon sieve lenses
with high flexibility, as shown in Fig. 3b to achieve dif-
fraction efficiencies as high as 49.7%17,76.
Third, metasurfaces consist of sub-wavelength-sized

building blocks, such as TiO2, SiO2, gold, and silver,
which are appropriately adjusted in terms of size,

orientation, geometry, and arrangement to control and
modify the incident light in phase, amplitude, wavelength,
and polarization35. Using TiO2, efficiencies as high as
66–86% have been achieved for a lens with a numerical
aperture (NA) of 0.877. Recently, flexible metasurface-based
lenses have been demonstrated by a combination of a
periodic array of nano posts of amorphous silicon embed-
ded in PDMS, as shown in Fig. 3c. The physically thin and
flexible metasurface structure allows for easy conformance
to any object surfaces. Conceptually, they can be designed
to work in line with other optical elements to endow
additional optical functions43. Although metasurface-based
lenses exhibit many advantages, they require complex
manufacturing processes. Table 1 summarizes representa-
tive papers on rigid and flexible PDLs3,14,16,17,39–42,44–46,53,
categorized by lens type, physical features, optical perfor-
mance, base materials, and manufacturing methods.

Conventional patterning methods for planar
diffractive optics
Fabrication methods are an essential aspect of the reali-

zation of a PDL product. It determines the cost, function,
reliability, and physical features of the product and is clo-
sely related to the design and material. Therefore, it is vital
to understand the state of the arts, how to fabricate micro-
optics and how to integrate the micro-optical elements into
flexible substrates. The fabrication of PDLs has been closely
related to the microelectronics industry. Although similar,
the patterning technologies used to create the physical
profiles and microstructures to achieve the required optical
properties considerably differ14. The patterning methods
are categorized into either lithography or direct writing
approaches; the majority of PDLs are manufactured via
lithography therein. The lithography consists of four stages:
substrate preparation with photoresist coating, patterning
of the photoresist, etching of the substrate, and removal of
the photoresist, as shown in detail in Fig. 4. Sub-micron-
resolution PDL nanostructures of PDL have been readily
fabricated on materials such as metals and silicon using a
lithography process. In most cases, patterned nanos-
tructures are directly used for light manipulation. Thereby,
a sub-micrometer resolution down to a few hundred of

a cb

133 μμm

500 μμm150 μμm
1 μμm

2 mm10 μμm

Fig. 3 Planar diffractive optics. Planar diffractive lenses of (a) zone-plate, (b) photon-sieves, and (c) metasurfaces. a Adapted with permission from
ref. 53, Springer Nature. b Adapted with permission from ref. 17, The Optical Society. c Adapted with permission from ref. 43, Springer Nature
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nanometers is achievable by photolithography (via pho-
tons), electron lithography (via electrons), X-ray litho-
graphy (via X-ray photons), or ion lithography (via ions)36.
Although it is evident that high resolution is the key
advantage of lithography, this technique is often associated
with disadvantages such as high cost, low design flexibility,
the need for a pre-designed mask, and the lack of process
robustness17.
As an alternative, a subset of lithography utilizes the

interference phenomenon of light to directly pattern
the substrate without the need for a mask. The light
source is split into multiple beams and directed to
achieve multi-beam interference; coherent multi-beam
interference lithography offers the capability to fabri-
cate nanosized periodic structures over a large area. As
an example, 123 million arrays of micro-lenses (with a
900-nm period) were fabricated on areas of ~1.0 cm2 of
flexible polycarbonate sheet in a few seconds under an
ambient atmosphere. In summary, this technique is fast,
low-cost, and straightforward for producing optical
patterns compared to mask-based lithography78,79.
Laser is a common energy source used for direct writ-

ing. In the case of DLW, the photon can usually be
directed to the stationary sample via a set of galvo mirrors
and then focused on the plane by an f-theta lens for higher
productivity; or the photon can be focused into a smaller
spot by an objective lens and the samples can be trans-
lated in XYZ domain by mechanical stages. A critical
advantage of laser-based systems is their high degree of
flexibility. DLW allows arbitrary patterns to be generated
on samples without needing a pre-designed mask. In
addition, the energy source used to irradiate the samples
can easily vary depending on the requirements of the
features; the controllable laser parameters include wave-
length, power, pulse duration, and repetition rate, while
the beam delivery parameters do beam size, scan speed,
focal length, and the number of scans. Therefore, DLW

does not require any corrosive chemical etching or
stringent environmental conditions.
Table 2 illustrates three representative PDL patterning

techniques78,80, DLW, photolithography, and interference
lithography; their key characteristics are compared with
respect to resolution, productivity, design flexibility, pro-
cess complexity, and investment cost. In comparison, DLW
is much simpler, highly flexible, and requires much lower
implementation costs. The tradeoff to consider is lower
productivity owing to the single-point processing techni-
que and relatively lower spatial resolution. Recently, fs
(femtosecond: 10−15 s) lasers have been introduced to
DLW to achieve finer process control and higher pattern-
ing resolution. The fs laser generates a train of repetitive
ultra-short light pulses, high peak power with low average
power (e.g., 100 fs pulse duration, 1MW peak power, and
10mW average power at 100 kHz repetition rate). There-
fore, with a femtosecond laser, the nonlinear photo-
chemical process could generate a narrower pattern
linewidth than the diffraction-limited focal spot size
(~300 nm), even beyond the optical diffraction limit, which
is contrary to patterning with conventional continuous-
wave (CW) lasers16. Alternatively, they exploit the shorter
pulse-to-pulse time spacing to limit the heat-affected zone
(HAZ)48,81,82 The heat diffusion time of the polyimide (in
the order of microseconds) is relatively longer than the
pulse duration of the fs laser, so heat dissipation to the
surrounding volumes could be controlled to be minimal.
The fs laser pulses at high repetition rates result in heat
accumulation before the heat can be dissipated to the
surroundings; therefore, active base temperature control is
also possible by the adoption of a high repetition rate fs
laser. The ability of fs laser to perform machining with
minimum heat propagation leads to the name “cold
machining” process. In summary, DLW has emerged as a
promising patterning technology for facile and cost-
effective single-step manufacturing of PDLs.

1.
Substrate
preparation
with
photoresist
coating

2.
Patterning
of
photoresist
(with mask)

Substrate

Metal
coating

Resist
coating

Mask

Exposure

Metal
etching

Substrate
etching

3.
Etching of 
substrate

Resist
and metal

layer
removal

4.
Removal of 
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Positive
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Negative
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Development

Fig. 4 Flowchart for the fabrication of optical structure by lithography
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nanometers is achievable by photolithography (via pho-
tons), electron lithography (via electrons), X-ray litho-
graphy (via X-ray photons), or ion lithography (via ions)36.
Although it is evident that high resolution is the key
advantage of lithography, this technique is often associated
with disadvantages such as high cost, low design flexibility,
the need for a pre-designed mask, and the lack of process
robustness17.
As an alternative, a subset of lithography utilizes the

interference phenomenon of light to directly pattern
the substrate without the need for a mask. The light
source is split into multiple beams and directed to
achieve multi-beam interference; coherent multi-beam
interference lithography offers the capability to fabri-
cate nanosized periodic structures over a large area. As
an example, 123 million arrays of micro-lenses (with a
900-nm period) were fabricated on areas of ~1.0 cm2 of
flexible polycarbonate sheet in a few seconds under an
ambient atmosphere. In summary, this technique is fast,
low-cost, and straightforward for producing optical
patterns compared to mask-based lithography78,79.
Laser is a common energy source used for direct writ-

ing. In the case of DLW, the photon can usually be
directed to the stationary sample via a set of galvo mirrors
and then focused on the plane by an f-theta lens for higher
productivity; or the photon can be focused into a smaller
spot by an objective lens and the samples can be trans-
lated in XYZ domain by mechanical stages. A critical
advantage of laser-based systems is their high degree of
flexibility. DLW allows arbitrary patterns to be generated
on samples without needing a pre-designed mask. In
addition, the energy source used to irradiate the samples
can easily vary depending on the requirements of the
features; the controllable laser parameters include wave-
length, power, pulse duration, and repetition rate, while
the beam delivery parameters do beam size, scan speed,
focal length, and the number of scans. Therefore, DLW

does not require any corrosive chemical etching or
stringent environmental conditions.
Table 2 illustrates three representative PDL patterning

techniques78,80, DLW, photolithography, and interference
lithography; their key characteristics are compared with
respect to resolution, productivity, design flexibility, pro-
cess complexity, and investment cost. In comparison, DLW
is much simpler, highly flexible, and requires much lower
implementation costs. The tradeoff to consider is lower
productivity owing to the single-point processing techni-
que and relatively lower spatial resolution. Recently, fs
(femtosecond: 10−15 s) lasers have been introduced to
DLW to achieve finer process control and higher pattern-
ing resolution. The fs laser generates a train of repetitive
ultra-short light pulses, high peak power with low average
power (e.g., 100 fs pulse duration, 1MW peak power, and
10mW average power at 100 kHz repetition rate). There-
fore, with a femtosecond laser, the nonlinear photo-
chemical process could generate a narrower pattern
linewidth than the diffraction-limited focal spot size
(~300 nm), even beyond the optical diffraction limit, which
is contrary to patterning with conventional continuous-
wave (CW) lasers16. Alternatively, they exploit the shorter
pulse-to-pulse time spacing to limit the heat-affected zone
(HAZ)48,81,82 The heat diffusion time of the polyimide (in
the order of microseconds) is relatively longer than the
pulse duration of the fs laser, so heat dissipation to the
surrounding volumes could be controlled to be minimal.
The fs laser pulses at high repetition rates result in heat
accumulation before the heat can be dissipated to the
surroundings; therefore, active base temperature control is
also possible by the adoption of a high repetition rate fs
laser. The ability of fs laser to perform machining with
minimum heat propagation leads to the name “cold
machining” process. In summary, DLW has emerged as a
promising patterning technology for facile and cost-
effective single-step manufacturing of PDLs.
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removal

4.
Removal of 
photoresist

Positive
resist

Negative
resist

Development

Fig. 4 Flowchart for the fabrication of optical structure by lithography
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Direct laser writing (DLW) for diffraction optics: system
layout
DLW is a patterning technology with high design flex-

ibility that can create arbitrary patterns without pre-
prepared masks or a toxic chemical etching process. An
example DLW system is illustrated in Fig. 5a14. A photo-
generating laser, the central part in laser processing, is
used as the energy source for the overall DLW system.
The wavelength, peak power, and pulse width are the key
factors from the laser side; the mirror coatings and lens
materials in the DLW system must be carefully selected
considering the laser wavelength and damage threshold of
the optics. Additional beam control parameters include
the beam size, scan speed, focal length, and the number of
scans, which can be set in the control unit of the DLW
system, consisting of a central processing unit (CPU),
laser controller, and motion controller.
According to the patterning strategy, the DLW system

is divided into two types. In the first form, the laser beam
is raster scanned by the opto-mechanical components,
such as a galvano-scanner, acousto-optic beam deflector,
or MEMS mirror. In the other form, the laser beam is set
stationary point while the 2D or 3D mechanical stage,
where the sample is mounted on, is being translated.
Various analog and digital signals from sensors are pro-
cessed in the central unit and used to control a set of
DLW parameters. By active control of these key para-
meters, the optical properties of optical materials, such as
graphene can be actively tailored. Therefore, fine para-
metric control in DLW is critically important in the
optical processing of PDL for realizing the designed
transmission ratio and phase delay in an efficient

manner14. This facile control capability of DLW is a sig-
nificant advantage over its traditional patterning
counterparts.
Maintaining the spot size of the laser beam to be the

same is important because it determines the patterning
resolution over the patterning. however, a simple sphe-
rical lens cannot maintain the focal point on the same
sample plane due to the existence of spherical aberration,
as shown in Fig. 5b-1. Therefore, an f-theta lens or tele-
centric lens must be used together with a galvano scanner
so as to maintain stable processing performances, as
shown in Fig. 5b-2. When adjusting the spot size, the lens
should be changed to different ones so that the focal spot
is formed at the lens’ design focal distance. A similar
example is the change of the magnification of the objec-
tive lens in microscopes to form a smaller spot size.
Two critical parameters determining the scalability of a

manufacturing process are the patterning speed and pat-
terning area. In the case of a Galvano-scanner-based
process, the laser beam is reflected by a set of light-weight
mirrors, and directed to the target samples; thus, the low-
level inertia of these mirrors enables us to realize high-
speed continuous processing, such as roll-to-roll process.
In addition, the patterning area can be controlled by
selecting an appropriate telecentric or f-theta lens to a few
to hundreds of millimeters, with the compromise of the
patterning resolution. In the case of the patterning pro-
cess based on the mechanical translation stages, the
stage’s relatively large inertia makes the process rather
slow, but highly precise. The laser beam is focused on a
stationary point by an objective lens without any move-
ment while translating the target sample. By adopting a
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Direct laser writing (DLW) for diffraction optics: system
layout
DLW is a patterning technology with high design flex-

ibility that can create arbitrary patterns without pre-
prepared masks or a toxic chemical etching process. An
example DLW system is illustrated in Fig. 5a14. A photo-
generating laser, the central part in laser processing, is
used as the energy source for the overall DLW system.
The wavelength, peak power, and pulse width are the key
factors from the laser side; the mirror coatings and lens
materials in the DLW system must be carefully selected
considering the laser wavelength and damage threshold of
the optics. Additional beam control parameters include
the beam size, scan speed, focal length, and the number of
scans, which can be set in the control unit of the DLW
system, consisting of a central processing unit (CPU),
laser controller, and motion controller.
According to the patterning strategy, the DLW system

is divided into two types. In the first form, the laser beam
is raster scanned by the opto-mechanical components,
such as a galvano-scanner, acousto-optic beam deflector,
or MEMS mirror. In the other form, the laser beam is set
stationary point while the 2D or 3D mechanical stage,
where the sample is mounted on, is being translated.
Various analog and digital signals from sensors are pro-
cessed in the central unit and used to control a set of
DLW parameters. By active control of these key para-
meters, the optical properties of optical materials, such as
graphene can be actively tailored. Therefore, fine para-
metric control in DLW is critically important in the
optical processing of PDL for realizing the designed
transmission ratio and phase delay in an efficient

manner14. This facile control capability of DLW is a sig-
nificant advantage over its traditional patterning
counterparts.
Maintaining the spot size of the laser beam to be the

same is important because it determines the patterning
resolution over the patterning. however, a simple sphe-
rical lens cannot maintain the focal point on the same
sample plane due to the existence of spherical aberration,
as shown in Fig. 5b-1. Therefore, an f-theta lens or tele-
centric lens must be used together with a galvano scanner
so as to maintain stable processing performances, as
shown in Fig. 5b-2. When adjusting the spot size, the lens
should be changed to different ones so that the focal spot
is formed at the lens’ design focal distance. A similar
example is the change of the magnification of the objec-
tive lens in microscopes to form a smaller spot size.
Two critical parameters determining the scalability of a

manufacturing process are the patterning speed and pat-
terning area. In the case of a Galvano-scanner-based
process, the laser beam is reflected by a set of light-weight
mirrors, and directed to the target samples; thus, the low-
level inertia of these mirrors enables us to realize high-
speed continuous processing, such as roll-to-roll process.
In addition, the patterning area can be controlled by
selecting an appropriate telecentric or f-theta lens to a few
to hundreds of millimeters, with the compromise of the
patterning resolution. In the case of the patterning pro-
cess based on the mechanical translation stages, the
stage’s relatively large inertia makes the process rather
slow, but highly precise. The laser beam is focused on a
stationary point by an objective lens without any move-
ment while translating the target sample. By adopting a
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Fig. 5 DLW of PDLs: system layout. a The system configuration of FsDLW for patterning LIRGO micro-optics through laser and opto-mechanical
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high magnification objective lens, sub-micrometer-level
diffraction-limited patterning is possible over a large
patterning area. Therefore, patterning via mechanical
stages is well-suited to manufacturing of large-scale optics
with fine pattern requirements.
One of the key parameters in laser material processing

is the accumulated heat during the processing. Recently,
mode-locked fs lasers have been introduced to DLW
which provide additional controllability in the accumu-
lated heat. Femtosecond lasers generally deliver ultrashort
pulses of less than a few hundred fs to deliver the photon
energy at shorter time duration than the required for the
heat transfer of ~ps48,81,82. This significantly reduces the
thermal energy effect on the material, thus prevents
unexpected thermal effects in nearby area, and minimizes
the heat affected zone (HAZ) in the material48,81,82. This
allows for narrower pattern linewidths even beyond the
optical diffraction limit. Even with fs lasers, some of the
photon energy can be converted to heat. Therefore, by
shortening the pulse-to-pulse time interval (the inverse of
the pulse repetition rate: e.g., high repetition rates of
several hundred kHz or higher), the energy transfer rate
can be increased. Thus, higher efficiency material pro-
cessing through heat accumulation is also possible; how-
ever, this could also cause thermal-related side effects,
similar to those observed with CW lasers; therefore, a
dedicated parametric control is a prerequisite. This series
of patterning parameters are readily in our hands with a fs
laser; an in-depth understanding the laser and beam
delivery system should be accompanied by for the optimal
patterning, as shown in Fig. 5c.

Graphene, reduced graphene oxide, and laser-
induced graphene
Graphene-based materials for optical applications
Graphene is an allotrope of carbon in which six carbon

atoms form a monolithic honeycomb unit lattice structure

in a single layer55–57, as shown in Fig. 6a. In 2004, gra-
phene was successfully isolated and rediscovered by A.
Geim and K. Novoselov who were awarded by the Nobel
Prize in Physics in 2010 via mechanical exfoliation with
adhesive tapes56. Graphene has unique electrical, chemi-
cal, optical, and mechanical properties, owing to its
unique structure; it has a large theoretical specific surface
area (2630 m2 g−1)55, high Young’s modulus (~1.0 TPa)65,
very high carrier mobility (200,000 cm2 V−1 s−1)83, high
light transmittance (~97.7% at wavelength of 550 nm)84,
and high thermal conductivity (~5000Wm−1 K−1)85.
Owing to these excellent material properties together with
biocompatibility, they have been actively applied to var-
ious applications including electronics, sensors, actuators,
photonics, optoelectronic devices, mechanical composite
materials, and biomedical devices.
A variety of graphene synthesis methods have been

studied and the research is being directed to scalable
mass-production of graphene for widespread industrial
applications. Early studies started with mechanical exfo-
liation56,68, epitaxial growth of silicon carbide86, and
chemical vapor deposition (CVD) on solid substrates
using gaseous hydrocarbons57,68. However, these synth-
esis methods listed above have a common limitation in
the production of large-area graphene, which is directly
associated with mass production. It is also accompanied
by disadvantages such as higher energy consumption and
a larger amount of chemical waste. As an alternative, the
generation of graphene layers through the photo-
reduction of graphene oxide (GO) and DLW of laser-
induced graphene (LIG) from carbon-based precursors
could be highly promising48.
Photo-reduction methods for GO for the efficient mass

production of graphene have received considerable
attention. GO is a good precursor for the synthesis of
rGO, a graphene-like material (Fig. 6b). Ultra-thin films of
GO can be deposited on any substrate through processes
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such as drop casting, spin coating, spray coating, and so
on14,87. GO is soluble in various solvents, mechanically
robust, chemically stable, and compatible with a wide
range of organic and inorganic materials. Most impor-
tantly, micro-patterning can be established over a large
area simply by tuning the laser parameters using a
reduction process, such as DLW, to convert the almost
transparent GO to opaque rGO with lower transparency
(Fig. 6b). GO is usually prepared according to ‘Hummers’
method’, with graphite-based chemical oxidation and
subsequent exfoliation in water with the aid of sonication,
as shown in Fig. 6b. Exfoliated sheets containing only one
or a few layers of carbon atoms, such as graphene, are
named GO sheets. To date, the detailed structure of GO is
still uncertain because the final structure differs depend-
ing on the synthesis method and the degree of oxidation.
However, the structural model proposed by Lerf and
Klinowski88 is widely known for representing single-layer
GO sheets. The carbon atom planes of the graphite oxide
are heavily decorated with oxygen-containing groups
(OCGs), such as hydroxyl groups, epoxy, and carboxyl
groups. The OCGs contained in GO make them electrical
insulators, which greatly limit their applications, especially
in electronics. The thermal or chemical reduction has
been applied to GO in the early days in order to remove
oxygen-containing groups to achieve graphene-like
structures; the resulting material is commonly referred

to as ‘rGO’49. The reduction using an aqueous solution of
hydrazine89, hydrogen plasma49, and rapid heating over
1000 °C have been reported for GO reduction. However,
these thermal and chemical reductions typically involve
high-temperature annealing (above 1000 °C) or the use of
toxic chemicals, resulting in high-energy waste or envir-
onmental contamination. Furthermore, these processes
lead directly to poor compatibility with the device man-
ufacturing process, especially for flexible/stretchable
substrates.
As an alternative, selective reduction technology of

GO using lasers has been introduced, and research
works on the laser patterning of electric circuits and
devices based on rGO are being actively conducted55. It
has distinct advantages, such as low cost, high design
flexibility, fast conversion process, tunable reduction,
and compatibility with flexible/stretchable substrates.
Various light sources can be used as energy sources for
the photoreduction of GO, but the lasers are the most
promising because of their high collimation degree,
small focused spot size, and high energy density. Com-
pared to photolithography, chemical synthesis or other
processes, this laser-based photo-reduction process is
much simpler and more flexible and allows for much
lower implementation costs without pre-designed
masks, corrosive chemical etching, and stringent envir-
onmental conditions. Therefore, this method is
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high magnification objective lens, sub-micrometer-level
diffraction-limited patterning is possible over a large
patterning area. Therefore, patterning via mechanical
stages is well-suited to manufacturing of large-scale optics
with fine pattern requirements.
One of the key parameters in laser material processing

is the accumulated heat during the processing. Recently,
mode-locked fs lasers have been introduced to DLW
which provide additional controllability in the accumu-
lated heat. Femtosecond lasers generally deliver ultrashort
pulses of less than a few hundred fs to deliver the photon
energy at shorter time duration than the required for the
heat transfer of ~ps48,81,82. This significantly reduces the
thermal energy effect on the material, thus prevents
unexpected thermal effects in nearby area, and minimizes
the heat affected zone (HAZ) in the material48,81,82. This
allows for narrower pattern linewidths even beyond the
optical diffraction limit. Even with fs lasers, some of the
photon energy can be converted to heat. Therefore, by
shortening the pulse-to-pulse time interval (the inverse of
the pulse repetition rate: e.g., high repetition rates of
several hundred kHz or higher), the energy transfer rate
can be increased. Thus, higher efficiency material pro-
cessing through heat accumulation is also possible; how-
ever, this could also cause thermal-related side effects,
similar to those observed with CW lasers; therefore, a
dedicated parametric control is a prerequisite. This series
of patterning parameters are readily in our hands with a fs
laser; an in-depth understanding the laser and beam
delivery system should be accompanied by for the optimal
patterning, as shown in Fig. 5c.

Graphene, reduced graphene oxide, and laser-
induced graphene
Graphene-based materials for optical applications
Graphene is an allotrope of carbon in which six carbon

atoms form a monolithic honeycomb unit lattice structure

in a single layer55–57, as shown in Fig. 6a. In 2004, gra-
phene was successfully isolated and rediscovered by A.
Geim and K. Novoselov who were awarded by the Nobel
Prize in Physics in 2010 via mechanical exfoliation with
adhesive tapes56. Graphene has unique electrical, chemi-
cal, optical, and mechanical properties, owing to its
unique structure; it has a large theoretical specific surface
area (2630 m2 g−1)55, high Young’s modulus (~1.0 TPa)65,
very high carrier mobility (200,000 cm2 V−1 s−1)83, high
light transmittance (~97.7% at wavelength of 550 nm)84,
and high thermal conductivity (~5000Wm−1 K−1)85.
Owing to these excellent material properties together with
biocompatibility, they have been actively applied to var-
ious applications including electronics, sensors, actuators,
photonics, optoelectronic devices, mechanical composite
materials, and biomedical devices.
A variety of graphene synthesis methods have been

studied and the research is being directed to scalable
mass-production of graphene for widespread industrial
applications. Early studies started with mechanical exfo-
liation56,68, epitaxial growth of silicon carbide86, and
chemical vapor deposition (CVD) on solid substrates
using gaseous hydrocarbons57,68. However, these synth-
esis methods listed above have a common limitation in
the production of large-area graphene, which is directly
associated with mass production. It is also accompanied
by disadvantages such as higher energy consumption and
a larger amount of chemical waste. As an alternative, the
generation of graphene layers through the photo-
reduction of graphene oxide (GO) and DLW of laser-
induced graphene (LIG) from carbon-based precursors
could be highly promising48.
Photo-reduction methods for GO for the efficient mass

production of graphene have received considerable
attention. GO is a good precursor for the synthesis of
rGO, a graphene-like material (Fig. 6b). Ultra-thin films of
GO can be deposited on any substrate through processes
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such as drop casting, spin coating, spray coating, and so
on14,87. GO is soluble in various solvents, mechanically
robust, chemically stable, and compatible with a wide
range of organic and inorganic materials. Most impor-
tantly, micro-patterning can be established over a large
area simply by tuning the laser parameters using a
reduction process, such as DLW, to convert the almost
transparent GO to opaque rGO with lower transparency
(Fig. 6b). GO is usually prepared according to ‘Hummers’
method’, with graphite-based chemical oxidation and
subsequent exfoliation in water with the aid of sonication,
as shown in Fig. 6b. Exfoliated sheets containing only one
or a few layers of carbon atoms, such as graphene, are
named GO sheets. To date, the detailed structure of GO is
still uncertain because the final structure differs depend-
ing on the synthesis method and the degree of oxidation.
However, the structural model proposed by Lerf and
Klinowski88 is widely known for representing single-layer
GO sheets. The carbon atom planes of the graphite oxide
are heavily decorated with oxygen-containing groups
(OCGs), such as hydroxyl groups, epoxy, and carboxyl
groups. The OCGs contained in GO make them electrical
insulators, which greatly limit their applications, especially
in electronics. The thermal or chemical reduction has
been applied to GO in the early days in order to remove
oxygen-containing groups to achieve graphene-like
structures; the resulting material is commonly referred

to as ‘rGO’49. The reduction using an aqueous solution of
hydrazine89, hydrogen plasma49, and rapid heating over
1000 °C have been reported for GO reduction. However,
these thermal and chemical reductions typically involve
high-temperature annealing (above 1000 °C) or the use of
toxic chemicals, resulting in high-energy waste or envir-
onmental contamination. Furthermore, these processes
lead directly to poor compatibility with the device man-
ufacturing process, especially for flexible/stretchable
substrates.
As an alternative, selective reduction technology of

GO using lasers has been introduced, and research
works on the laser patterning of electric circuits and
devices based on rGO are being actively conducted55. It
has distinct advantages, such as low cost, high design
flexibility, fast conversion process, tunable reduction,
and compatibility with flexible/stretchable substrates.
Various light sources can be used as energy sources for
the photoreduction of GO, but the lasers are the most
promising because of their high collimation degree,
small focused spot size, and high energy density. Com-
pared to photolithography, chemical synthesis or other
processes, this laser-based photo-reduction process is
much simpler and more flexible and allows for much
lower implementation costs without pre-designed
masks, corrosive chemical etching, and stringent envir-
onmental conditions. Therefore, this method is
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applicable to the fabrication of ultra-thin electronic
devices such as strain sensors, pressure sensors, elec-
tronic skins, supercapacitors, and photodetectors49.
One more promising alternative technology is DLW of

LIG by irradiating laser beams onto carbon-based pre-
cursors. In 2014, Tour et al.90 reported on a study of the
generation of porous LIG on polyimide (PI) films using a
mid-infrared (MIR) CO2 laser as the energy source. The
LIG generation mechanism is based on the instantaneous
temperature rise of carbon precursors to thousands of
degrees Celsius by the intense laser beam; this temperature
rise induces the dissociation of chemical bonds in the
carbon precursors. During this process, carbon molecules,
whose chemical bonds are temporarily broken, recombine
to form LIG, while gases of various compositions are
emitted simultaneously48. This phenomenon occurs in a
wide range of substances from commercial polymers to
natural materials, such as wood and leaves48. This phe-
nomenon occurs in a wide range of substances from
commercial polymers to natural materials, such as wood
and leaves47. Furthermore, bread and paper, which are
secondary processed products of natural materials, are also
rich in carbon, so they were confirmed to be able to utilized
for LIG synthesis and applications91,92. Although it is not
clear whether LIG produced via this process is single-
layered pristine graphene or not, it has properties that are
similar to those of graphene. At the same time, LIG is a
material that could be used in various ways owing to the
advantages of its simple and inexpensive synthesis process;
LIG does not require additional special chemicals or pro-
cesses for its synthesis. In addition, LIG can form carbon
electrodes through simple laser irradiation on carbon-
containing precursor materials for future integrated
electro-optical devices48. In the case of LIG, the chemical
composition differs slightly depending on the precursor
materials. It becomes generally porous because of the gas
generated in the process48,59,62,68,93–95. The porous struc-
ture of LIG can provide strong broadband optical absorp-
tion similar to the black paint composed of CNT tubes96.
In addition, LIG’s controlled porosity with the laser para-
meters enables us to control the optical phase delay, which
provides better optical efficiency, functionality, and con-
trollability to LIG optical devices. This porous morphology
could open an additional possibility with high value in
various semiconductors, electronics, and energy-storage
devices due to the potential in additional material doping,
functionalities, and better interaction with electolytes93.

Graphene: material/chemical characteristics
Graphene is a material that has attracted attention for

its unique chemical stability since its creation. Before the
discovery of graphene, it was known that 2D materials
were unstable and difficult to exist97, but after the dis-
covery of graphene, research on 2D materials exploded.

The chemical stability of graphene has been used as a
material for supercapacitors and various studies have been
conducted96. In addition, coating graphene on Surface-
enhanced Raman scattering (SERS) has developed into a
coating that prevents damage due to oxidation or corro-
sion98. This chemical inertness shows the prospect of
graphene as a material that can be utilized in extreme
environments.
Various methods have been studied to determine the

chemical composition of graphene. Raman spectroscopy is
one of the most reliable measurement methods for gra-
phene characterization; it determines the molecular struc-
ture by measuring the wavelength-shifted Raman scattering
spectra when the sample is excited by a continuous-wave
laser beam; the position and strength of Raman peaks
contains the information on the bonding status between
atoms99,100. Raman spectroscopy can be used to determine
the number of graphene layers, the degree of internal
defects in graphene, the orientation of the graphene sheet,
and so on99,100. A Raman spectrum of a monolayer gra-
phene (when laser excitation energy of 2.41 eV is used),
shows three peaks at 1350 cm−1, 1582 cm−1, and
2700 cm−1. The spectral Raman peaks at 1350 and
1582 cm−1 are called D and G peaks, respectively.
2700 cm−1 has a G’ band, which is also called a 2D-band, as
shown in Fig. 7.
The G band is affected by the sp2 carbon-carbon double

degeneracy mode within the graphene plane. This region
is commonly observed in graphitic materials62,99,100. The
other major band, G’ (also known as the 2D band), is the
2nd-order Raman peak induced by the breathing mode
within the graphene carbocyclic plane99,100. In the two
aforementioned cases, a Raman signal is generated by
carbon bonding and the honeycomb structure of gra-
phene. The D band is caused by phenomena such as non-
collinear scattering by phonons99,100. This band can
enable us to predict the graphene defects because it
occurs at the graphene edges or in the regions where the
lattice symmetry is empty or broken. By combining these
three factors, the composition of graphene can be
determined99,100.

Graphene: electrical properties
Among the advanced materials for the modern semi-

conductor and electronics industries, graphene has
attracted the broadest attention due to its unique elec-
trical properties58–62. A typical image of large-sized
pristine graphene is presented in Fig. 8a. This material
has a unique honeycomb structure created by atomic
bonding and exhibits various electrical properties due to
electron bias58,60,61,64. In a single graphene lattice, car-
bon lattice structures can be divided into two types, sub-
lattices A and B (Fig. 8)58,61,64,101. When the carbon
atoms share sp2 electrons with adjacent carbon atoms
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under certain conditions, an sp2 hybrid bond structure is
created, as shown in Fig. 8c. In this planar hexagonal
structure, the resulting bond occurs in the atom corre-
sponding to A in Fig. 8b58. In another form, this occurs
when two carbons are combined in a single-layer gra-
phene structure. In a single layer of pristine graphene
(where the graphene unit cells are chemically bonded),
the 2pz orbitals of all carbon atoms have sp2 orbits
perpendicular to the hybridization plane, which forms
delocalized π-bonds in the graphene plane of the same
layer, as shown in Fig. 8d64. In the case of the π-bond
caused by this unique structure, free electron movement
occurs in the existing plane58,60.

The graphene bandgap structure has two interception
points and two inequivalent points, K and K’. The diffu-
sion of electrons near these points resembles relativistic
Dirac electrons58,60,62,64,101; therefore, this point is known
as the ‘Dirac point’ (Fig. 8e, f). The valence and conduc-
tion bands degenerate at this point, so the graphene is
regarded as a zero-gap semiconductor58,60,62,64,101. The
potential difference between the two ends is perpendi-
cular to the direction of the magnetic field and current;
this exhibits unique carriers and excellent electrical
properties58–60,62. Therefore, the bandgap control of gra-
phene is important in the patterning of electromagnetic
devices58,60,101. The intrinsic carriers of graphene and
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applicable to the fabrication of ultra-thin electronic
devices such as strain sensors, pressure sensors, elec-
tronic skins, supercapacitors, and photodetectors49.
One more promising alternative technology is DLW of

LIG by irradiating laser beams onto carbon-based pre-
cursors. In 2014, Tour et al.90 reported on a study of the
generation of porous LIG on polyimide (PI) films using a
mid-infrared (MIR) CO2 laser as the energy source. The
LIG generation mechanism is based on the instantaneous
temperature rise of carbon precursors to thousands of
degrees Celsius by the intense laser beam; this temperature
rise induces the dissociation of chemical bonds in the
carbon precursors. During this process, carbon molecules,
whose chemical bonds are temporarily broken, recombine
to form LIG, while gases of various compositions are
emitted simultaneously48. This phenomenon occurs in a
wide range of substances from commercial polymers to
natural materials, such as wood and leaves48. This phe-
nomenon occurs in a wide range of substances from
commercial polymers to natural materials, such as wood
and leaves47. Furthermore, bread and paper, which are
secondary processed products of natural materials, are also
rich in carbon, so they were confirmed to be able to utilized
for LIG synthesis and applications91,92. Although it is not
clear whether LIG produced via this process is single-
layered pristine graphene or not, it has properties that are
similar to those of graphene. At the same time, LIG is a
material that could be used in various ways owing to the
advantages of its simple and inexpensive synthesis process;
LIG does not require additional special chemicals or pro-
cesses for its synthesis. In addition, LIG can form carbon
electrodes through simple laser irradiation on carbon-
containing precursor materials for future integrated
electro-optical devices48. In the case of LIG, the chemical
composition differs slightly depending on the precursor
materials. It becomes generally porous because of the gas
generated in the process48,59,62,68,93–95. The porous struc-
ture of LIG can provide strong broadband optical absorp-
tion similar to the black paint composed of CNT tubes96.
In addition, LIG’s controlled porosity with the laser para-
meters enables us to control the optical phase delay, which
provides better optical efficiency, functionality, and con-
trollability to LIG optical devices. This porous morphology
could open an additional possibility with high value in
various semiconductors, electronics, and energy-storage
devices due to the potential in additional material doping,
functionalities, and better interaction with electolytes93.

Graphene: material/chemical characteristics
Graphene is a material that has attracted attention for

its unique chemical stability since its creation. Before the
discovery of graphene, it was known that 2D materials
were unstable and difficult to exist97, but after the dis-
covery of graphene, research on 2D materials exploded.

The chemical stability of graphene has been used as a
material for supercapacitors and various studies have been
conducted96. In addition, coating graphene on Surface-
enhanced Raman scattering (SERS) has developed into a
coating that prevents damage due to oxidation or corro-
sion98. This chemical inertness shows the prospect of
graphene as a material that can be utilized in extreme
environments.
Various methods have been studied to determine the

chemical composition of graphene. Raman spectroscopy is
one of the most reliable measurement methods for gra-
phene characterization; it determines the molecular struc-
ture by measuring the wavelength-shifted Raman scattering
spectra when the sample is excited by a continuous-wave
laser beam; the position and strength of Raman peaks
contains the information on the bonding status between
atoms99,100. Raman spectroscopy can be used to determine
the number of graphene layers, the degree of internal
defects in graphene, the orientation of the graphene sheet,
and so on99,100. A Raman spectrum of a monolayer gra-
phene (when laser excitation energy of 2.41 eV is used),
shows three peaks at 1350 cm−1, 1582 cm−1, and
2700 cm−1. The spectral Raman peaks at 1350 and
1582 cm−1 are called D and G peaks, respectively.
2700 cm−1 has a G’ band, which is also called a 2D-band, as
shown in Fig. 7.
The G band is affected by the sp2 carbon-carbon double

degeneracy mode within the graphene plane. This region
is commonly observed in graphitic materials62,99,100. The
other major band, G’ (also known as the 2D band), is the
2nd-order Raman peak induced by the breathing mode
within the graphene carbocyclic plane99,100. In the two
aforementioned cases, a Raman signal is generated by
carbon bonding and the honeycomb structure of gra-
phene. The D band is caused by phenomena such as non-
collinear scattering by phonons99,100. This band can
enable us to predict the graphene defects because it
occurs at the graphene edges or in the regions where the
lattice symmetry is empty or broken. By combining these
three factors, the composition of graphene can be
determined99,100.

Graphene: electrical properties
Among the advanced materials for the modern semi-

conductor and electronics industries, graphene has
attracted the broadest attention due to its unique elec-
trical properties58–62. A typical image of large-sized
pristine graphene is presented in Fig. 8a. This material
has a unique honeycomb structure created by atomic
bonding and exhibits various electrical properties due to
electron bias58,60,61,64. In a single graphene lattice, car-
bon lattice structures can be divided into two types, sub-
lattices A and B (Fig. 8)58,61,64,101. When the carbon
atoms share sp2 electrons with adjacent carbon atoms

Lee et al. Light: Science & Applications ���������(2023)�12:146� Page 13 of 33

under certain conditions, an sp2 hybrid bond structure is
created, as shown in Fig. 8c. In this planar hexagonal
structure, the resulting bond occurs in the atom corre-
sponding to A in Fig. 8b58. In another form, this occurs
when two carbons are combined in a single-layer gra-
phene structure. In a single layer of pristine graphene
(where the graphene unit cells are chemically bonded),
the 2pz orbitals of all carbon atoms have sp2 orbits
perpendicular to the hybridization plane, which forms
delocalized π-bonds in the graphene plane of the same
layer, as shown in Fig. 8d64. In the case of the π-bond
caused by this unique structure, free electron movement
occurs in the existing plane58,60.

The graphene bandgap structure has two interception
points and two inequivalent points, K and K’. The diffu-
sion of electrons near these points resembles relativistic
Dirac electrons58,60,62,64,101; therefore, this point is known
as the ‘Dirac point’ (Fig. 8e, f). The valence and conduc-
tion bands degenerate at this point, so the graphene is
regarded as a zero-gap semiconductor58,60,62,64,101. The
potential difference between the two ends is perpendi-
cular to the direction of the magnetic field and current;
this exhibits unique carriers and excellent electrical
properties58–60,62. Therefore, the bandgap control of gra-
phene is important in the patterning of electromagnetic
devices58,60,101. The intrinsic carriers of graphene and
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massless Dirac–Fermi properties lead to the Hall effect
and an unusual quantum Hall effect when electric current
flows through a conductor perpendicular to an external
magnetic field58.

Graphene: mechanical properties
Due to the strong carbon bonds, graphene provides

excellent mechanical properties. However, the measure-
ment of graphene’s mechanical properties is challenging
due to its thin cross-section65,66. The inelastic properties
of 2D materials including graphene are known to be
sensitive to internal defects and deformations (e.g., fold-
ing, bending, etc.) inside the crystal. The theoretical
strength of this material without any defects is presented
in Table 359,102.
To determine the mechanical properties of graphene,

various studies have been conducted65,66; Fig.
9a65,66,103,104 shows a representative method using an
atomic force microscope (AFM). The graphene flake
suspended on the Si membrane was pressed by the
pointed tip of the AFM cantilever65. Similarly, the frac-
ture toughness was measured while increasing the pres-
sure to the tip after placing graphene on a prefabricated
suspension microdevice, as shown in Fig. 9b. The
nanoindentation test also provided useful data, as shown
in Fig. 9c. The resulting mechanical properties can be
summarized to Young’s modulus of 1.0 TPa, breaking
strength of 130 GPa, and elastic modulus of 0.25 TPa65.
To compare the properties of graphene with those of
traditional materials, Young’s modulus chart based on
density is shown in Fig. 9d (both axes are in log scale;
graphene density was set to 2200 kg m−3.) Compared to
general metals or ceramics, graphene has a lower density
with higher Young’s modulus. Owing to these excellent
mechanical properties, graphene can be applied to var-
ious mechanical applications where lightweight and
mechanical reliability are important59,63–66.

Graphene: optical characteristics
Graphene has also attracted attention in flat panel

display and transparent electrode industries owing to its
unusual electrical conductivity and optical transmit-
tance64,67–70. To utilize graphene in display industries,
research has been conducted to understand its optical
properties68,105. Figure 10a, b presents the optical
configuration of spectroscopic ellipsometry for mea-
suring the optical properties of graphene in a non-
destructive manner69. Graphene’s complex reflective
index was measured as shown in Fig. 10c69. Figure 10d
shows the simulation results for graphene’s absorption
spectrum in the floating state, which has been presented
in a series of papers69. General graphene was revealed
to have strong absorption in the ultraviolet (UV) region;
therefore, transmission-type displays or optical devices
at short UV wavelength regimes are not well-suited to
graphene. Graphene’s optical properties are also
strongly dependent on the patterning method, as pre-
sented in Fig. 10e. The pristine graphene
(graphene produced by exfoliation), CVD graphene,
chemically modified graphene (RGO/CMG), rGO and
synthetic growth could provide different levels of
transmittance70.
During the photoreduction from GO to rGO, the

optical properties (transmittance, reflectance, absorp-
tance, and refractive index) significantly change, along
with the electrical properties. For example, the
absorption coefficient changes from 200% to 300%
under the photoreduction over a wide wavelength
range from the UV to NIR owing to changes in the
surface morphology, interlayer spacing, and chemical
composition106. The photoreduction leads to a high
refractive index modulation (Δn) of ∼0.8, being much
larger than that of conventional optical materials; this
results in a phase lag of more than π between GO and
rGO, even at ultra-thin sub-μm thickness87. A thick

Table 3 Linearly elastic properties of monolayer graphene predicted based on first principles and empirical potential
calculations. Adapted with permission from ref. 59, Elsevier

Method 2D Young’s modulus Y2D (Nm−1) Poisson’s ratio Biaxial modulus (N m−1) Bending modulus Dm (eV) Gaussian modulus DG(eV)

DFT 345 0.149 406 1.49 –

DFT 348 0.169 419 – –

DF-TB – – – 1.61 −0.7

DFT – – – 1.44 −1.52

REBO-1 236 0.412 401 0.83 –

REBO-2 243 0.397 403 1.41 –

AIREBO 279 0.357 434 1.56 –

REBO-LB 349 0.132 402 – –

LCBOPII 343 0.156 406 ∼1.1 –
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layer of LIG is opaque in most visible light regions
because of the color of the carbonized material and the
porous surface morphology. In the case of LIG pat-
terned with a CW laser, the grooves are generated
depending on the laser irradiation direction; the for-
mation of such grooves causes optical anisotropy on
the surface of the LIG.

Graphene: photon-material interaction in graphene
formation and optical propertie change
The unique advantages of the laser process, such as

reliability, conformability, low cost, and design flexibility,
and the selective energy delivery of the laser are founda-
tional technologies that have enabled patterning of
graphene-based materials. The photon energy of the laser
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massless Dirac–Fermi properties lead to the Hall effect
and an unusual quantum Hall effect when electric current
flows through a conductor perpendicular to an external
magnetic field58.

Graphene: mechanical properties
Due to the strong carbon bonds, graphene provides

excellent mechanical properties. However, the measure-
ment of graphene’s mechanical properties is challenging
due to its thin cross-section65,66. The inelastic properties
of 2D materials including graphene are known to be
sensitive to internal defects and deformations (e.g., fold-
ing, bending, etc.) inside the crystal. The theoretical
strength of this material without any defects is presented
in Table 359,102.
To determine the mechanical properties of graphene,

various studies have been conducted65,66; Fig.
9a65,66,103,104 shows a representative method using an
atomic force microscope (AFM). The graphene flake
suspended on the Si membrane was pressed by the
pointed tip of the AFM cantilever65. Similarly, the frac-
ture toughness was measured while increasing the pres-
sure to the tip after placing graphene on a prefabricated
suspension microdevice, as shown in Fig. 9b. The
nanoindentation test also provided useful data, as shown
in Fig. 9c. The resulting mechanical properties can be
summarized to Young’s modulus of 1.0 TPa, breaking
strength of 130 GPa, and elastic modulus of 0.25 TPa65.
To compare the properties of graphene with those of
traditional materials, Young’s modulus chart based on
density is shown in Fig. 9d (both axes are in log scale;
graphene density was set to 2200 kg m−3.) Compared to
general metals or ceramics, graphene has a lower density
with higher Young’s modulus. Owing to these excellent
mechanical properties, graphene can be applied to var-
ious mechanical applications where lightweight and
mechanical reliability are important59,63–66.

Graphene: optical characteristics
Graphene has also attracted attention in flat panel

display and transparent electrode industries owing to its
unusual electrical conductivity and optical transmit-
tance64,67–70. To utilize graphene in display industries,
research has been conducted to understand its optical
properties68,105. Figure 10a, b presents the optical
configuration of spectroscopic ellipsometry for mea-
suring the optical properties of graphene in a non-
destructive manner69. Graphene’s complex reflective
index was measured as shown in Fig. 10c69. Figure 10d
shows the simulation results for graphene’s absorption
spectrum in the floating state, which has been presented
in a series of papers69. General graphene was revealed
to have strong absorption in the ultraviolet (UV) region;
therefore, transmission-type displays or optical devices
at short UV wavelength regimes are not well-suited to
graphene. Graphene’s optical properties are also
strongly dependent on the patterning method, as pre-
sented in Fig. 10e. The pristine graphene
(graphene produced by exfoliation), CVD graphene,
chemically modified graphene (RGO/CMG), rGO and
synthetic growth could provide different levels of
transmittance70.
During the photoreduction from GO to rGO, the

optical properties (transmittance, reflectance, absorp-
tance, and refractive index) significantly change, along
with the electrical properties. For example, the
absorption coefficient changes from 200% to 300%
under the photoreduction over a wide wavelength
range from the UV to NIR owing to changes in the
surface morphology, interlayer spacing, and chemical
composition106. The photoreduction leads to a high
refractive index modulation (Δn) of ∼0.8, being much
larger than that of conventional optical materials; this
results in a phase lag of more than π between GO and
rGO, even at ultra-thin sub-μm thickness87. A thick

Table 3 Linearly elastic properties of monolayer graphene predicted based on first principles and empirical potential
calculations. Adapted with permission from ref. 59, Elsevier

Method 2D Young’s modulus Y2D (Nm−1) Poisson’s ratio Biaxial modulus (N m−1) Bending modulus Dm (eV) Gaussian modulus DG(eV)

DFT 345 0.149 406 1.49 –

DFT 348 0.169 419 – –

DF-TB – – – 1.61 −0.7

DFT – – – 1.44 −1.52

REBO-1 236 0.412 401 0.83 –

REBO-2 243 0.397 403 1.41 –

AIREBO 279 0.357 434 1.56 –

REBO-LB 349 0.132 402 – –

LCBOPII 343 0.156 406 ∼1.1 –
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layer of LIG is opaque in most visible light regions
because of the color of the carbonized material and the
porous surface morphology. In the case of LIG pat-
terned with a CW laser, the grooves are generated
depending on the laser irradiation direction; the for-
mation of such grooves causes optical anisotropy on
the surface of the LIG.

Graphene: photon-material interaction in graphene
formation and optical propertie change
The unique advantages of the laser process, such as

reliability, conformability, low cost, and design flexibility,
and the selective energy delivery of the laser are founda-
tional technologies that have enabled patterning of
graphene-based materials. The photon energy of the laser
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incident on the target carbon precursor is converted into
thermal energy through interaction with the precursor
material. The resulting thermal energy induces carboni-
zation, exfoliation, photoreduction reactions therein,
which are the main causes of the LIG formation and
reduction of GO. The energy irradiated to the precursor
material generates a high local temperature, which breaks
the C=O, C–O, and N–C bonds of the precursor
material to induce the carbon rearrangement48.
In the photoreduction of GO, various factors must be

simultaneously considered. Compared to other reduction
methods, photoreduction facilitates the formation of
micro-nanostructures and the modulation of the chemical
composition simultaneously. GO samples can be exposed
to photon energy in numerous ways.107 In the case of
DLW process, the patterning can be performed by directly
irradiating the laser beam onto a GO-coated substrate or
the carbon precursor substrate in the atmosphere, as
shown in Fig. 11a14,90. The laser parameters, such as the

operating wavelength, average power, and pulse duration,
can be readily tuned (Fig. 11b–e)14,16,50,54,90. Therefore,
in-depth understanding of the important laser parameters
and their impact on the resulting electrical, optical and
mechanical performances can provide deeper insight into
micro-optical fabrication based on DLW. This section is
about the photon-material interaction, which will be split
into three sub-sections: wavelength, power, and pulse
duration; these will be described in detail in the following
subsections.

Laser wavelength
The operating wavelength of the laser is an important

parameter in laser patterning16,48,50,54. Light is reflected,
transmitted, or absorbed when a laser strikes the target
material. In general laser processing, a wavelength with a
high absorption rate must be used with the target material
because it is necessary to achieve efficient interaction
between the material and incident photons. Using a laser
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with a high absorption wavelength for the target material
results in high efficiency and low energy wastage during
processing. The material absorbance versus wavelength
for a few-layered GO (FGO) with a thickness of
approximately 100 nm to 300 nm and a hydrazine vapor-
reduced GO with a thickness of less than 20 nm are
presented in Fig. 11c. All three samples exhibited broad
absorption bands with pronounced absorption in the UV-
region. The absorption peak of GO was observed at
227 nm. Therefore, in the reduction process, the UV light
source can be considered to be the light source that most
efficiently induces the reduction of rGO. In general, the
reduction of GO using laser sources with wavelengths
shorter than 390 nm is primarily a photochemical process.
It has been reported that the photothermal effect is
dominant for GO reduction using lasers with wavelengths
longer than 390 nm49. The laser reduction must account
for both photothermal and photochemical effects owing
to the presence of nonlinear effects, including the two- or
multiple-photon absorption associated with intense
ultrafast laser pulses and other phenomena, such as laser-
induced thermal relaxation. In addition to the efficiency of
material processing, the operating wavelength determines
the focal size, which determines the ultimate patterning
resolution. The focused spot size or beam waist ωo of an
input Gaussian beam with beam diameter D and wave-
length λ, can be expressed as ωo= (2fλ)⁄(πD) after passing
through a telecentric lens with focal length f. Given that
the focused spot size is proportional to the wavelength
owing to the optical diffraction limit, shorter-wavelength
laser sources should be considered for high-resolution
patterning108.

Average power and peak intensity
Lasers are the most widely used light sources in PDL

patterning. The laser intensity, defined as the laser power
per unit area, is closely related to the patterning
throughput48. Figure 11b shows the correlation between
the laser parameters of the pulse laser and the resulting
patterning effects14. Figure 11c shows the absorbance of
few-layer graphene, GO, and rGO. These results show
that rGO has a higher light absorption at higher laser
intensity levels. The atomic percentage and sheet resis-
tance of LIG patterned on a polyimide (PI) film were
measured with regard to the input laser power, as shown
in Fig. 11d. In the case of the PI film, a sharp increase in
the carbon ratio (∼97%) and a decrease in the oxygen and
nitrogen specific gravity were observed. Figure 11e shows
the correlation between the laser parameters (peak
intensity and wavelength) of the laser and different GO
patterning regimes. Although higher peak intensities
could elaborate the photoreduction process, it should be
noted that the excessive power might result in unexpected
ablation or direct removal of the GO14,54.

Pulse duration
The laser operation mode can be divided into con-

tinuous wave (CW) and pulsed modes in the time domain.
The energy emission of a CW laser is constant regardless
of time. A pulsed laser emits the photon energy at a fixed
repetition rate for a set duration. These pulse durations
vary from milliseconds to femtoseconds depending on the
laser type. When ultra-short laser pulses, less than a few
ps, is used for the patterning, LIG or rGO can be pat-
terned with a high spatial resolution with a small heat-
affected zone (HAZ)48,81,82. Therefore, to increase the
spatial resolution of the LIG patterning or rGO formation,
ultrafast lasers with a shorter pulse duration is preferred.
In addition, the pulse-to-pulse time spacing (the inverse
of repetition rate) determines which phenomenon is more
dominant from photochemical and photothermal reac-
tions. The correlation between femtosecond pulses and
the photothermal response is presented in Fig. 11b.

Optical properties of rGO and LIGs
Extensive studies on the electrical properties of LIG and

rGO have been made for electronic applications (e.g., var-
ious electrical sensors, printed circuit boards, and energy
storage devices)109; however, there have been limited
research works on the optical properties of LIG/rGO. To
achieve high optical performances of PDLs made of rGO
and LIG, an in-depth understanding of the surface mor-
phology, structural porosity, light transmittance, and phase
retardation generated by different laser parameters is
essential. In the following section, we describe the actual
transmittance measurement data of LIG/rGO obtained
based on experiments and the morphology of rGO and LIG
surfaces, which are factors that affect optical performance14.

Parametric studies on the optical characteristics
The linewidth and transmittance are the most impor-

tant two output parameters in the patterning of micro
PDL. Although laser processing has several key input
parameters as presented earlier, the average power,
intensity, and pulse interval are generally controlled
because the laser wavelength is difficult to change.
Figure 12a shows the linewidth and transmittance pro-
duced at different repetition rates and pulse energies for
the same scan rate of 100mm s−1 14. A gradual increase in
linewidth is observed for higher repetition rates and pulse
energies. This is because excess energy above the photo-
reduction threshold causes heat accumulation, which can
be viewed as a heat-affected zone (HAZ), resulting in an
increase in the linewidth. Figure 12b shows a gradual
increase in linewidth from a pristine GO state to a fully
ablated state when the repetition rate increases at a con-
stant pulse energy of 0.48 μJ14. A similar trend was
reported for graphene ablation with increasing laser
fluences51. Figure 12b shows the photographs of laser-
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incident on the target carbon precursor is converted into
thermal energy through interaction with the precursor
material. The resulting thermal energy induces carboni-
zation, exfoliation, photoreduction reactions therein,
which are the main causes of the LIG formation and
reduction of GO. The energy irradiated to the precursor
material generates a high local temperature, which breaks
the C=O, C–O, and N–C bonds of the precursor
material to induce the carbon rearrangement48.
In the photoreduction of GO, various factors must be

simultaneously considered. Compared to other reduction
methods, photoreduction facilitates the formation of
micro-nanostructures and the modulation of the chemical
composition simultaneously. GO samples can be exposed
to photon energy in numerous ways.107 In the case of
DLW process, the patterning can be performed by directly
irradiating the laser beam onto a GO-coated substrate or
the carbon precursor substrate in the atmosphere, as
shown in Fig. 11a14,90. The laser parameters, such as the

operating wavelength, average power, and pulse duration,
can be readily tuned (Fig. 11b–e)14,16,50,54,90. Therefore,
in-depth understanding of the important laser parameters
and their impact on the resulting electrical, optical and
mechanical performances can provide deeper insight into
micro-optical fabrication based on DLW. This section is
about the photon-material interaction, which will be split
into three sub-sections: wavelength, power, and pulse
duration; these will be described in detail in the following
subsections.

Laser wavelength
The operating wavelength of the laser is an important

parameter in laser patterning16,48,50,54. Light is reflected,
transmitted, or absorbed when a laser strikes the target
material. In general laser processing, a wavelength with a
high absorption rate must be used with the target material
because it is necessary to achieve efficient interaction
between the material and incident photons. Using a laser
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with a high absorption wavelength for the target material
results in high efficiency and low energy wastage during
processing. The material absorbance versus wavelength
for a few-layered GO (FGO) with a thickness of
approximately 100 nm to 300 nm and a hydrazine vapor-
reduced GO with a thickness of less than 20 nm are
presented in Fig. 11c. All three samples exhibited broad
absorption bands with pronounced absorption in the UV-
region. The absorption peak of GO was observed at
227 nm. Therefore, in the reduction process, the UV light
source can be considered to be the light source that most
efficiently induces the reduction of rGO. In general, the
reduction of GO using laser sources with wavelengths
shorter than 390 nm is primarily a photochemical process.
It has been reported that the photothermal effect is
dominant for GO reduction using lasers with wavelengths
longer than 390 nm49. The laser reduction must account
for both photothermal and photochemical effects owing
to the presence of nonlinear effects, including the two- or
multiple-photon absorption associated with intense
ultrafast laser pulses and other phenomena, such as laser-
induced thermal relaxation. In addition to the efficiency of
material processing, the operating wavelength determines
the focal size, which determines the ultimate patterning
resolution. The focused spot size or beam waist ωo of an
input Gaussian beam with beam diameter D and wave-
length λ, can be expressed as ωo= (2fλ)⁄(πD) after passing
through a telecentric lens with focal length f. Given that
the focused spot size is proportional to the wavelength
owing to the optical diffraction limit, shorter-wavelength
laser sources should be considered for high-resolution
patterning108.

Average power and peak intensity
Lasers are the most widely used light sources in PDL

patterning. The laser intensity, defined as the laser power
per unit area, is closely related to the patterning
throughput48. Figure 11b shows the correlation between
the laser parameters of the pulse laser and the resulting
patterning effects14. Figure 11c shows the absorbance of
few-layer graphene, GO, and rGO. These results show
that rGO has a higher light absorption at higher laser
intensity levels. The atomic percentage and sheet resis-
tance of LIG patterned on a polyimide (PI) film were
measured with regard to the input laser power, as shown
in Fig. 11d. In the case of the PI film, a sharp increase in
the carbon ratio (∼97%) and a decrease in the oxygen and
nitrogen specific gravity were observed. Figure 11e shows
the correlation between the laser parameters (peak
intensity and wavelength) of the laser and different GO
patterning regimes. Although higher peak intensities
could elaborate the photoreduction process, it should be
noted that the excessive power might result in unexpected
ablation or direct removal of the GO14,54.

Pulse duration
The laser operation mode can be divided into con-

tinuous wave (CW) and pulsed modes in the time domain.
The energy emission of a CW laser is constant regardless
of time. A pulsed laser emits the photon energy at a fixed
repetition rate for a set duration. These pulse durations
vary from milliseconds to femtoseconds depending on the
laser type. When ultra-short laser pulses, less than a few
ps, is used for the patterning, LIG or rGO can be pat-
terned with a high spatial resolution with a small heat-
affected zone (HAZ)48,81,82. Therefore, to increase the
spatial resolution of the LIG patterning or rGO formation,
ultrafast lasers with a shorter pulse duration is preferred.
In addition, the pulse-to-pulse time spacing (the inverse
of repetition rate) determines which phenomenon is more
dominant from photochemical and photothermal reac-
tions. The correlation between femtosecond pulses and
the photothermal response is presented in Fig. 11b.

Optical properties of rGO and LIGs
Extensive studies on the electrical properties of LIG and

rGO have been made for electronic applications (e.g., var-
ious electrical sensors, printed circuit boards, and energy
storage devices)109; however, there have been limited
research works on the optical properties of LIG/rGO. To
achieve high optical performances of PDLs made of rGO
and LIG, an in-depth understanding of the surface mor-
phology, structural porosity, light transmittance, and phase
retardation generated by different laser parameters is
essential. In the following section, we describe the actual
transmittance measurement data of LIG/rGO obtained
based on experiments and the morphology of rGO and LIG
surfaces, which are factors that affect optical performance14.

Parametric studies on the optical characteristics
The linewidth and transmittance are the most impor-

tant two output parameters in the patterning of micro
PDL. Although laser processing has several key input
parameters as presented earlier, the average power,
intensity, and pulse interval are generally controlled
because the laser wavelength is difficult to change.
Figure 12a shows the linewidth and transmittance pro-
duced at different repetition rates and pulse energies for
the same scan rate of 100mm s−1 14. A gradual increase in
linewidth is observed for higher repetition rates and pulse
energies. This is because excess energy above the photo-
reduction threshold causes heat accumulation, which can
be viewed as a heat-affected zone (HAZ), resulting in an
increase in the linewidth. Figure 12b shows a gradual
increase in linewidth from a pristine GO state to a fully
ablated state when the repetition rate increases at a con-
stant pulse energy of 0.48 μJ14. A similar trend was
reported for graphene ablation with increasing laser
fluences51. Figure 12b shows the photographs of laser-
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patterned GO after the DLW process at various repetition
rates and average powers. The yellow-colored upper left
side represents the area where no visual change was
observed; the section progressively changes to orange-

colored photoreduction regime; a combination of photo-
reduction and ablation appears as the light brown area;
then, finally converges to the ablation regime with the
dark brown area at the bottom right side.

a

b

 c

 d

500
250
125
62.5

31.25

500
250

R
ep

et
iti

on
 ra

te
(k

H
z)

125
62.5

31.25
20 40 60 80 100

Data point

0 5 10 15 20 25 30 35 40

iiii
ii

v

iv

45 50 55 60 65
Linewidth (um)

R
ep

et
iti

on
 ra

te
 

(k
H

z)

R
ep

et
iti

on
 ra

te
 (k

H
z)

Ab
so

rb
an

ce
 (a

.u
.)

Pulse energy (μj) 0.12 0.20 0.32 0.48 0.64 0.96

50 μm

No change Photoreduction Photoreduction
& ablation

Ablation
50 μm

i ii

iii iii

iv

iii iv v

Average power (mW)

500

250

125

62.5

31.25
20

1.0

0.8

0.6

0.4

0.2

0.0
400 450 500 550 600 650 700 750 800

40 60 80
Average Power (mw)

Wavelength (nm)

100 120

GO
rGO 500 kHz,

rGO 500 kHz,

rGO 50 kHz,

rGO 50 kHz,

40 nJ

20 nJ

60 nJ

16 nJ

31

34

32

19

64 89 89 89 89 89 89 8989898989

22 66 89 89 89 89 89 89 89 8989

7 3 1 1 10 60 77 77 77 77 77

28 6 4 3 3 6 25 25 33 44 55

11 6 4 3 11 11 20 22 22 26 39 Transmittance (%)

100 Ablation
90
80
70
60
50
40 36
30
20
10
0 Photoreduction

GO film
(without

reduction)
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Depending on the laser parameters, the transmittance
DLW GO can start from 36%, which is the transmittance of
the pristine GO, moves up to 89% by rGO formation, and
also moves down to 1% by laser ablation, as shown in
Fig. 12c110. This transmittance can be explained by four
cases in conjunction with Fig. 12b. Firstly, when the laser
power was lower than the reduction threshold of GO, no
photo-reduction occurs. Secondly, when the power was
higher than the reduction threshold, a sudden decrease in
the transmittance is observed. Thirdly, when the power
further increases, the reduction continues and ablation starts
to work. Finally, when the ablation process was dominant at
the highest power level, both GO and rGO are removed
from the sample, resulting in an increase in the transmit-
tance. The absorbance of the rGO was determined by both
the pulse energy and pulse repetition rate (Fig. 12d). Based
on this in-depth understanding, digital optical patterning at
different patterning regimes (phase-changing photo-
reduction regime, transmittance-changing photo-reduction
regime, and material ablation regime) can be realized.

Surface morphology of the photo-reduced GO
The degree of conversion (from GO to rGO; carbon

precursors to LIG), the thickness of the converted mate-
rial are important factors in the laser patterning of PDL.
The thickness and surface morphology of the material

significantly affect its optical properties. The photo-
reduction of GO can be classified into three regions: the
growth region, the transition region, and the etch region.
The graphene film thickness decreases with increasing
average laser power as shown in Fig. 13a, b14,87. At a low
power, a relatively large increase in height was observed.
The morphology of GO changes into a loosely stacked
structure, and the height tends to increase. When the
power increases, the etching reaction starts to work and
the height gradually decreases. The transition regime
shows complex reactions14,87. When the laser power
exceeds the threshold, it enters the full etching region. In
this regime, the oxygen and carbon present in the GO
layer are entirely etched to the gas form. Characteristic
surface morphologies, Raman spectra, light transmittance,
reflectance, and electrical properties are presented in
Fig. 13a, b. Therefore, the GO or rGO properties can be
simply tuned by changing the key laser parameters.

Graphene-based ultra-thin flat optics: design and
patterning
Design, patterning, and characterization of Fresnel zone
plates (FZPs)
FZP patterning and characterization
Diffractive binary FZPs consist of a set of concentric

rings or line with alternative nontransparent zones that
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patterned GO after the DLW process at various repetition
rates and average powers. The yellow-colored upper left
side represents the area where no visual change was
observed; the section progressively changes to orange-

colored photoreduction regime; a combination of photo-
reduction and ablation appears as the light brown area;
then, finally converges to the ablation regime with the
dark brown area at the bottom right side.
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Depending on the laser parameters, the transmittance
DLW GO can start from 36%, which is the transmittance of
the pristine GO, moves up to 89% by rGO formation, and
also moves down to 1% by laser ablation, as shown in
Fig. 12c110. This transmittance can be explained by four
cases in conjunction with Fig. 12b. Firstly, when the laser
power was lower than the reduction threshold of GO, no
photo-reduction occurs. Secondly, when the power was
higher than the reduction threshold, a sudden decrease in
the transmittance is observed. Thirdly, when the power
further increases, the reduction continues and ablation starts
to work. Finally, when the ablation process was dominant at
the highest power level, both GO and rGO are removed
from the sample, resulting in an increase in the transmit-
tance. The absorbance of the rGO was determined by both
the pulse energy and pulse repetition rate (Fig. 12d). Based
on this in-depth understanding, digital optical patterning at
different patterning regimes (phase-changing photo-
reduction regime, transmittance-changing photo-reduction
regime, and material ablation regime) can be realized.

Surface morphology of the photo-reduced GO
The degree of conversion (from GO to rGO; carbon

precursors to LIG), the thickness of the converted mate-
rial are important factors in the laser patterning of PDL.
The thickness and surface morphology of the material

significantly affect its optical properties. The photo-
reduction of GO can be classified into three regions: the
growth region, the transition region, and the etch region.
The graphene film thickness decreases with increasing
average laser power as shown in Fig. 13a, b14,87. At a low
power, a relatively large increase in height was observed.
The morphology of GO changes into a loosely stacked
structure, and the height tends to increase. When the
power increases, the etching reaction starts to work and
the height gradually decreases. The transition regime
shows complex reactions14,87. When the laser power
exceeds the threshold, it enters the full etching region. In
this regime, the oxygen and carbon present in the GO
layer are entirely etched to the gas form. Characteristic
surface morphologies, Raman spectra, light transmittance,
reflectance, and electrical properties are presented in
Fig. 13a, b. Therefore, the GO or rGO properties can be
simply tuned by changing the key laser parameters.

Graphene-based ultra-thin flat optics: design and
patterning
Design, patterning, and characterization of Fresnel zone
plates (FZPs)
FZP patterning and characterization
Diffractive binary FZPs consist of a set of concentric

rings or line with alternative nontransparent zones that
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diffract the incident light to produce constructive
interference at a focal point3,8,14,53. Figure 14a shows the
operational test experimental setup of the diffraction
binary FZP. The measurement results of the fabricated
1D and 2D FZP are shown in Fig. 14b, c. Microscale
FZPs are usually manufactured using a lithography
process by etching the FZP pattern on a metal film. A
new FZP fabrication method involving the photo-
reduction of rGO from GO using femtosecond laser
direct writing (FsLDW) has been recently reported8,14.
The optical difference was optimized using several laser
parameters (average power, repetition rate, and writing
speed). For high flexibility and stretchability, the FZP
was transferred from the GO/rGO substrate to PDMS
films. This facilitates mechanical deformations such as
rolling, twisting, and bending, while preserving its
optical characteristics. Table 4 provides a summary of
related studies on various FZP manufacturing methods
and their performances.

Tunable photoreduction of diffractive optics and the
resulting optical performance
A binary 2D FZP can be manufactured in three different

fabrication regimes14: (1) non-thermal photoreduction
(NTPR) fabrication, (2) thermal photoreduction (TPR)
fabrication, and (3) a combination of photoreduction and
ablation (PR/ABL). Using these three regimes, 2D FZPs
were fabricated individually with a focal length of 15 mm,
and the optical properties are shown in Fig. 14d-1. For the
NTPR regime, the repetition rate was fixed at 50 kHz
owing to the lower thermal effect of the photochemical
reduction. The lower heat accumulation resulted in a low
penetration depth of rGO into the GO thin film
(Fig. 14d-2). In the TPR regime, the repetition rate was
500 kHz for the combination of photochemical and pho-
tothermal reduction, resulting in a high penetration depth
of the rGO layers (Fig. 14d-3). Finally, the repetition rate
of the fs laser was optimized to simultaneously cause
photoreduction and ablation. The z-axis and FWHM data

were acquired using the system shown in Fig. 14e. For the
case of transmittance, the NTPR regime exhibited the
highest value of 40.7%, followed by PR/ABL and TPR
regimes with values of 36.6% and 24.1%, respectively. The
transmittance differences between GO and rGO were
evaluated at 61.7%, 31.5%, and 11.2% for PR/ABL, TPR,
and NTPR, respectively. Three representative optical
performances (focusing efficiency, focal spot size, and
signal-to-noise ratio (SNR)) are evaluated in Fig. 14f. The
spot size (FWHM) was evaluated at 12.2 μm, 13.2 μm, and
12.0 μm for the NTPR, TPR, and PR/ABL, respectively.
The depth of focus (DOF) was recorded at 1.39 mm,
1.89 mm, and 1.77 mm for the NTPR, TPR, and PR/ABL,
respectively. The shortest DOF of the NTPR regime was
induced by a low transmission contrast. In addition, the
peak intensity was 48% (NTPR) and 78% (TPR) of the PR/
ABL regime. In summary, PR/ABL exhibits the smallest
focal size, widest DOF, and highest focusing efficiency.
This is mainly owing to the high ratio of the transmittance
difference between the patterned and ablated areas. A
plain FZP has the form of a binary layer, in which light
diffracts around the border of an opaque region, causing
the diffracted light at the focal point to interfere con-
structively. Therefore, it is designed to have opaque and
transparent rings. The binary form of FZPs reduces design
flexibility because there are only two design parameters:
blocking or transmitting light. In this respect, rGO pho-
toreduction using a laser is potentially a promising
countermeasure for micro-optics that can realize multi-
step optical properties, such as phase and transmittance,
without a complex photolithography process. Figure 14e
presents the transformation of a multi-level FZP into a
stepped shape with multiple steps, corresponding to a
continuous sinusoidal profile for fabrication. The gradual
control of optical transmittance is important in multi-
level FZPs, as the transmittance step increases and tran-
sitions to a sine wave with a suitable shape. Figure 14f
shows the photos of the patterned FZPs for different
transmittance steps. We can confirm that the ultra-thin

Table 4 A summary of various FZP fabrication methods and their optical performances

Lens type Reference FZP preparation

Thickness Diameter Process Materials

Zone-plate Di Fabrizio et al.46 1.3 μm 5000 μm Electron-beam lithography Silicon nitride & Nickel

Rogers et al.39 0.1 μm 40 μm Ion-bema milling Aluminum

Kong et al.18 <0.005 μm 100 μm Photo lithography Graphene

Li et al.53 10 μm Approx. 650 μm Lithography Carbon nanotube

Zheng et al.16 0.28 μm Approx. 8 μm FsDLW with adaptive optics & 3D stage Graphene oxide

Low et al.14 0.9 μm 656 μm FsDLW with Galvano scanner Graphene oxide
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micro-diffraction lens with multi-level transmittance or
phase profile has an optical performance similar to that of
conventional refractive optical devices. This shows that
this technology is a potential alternative to traditional
refractive optics.

Patterning of flexible/stretchable 1D graphene diffraction
gratings
Optical diffraction gratings have a periodical change of

amplitude or phase7,14,15. They can be used in a wide
range of applications, such as beam steering, switching,
beam shaping, and spectral shaping. Planar and curved
dielectrics or metals with periodic structures function as
optical gratings. Recently, optical gratings patterned with
a variety of methods for LIG and GO/rGO have been
introduced. Figure 15a introduces a transmission-type
optical grating on a flexible substrate, which was created
by femtosecond laser direct writing on a GO-coated
PDMS thin-film15. By combining the relatively large
coefficient of thermal expansion (CTE) of the PDMS
substrate and the low CTE of the GO/rGO layer, an
intriguing grating was developed that allows the user to
actively control the bending. This device is advantageous
in that the geometric grating interval can be adjusted

owing to its unique bending structure. (See Fig. 15b)
Based on these results, LIG or GO/rGO devices could
implement multiple gratings with ease. The rGO optical
gratings can also be produced using a soft lithography
duplication process7; Fig. 15c shows an optical grating
fabricated thereby. The resulting reflective grating pre-
sents the performances as shown in Fig. 15d.

Patterning of plasmonic graphene nano/microstructures
Metal nanostructures with various geometries generate

surface plasmon resonance (SPR) in response to specific
optical frequencies7,111,112. This metallic shape acts as a
local antenna that can control several aspects of the
interacting electromagnetic waves, including the ampli-
tude, polarization, refraction, and changes in the direc-
tion of the reflected beam. However, it is known that the
plasmonic reaction of general metals is weak in the mid-
infrared (MIR) or at longer wavelengths (THz) because
the interaction between electromagnetic waves and
electrons is weak. Owing to its unique mechanical,
electrical, and optical properties, graphene with two-
dimensional (2D) carbons arranged in a hexagonal
arrangement has a very high quantum efficiency for
light/matter interactions, optical nonlinearity, and
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diffract the incident light to produce constructive
interference at a focal point3,8,14,53. Figure 14a shows the
operational test experimental setup of the diffraction
binary FZP. The measurement results of the fabricated
1D and 2D FZP are shown in Fig. 14b, c. Microscale
FZPs are usually manufactured using a lithography
process by etching the FZP pattern on a metal film. A
new FZP fabrication method involving the photo-
reduction of rGO from GO using femtosecond laser
direct writing (FsLDW) has been recently reported8,14.
The optical difference was optimized using several laser
parameters (average power, repetition rate, and writing
speed). For high flexibility and stretchability, the FZP
was transferred from the GO/rGO substrate to PDMS
films. This facilitates mechanical deformations such as
rolling, twisting, and bending, while preserving its
optical characteristics. Table 4 provides a summary of
related studies on various FZP manufacturing methods
and their performances.

Tunable photoreduction of diffractive optics and the
resulting optical performance
A binary 2D FZP can be manufactured in three different

fabrication regimes14: (1) non-thermal photoreduction
(NTPR) fabrication, (2) thermal photoreduction (TPR)
fabrication, and (3) a combination of photoreduction and
ablation (PR/ABL). Using these three regimes, 2D FZPs
were fabricated individually with a focal length of 15 mm,
and the optical properties are shown in Fig. 14d-1. For the
NTPR regime, the repetition rate was fixed at 50 kHz
owing to the lower thermal effect of the photochemical
reduction. The lower heat accumulation resulted in a low
penetration depth of rGO into the GO thin film
(Fig. 14d-2). In the TPR regime, the repetition rate was
500 kHz for the combination of photochemical and pho-
tothermal reduction, resulting in a high penetration depth
of the rGO layers (Fig. 14d-3). Finally, the repetition rate
of the fs laser was optimized to simultaneously cause
photoreduction and ablation. The z-axis and FWHM data

were acquired using the system shown in Fig. 14e. For the
case of transmittance, the NTPR regime exhibited the
highest value of 40.7%, followed by PR/ABL and TPR
regimes with values of 36.6% and 24.1%, respectively. The
transmittance differences between GO and rGO were
evaluated at 61.7%, 31.5%, and 11.2% for PR/ABL, TPR,
and NTPR, respectively. Three representative optical
performances (focusing efficiency, focal spot size, and
signal-to-noise ratio (SNR)) are evaluated in Fig. 14f. The
spot size (FWHM) was evaluated at 12.2 μm, 13.2 μm, and
12.0 μm for the NTPR, TPR, and PR/ABL, respectively.
The depth of focus (DOF) was recorded at 1.39 mm,
1.89 mm, and 1.77 mm for the NTPR, TPR, and PR/ABL,
respectively. The shortest DOF of the NTPR regime was
induced by a low transmission contrast. In addition, the
peak intensity was 48% (NTPR) and 78% (TPR) of the PR/
ABL regime. In summary, PR/ABL exhibits the smallest
focal size, widest DOF, and highest focusing efficiency.
This is mainly owing to the high ratio of the transmittance
difference between the patterned and ablated areas. A
plain FZP has the form of a binary layer, in which light
diffracts around the border of an opaque region, causing
the diffracted light at the focal point to interfere con-
structively. Therefore, it is designed to have opaque and
transparent rings. The binary form of FZPs reduces design
flexibility because there are only two design parameters:
blocking or transmitting light. In this respect, rGO pho-
toreduction using a laser is potentially a promising
countermeasure for micro-optics that can realize multi-
step optical properties, such as phase and transmittance,
without a complex photolithography process. Figure 14e
presents the transformation of a multi-level FZP into a
stepped shape with multiple steps, corresponding to a
continuous sinusoidal profile for fabrication. The gradual
control of optical transmittance is important in multi-
level FZPs, as the transmittance step increases and tran-
sitions to a sine wave with a suitable shape. Figure 14f
shows the photos of the patterned FZPs for different
transmittance steps. We can confirm that the ultra-thin

Table 4 A summary of various FZP fabrication methods and their optical performances

Lens type Reference FZP preparation

Thickness Diameter Process Materials

Zone-plate Di Fabrizio et al.46 1.3 μm 5000 μm Electron-beam lithography Silicon nitride & Nickel

Rogers et al.39 0.1 μm 40 μm Ion-bema milling Aluminum

Kong et al.18 <0.005 μm 100 μm Photo lithography Graphene

Li et al.53 10 μm Approx. 650 μm Lithography Carbon nanotube

Zheng et al.16 0.28 μm Approx. 8 μm FsDLW with adaptive optics & 3D stage Graphene oxide

Low et al.14 0.9 μm 656 μm FsDLW with Galvano scanner Graphene oxide
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micro-diffraction lens with multi-level transmittance or
phase profile has an optical performance similar to that of
conventional refractive optical devices. This shows that
this technology is a potential alternative to traditional
refractive optics.

Patterning of flexible/stretchable 1D graphene diffraction
gratings
Optical diffraction gratings have a periodical change of

amplitude or phase7,14,15. They can be used in a wide
range of applications, such as beam steering, switching,
beam shaping, and spectral shaping. Planar and curved
dielectrics or metals with periodic structures function as
optical gratings. Recently, optical gratings patterned with
a variety of methods for LIG and GO/rGO have been
introduced. Figure 15a introduces a transmission-type
optical grating on a flexible substrate, which was created
by femtosecond laser direct writing on a GO-coated
PDMS thin-film15. By combining the relatively large
coefficient of thermal expansion (CTE) of the PDMS
substrate and the low CTE of the GO/rGO layer, an
intriguing grating was developed that allows the user to
actively control the bending. This device is advantageous
in that the geometric grating interval can be adjusted

owing to its unique bending structure. (See Fig. 15b)
Based on these results, LIG or GO/rGO devices could
implement multiple gratings with ease. The rGO optical
gratings can also be produced using a soft lithography
duplication process7; Fig. 15c shows an optical grating
fabricated thereby. The resulting reflective grating pre-
sents the performances as shown in Fig. 15d.

Patterning of plasmonic graphene nano/microstructures
Metal nanostructures with various geometries generate

surface plasmon resonance (SPR) in response to specific
optical frequencies7,111,112. This metallic shape acts as a
local antenna that can control several aspects of the
interacting electromagnetic waves, including the ampli-
tude, polarization, refraction, and changes in the direc-
tion of the reflected beam. However, it is known that the
plasmonic reaction of general metals is weak in the mid-
infrared (MIR) or at longer wavelengths (THz) because
the interaction between electromagnetic waves and
electrons is weak. Owing to its unique mechanical,
electrical, and optical properties, graphene with two-
dimensional (2D) carbons arranged in a hexagonal
arrangement has a very high quantum efficiency for
light/matter interactions, optical nonlinearity, and
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exhibits unique plasmonic properties. In recent years,
graphene has been recognized as a new material for
supporting surface plasmons in the long wavelength
region (IR to THz). These graphene plasmons can be
controlled via gating, doping, chemical means, and
interactions with novel metals. In the following section,
we describe recent research on plasmonic optics using
graphene from a broad perspective. Figure 16a–c show
graphene-based plasmonic nanostructures of various
shapes. Figure 16a depicts two plasmonic structures with
different shapes, and information about the propagation
mode, the local plasmon mode, and the electric field
generated by the structure113. In Fig. 16b, c, the
numerical simulation values related to the concentration
of the electric field according to the shape of the
graphene-based plasmonic structure are presented. As
such, graphene-based plasmonic structures are used as
plasmonic materials, especially in the long wavelength
band.

Laser patterning of graphene holograms
1D graphene grating already presents that the graphene

readily supports coherent diffraction. As the continued
work, graphene-based ultra-thin diffraction holography
was investigated using a proven diffraction effect. A

graphene hologram consists of a binary, multi-phased
intensity, or phase mask that performs a Fourier trans-
form to produce an arbitrary image9,11,52. For example, a
phase difference can be induced by gradually reduced GO
layer, as shown in Fig. 17a9. The phase mask produced in
this manner consists of multiple step heights, and the
holographic image changes according to light incidence
angle, as shown in Fig. 17b. The generated image can be
reproduced in various ways, from a simple hexahedral
shape to a complex hot-air balloon image. In addition, as
shown in Fig. 17c, the intensity-based mask was designed
using the Gerchberg-Saxton algorithm11. By irradiating
the mask with a suitable light source, it is possible to
obtain an arbitrary pattern, as shown in Fig. 17d. For these
holographic images, it is necessary to carefully consider
the generation of graphene-based patterning because the
resolution of the pattern affects that of the hologram. The
diffraction devices produced from various graphene
materials can serve as practical demonstrations of the
diffraction element.

Ultra-thin LIG planar diffractive lens:
representative applications
Traditionally, optical devices that control light propa-

gation have been made using bulk materials with well-
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established specific shapes, such as prisms, convex or
concave lenses/mirrors that work based on refraction or
reflection. However, traditional refractive/reflective optics
require a relatively long propagation length and a large
working area to guide and shape the wavefront as
required. As such, this requires a large volume and weight
in existing optical devices that hinders system simplifi-
cation and miniaturization. Recently, the concept of
flexible/stretchable photonics (FP/SP) has been intro-
duced by directly integrating or fabricating conventional
photonic devices on deformable polymer substrates. In
general, FP refers to optical devices that are fabricated on
flexible substrates that can be mechanically deformed
(e.g., bent, folded, rolled, twisted, stretched, or com-
pressed) without compromising optical performance3,8,53.
FPs are usually ultra-thin, light-weight, and tough to
facilitate flexibility and stretching. The form factor is
critical for enabling emerging applications in both con-
sumer and industrial markets. FPs are currently integrated
into equipment or products for imaging and display3,
instrumentation114, energy-harvesting devices115, and
photonic circuits114,116. In the following sections, we will
discuss how to utilize the patterned FP/SP-based FZPs,

gratings, holograms, and so on, for wide industrial
applications. We will describe key optical components
that utilize the unique flexibility, elasticity, miniaturiza-
tion, and light-weight properties of FP/SPs, which can be
applied to future industrial surface profilometry, bio-
medical imaging, and outer space applications.

Laser patterning of micro FZP array for dynamic wavefront
sensing
Flexibility and stretchability are of great interest in

wearable and integrated electronics and are also applic-
able to optoelectronic devices3,8,53. Another key advantage
of ultra-thin GO micro-optics is that they can be easily
transferred to elastomer substrates. An ultra-thin GO
micro-optics array was fabricated and transferred onto a
PDMS substrate to realize flexible and stretchable micro-
optics functionality over a wide wavelength range. Using a
simple GO coating on a given substrate and subsequent fs
direct laser writing, a micro-diffractive lens array with
arbitrary lateral patterns can be fabricated. Figure 18a
shows the working principle of the ultra-thin GO lens
array, patterned to the shape of ‘NTU’ on a glass substrate,
a real sample image, and the focal plane captured by a
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exhibits unique plasmonic properties. In recent years,
graphene has been recognized as a new material for
supporting surface plasmons in the long wavelength
region (IR to THz). These graphene plasmons can be
controlled via gating, doping, chemical means, and
interactions with novel metals. In the following section,
we describe recent research on plasmonic optics using
graphene from a broad perspective. Figure 16a–c show
graphene-based plasmonic nanostructures of various
shapes. Figure 16a depicts two plasmonic structures with
different shapes, and information about the propagation
mode, the local plasmon mode, and the electric field
generated by the structure113. In Fig. 16b, c, the
numerical simulation values related to the concentration
of the electric field according to the shape of the
graphene-based plasmonic structure are presented. As
such, graphene-based plasmonic structures are used as
plasmonic materials, especially in the long wavelength
band.

Laser patterning of graphene holograms
1D graphene grating already presents that the graphene

readily supports coherent diffraction. As the continued
work, graphene-based ultra-thin diffraction holography
was investigated using a proven diffraction effect. A

graphene hologram consists of a binary, multi-phased
intensity, or phase mask that performs a Fourier trans-
form to produce an arbitrary image9,11,52. For example, a
phase difference can be induced by gradually reduced GO
layer, as shown in Fig. 17a9. The phase mask produced in
this manner consists of multiple step heights, and the
holographic image changes according to light incidence
angle, as shown in Fig. 17b. The generated image can be
reproduced in various ways, from a simple hexahedral
shape to a complex hot-air balloon image. In addition, as
shown in Fig. 17c, the intensity-based mask was designed
using the Gerchberg-Saxton algorithm11. By irradiating
the mask with a suitable light source, it is possible to
obtain an arbitrary pattern, as shown in Fig. 17d. For these
holographic images, it is necessary to carefully consider
the generation of graphene-based patterning because the
resolution of the pattern affects that of the hologram. The
diffraction devices produced from various graphene
materials can serve as practical demonstrations of the
diffraction element.

Ultra-thin LIG planar diffractive lens:
representative applications
Traditionally, optical devices that control light propa-

gation have been made using bulk materials with well-
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established specific shapes, such as prisms, convex or
concave lenses/mirrors that work based on refraction or
reflection. However, traditional refractive/reflective optics
require a relatively long propagation length and a large
working area to guide and shape the wavefront as
required. As such, this requires a large volume and weight
in existing optical devices that hinders system simplifi-
cation and miniaturization. Recently, the concept of
flexible/stretchable photonics (FP/SP) has been intro-
duced by directly integrating or fabricating conventional
photonic devices on deformable polymer substrates. In
general, FP refers to optical devices that are fabricated on
flexible substrates that can be mechanically deformed
(e.g., bent, folded, rolled, twisted, stretched, or com-
pressed) without compromising optical performance3,8,53.
FPs are usually ultra-thin, light-weight, and tough to
facilitate flexibility and stretching. The form factor is
critical for enabling emerging applications in both con-
sumer and industrial markets. FPs are currently integrated
into equipment or products for imaging and display3,
instrumentation114, energy-harvesting devices115, and
photonic circuits114,116. In the following sections, we will
discuss how to utilize the patterned FP/SP-based FZPs,

gratings, holograms, and so on, for wide industrial
applications. We will describe key optical components
that utilize the unique flexibility, elasticity, miniaturiza-
tion, and light-weight properties of FP/SPs, which can be
applied to future industrial surface profilometry, bio-
medical imaging, and outer space applications.

Laser patterning of micro FZP array for dynamic wavefront
sensing
Flexibility and stretchability are of great interest in

wearable and integrated electronics and are also applic-
able to optoelectronic devices3,8,53. Another key advantage
of ultra-thin GO micro-optics is that they can be easily
transferred to elastomer substrates. An ultra-thin GO
micro-optics array was fabricated and transferred onto a
PDMS substrate to realize flexible and stretchable micro-
optics functionality over a wide wavelength range. Using a
simple GO coating on a given substrate and subsequent fs
direct laser writing, a micro-diffractive lens array with
arbitrary lateral patterns can be fabricated. Figure 18a
shows the working principle of the ultra-thin GO lens
array, patterned to the shape of ‘NTU’ on a glass substrate,
a real sample image, and the focal plane captured by a
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CCD camera8. Each micro FZP had ten concentric opaque
rGO rings designed to have a focal length of 15 mm at a
wavelength of 638 nm; the outer diameter of each struc-
ture was 875 μm. An incident collimated laser beam was
focused by each subset lens without any significant power
loss or field deviation from the design, as shown in
Fig. 18a. The ultra-thin microlens array was first pat-
terned onto the GO film, which was previously drop-
casted onto a glass substrate, as shown in Fig. 18b.
The patterned micro-optic array was then transferred

to a flexible and stretchable substrate. These transferred
rGO structures can provide a better transmission con-
trast than GO/rGO and have better optical character-
istics at the focal plane. Figure 18b shows the fabricated
5 × 5 rGO lens array transferred from the GO/rGO film
to the PDMS. The combination of PDMS and rGO
facilitates high flexibility and stretchability of rGO so
that its optical performance can be preserved without
notable degradation even under high mechanical
deformations, such as bending, rolling, and twisting.
This flexibility and stretchability allow for novel wave-
front shaping capability in ultra-thin diffractive micro-
optics by simply attaching them to the surface of
existing bulk refractive or reflective optical elements (as
shown in Fig. 18c). Whereas traditional rigid optics need
to be carefully aligned with many mechanical supports,
stretchable thin-film micro-optics can be simply
attached on top of existing optics without much loading
or support. Figure 18d shows an example of hybrid
optics in which a flexible rGO/PDMS diffractive FZP
array with a focal length of 15 mm is combined with a
bulk cylindrical lens of 50 mm focal length. The rGO

microlens array component was placed directly on the
cylindrical lens, and PDMS functioned as a thin flexible
substrate that followed the surface of a rigid lens with
uniform thickness. The propagation characteristics of
the hybrid optics were confirmed by comparing the
experimental results with simulations. The previously
reported fabrication and performance of the flexible
dielectric optics for wavefront tuning using ultra-thin
nanomaterials integrated into PDMS are presented in
Table 5. Among these techniques, the method described
in this article is the simplest material preparation and
optomechanical configuration for FZP patterning. This
concept for manufacturing hybrid optics is a practical
approach for combining the advantages of refractive
optics, reflective optics, diffractive optics, and meta-
surfaces, without the need for precision manufacturing
of micropatterns on top of free-form optics.
By monitoring the lateral positions of the array focal spots

using a CCD or CMOS camera, the fast dynamics of the
incident wavefront can be measured in real-time. If the
well-collimated plane wavefront is reflected at the non-
planar deformed surface, the wavefront will be distorted;
this distortion can be traced at high speed. This can be
directly used in array confocal microscopes for high-speed
industrial surface measurement with sub-micrometer
measurement precision. For machining large-scale optics,
such as large telescope mirrors, EUV lithography mirrors,
and space optics, the surface profile should be measured
firstly by a coordinate measuring machine (CMM), secondly
by wavefront sensing Shack-Hartmann sensor, and finally
by optical interferometry. Therein, the arbitrary-shaped
micro-PDL array can expand the dynamic range and
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resolution of the Shack-Hartmann sensors30–33. This can be
also used for the precision measurement of atmospheric
wavefront distortions.

Compact micro-lens for endoscopic optical coherence
tomography
Introduction to optical coherence tomography (OCT)
Graphene-based PDLs can be utilized in the medical field,

especially in the imaging optics of endoscopic probes for
OCT. OCT is a non-invasive biological imaging method
that facilitates depth-resolved tomographic images by
exploiting the interference of light, as shown Fig. 1921,117,118.
Several ground-breaking studies on high-resolution OCT
have shown that the microscopic structures of biological
samples can be visualized at the sub-cellular level with high-
speed and high-sensitivity117. In addition, OCT with flexible
endoscopic probes enables the imaging of internal micro-
structures, such as blood vessels, the esophagus, and the
eustachian tubes (Fig. 19d, e)21,119,120.

Key optical parameters in OCT
The basic principle of OCT is as follows: the beam

from a light source travel through an interferometer and
is divided into a sample and reference arms, through the
optical components, such as a beam splitter and a fiber

coupler (Fig. 20a). The backscattered light from the
sample interferes with the light reflected from a refer-
ence mirror and is detected by a photodetector.
Therefore, an axial OCT image is encoded in the spec-
tral domain of the interference signal, while the lateral
image is typically acquired using scanning systems based
on galvo mirrors or fiber optic rotary junctions121. In
general, the axial resolution (Δz), lateral resolution (Δx),
and axial field-of-view of OCT are defined as follows
(Fig. 20b)21:

Δz ¼ lc ¼ 2 lnð2Þ
π

λ20
Δλ

; Δx ¼ 37:0
λ0
NA

; FOVaxial ¼ 0:221λ0

sin2 sin�1 NAð Þ
2

h i

where λo is the center wavelength, Δλ is the bandwidth,
and NA is the numerical aperture of the imaging optics.
Therefore, to achieve high resolution in the axial and
lateral directions, a light source with a short center
wavelength, broad bandwidth, and high-NA imaging
optics are required.

How can PDLs be applied future endoscopic fiber optic
probes?
For endoscopic OCT applications, several fundamental

challenges must be overcome, as shown in Fig. 21. First,

Table 5 Summary of fabrication methods of flexible diffractive optics and their optical performances

Lens

Type

Reference Image FZP preparation FZP performance

Thickness Diameter Process Materials Wavelength Focal length purpose

Meta-

surface

Kamali

et al.43
720 nm 1mm Electron Beam

Lithography

Amorphous Silica &

PDMS

915 nm 3.5 mm Focusing

FZP Moghimi

et al.3
100 nm 450 μm Lithography Silica nanowire &

PDMS

620 nm N/A Imaging

FZP Li et al.53 10 μm ∼650 μm Lithography Carbon nanotube

& PDMS

635 nm 7.00–8.47 mm Focusing

FZP Low

et al.8,139
0.9 μm 656 μm FsDLW with Galvano

scanner

Graphene Oxide &

PDMS

638 nm 15mm Focusing

The images used in Table 5 were adapted with permission from Springer Nature3,43,53, Elsevier8, IOP publisher139
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CCD camera8. Each micro FZP had ten concentric opaque
rGO rings designed to have a focal length of 15 mm at a
wavelength of 638 nm; the outer diameter of each struc-
ture was 875 μm. An incident collimated laser beam was
focused by each subset lens without any significant power
loss or field deviation from the design, as shown in
Fig. 18a. The ultra-thin microlens array was first pat-
terned onto the GO film, which was previously drop-
casted onto a glass substrate, as shown in Fig. 18b.
The patterned micro-optic array was then transferred

to a flexible and stretchable substrate. These transferred
rGO structures can provide a better transmission con-
trast than GO/rGO and have better optical character-
istics at the focal plane. Figure 18b shows the fabricated
5 × 5 rGO lens array transferred from the GO/rGO film
to the PDMS. The combination of PDMS and rGO
facilitates high flexibility and stretchability of rGO so
that its optical performance can be preserved without
notable degradation even under high mechanical
deformations, such as bending, rolling, and twisting.
This flexibility and stretchability allow for novel wave-
front shaping capability in ultra-thin diffractive micro-
optics by simply attaching them to the surface of
existing bulk refractive or reflective optical elements (as
shown in Fig. 18c). Whereas traditional rigid optics need
to be carefully aligned with many mechanical supports,
stretchable thin-film micro-optics can be simply
attached on top of existing optics without much loading
or support. Figure 18d shows an example of hybrid
optics in which a flexible rGO/PDMS diffractive FZP
array with a focal length of 15 mm is combined with a
bulk cylindrical lens of 50 mm focal length. The rGO

microlens array component was placed directly on the
cylindrical lens, and PDMS functioned as a thin flexible
substrate that followed the surface of a rigid lens with
uniform thickness. The propagation characteristics of
the hybrid optics were confirmed by comparing the
experimental results with simulations. The previously
reported fabrication and performance of the flexible
dielectric optics for wavefront tuning using ultra-thin
nanomaterials integrated into PDMS are presented in
Table 5. Among these techniques, the method described
in this article is the simplest material preparation and
optomechanical configuration for FZP patterning. This
concept for manufacturing hybrid optics is a practical
approach for combining the advantages of refractive
optics, reflective optics, diffractive optics, and meta-
surfaces, without the need for precision manufacturing
of micropatterns on top of free-form optics.
By monitoring the lateral positions of the array focal spots

using a CCD or CMOS camera, the fast dynamics of the
incident wavefront can be measured in real-time. If the
well-collimated plane wavefront is reflected at the non-
planar deformed surface, the wavefront will be distorted;
this distortion can be traced at high speed. This can be
directly used in array confocal microscopes for high-speed
industrial surface measurement with sub-micrometer
measurement precision. For machining large-scale optics,
such as large telescope mirrors, EUV lithography mirrors,
and space optics, the surface profile should be measured
firstly by a coordinate measuring machine (CMM), secondly
by wavefront sensing Shack-Hartmann sensor, and finally
by optical interferometry. Therein, the arbitrary-shaped
micro-PDL array can expand the dynamic range and
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resolution of the Shack-Hartmann sensors30–33. This can be
also used for the precision measurement of atmospheric
wavefront distortions.

Compact micro-lens for endoscopic optical coherence
tomography
Introduction to optical coherence tomography (OCT)
Graphene-based PDLs can be utilized in the medical field,

especially in the imaging optics of endoscopic probes for
OCT. OCT is a non-invasive biological imaging method
that facilitates depth-resolved tomographic images by
exploiting the interference of light, as shown Fig. 1921,117,118.
Several ground-breaking studies on high-resolution OCT
have shown that the microscopic structures of biological
samples can be visualized at the sub-cellular level with high-
speed and high-sensitivity117. In addition, OCT with flexible
endoscopic probes enables the imaging of internal micro-
structures, such as blood vessels, the esophagus, and the
eustachian tubes (Fig. 19d, e)21,119,120.

Key optical parameters in OCT
The basic principle of OCT is as follows: the beam

from a light source travel through an interferometer and
is divided into a sample and reference arms, through the
optical components, such as a beam splitter and a fiber

coupler (Fig. 20a). The backscattered light from the
sample interferes with the light reflected from a refer-
ence mirror and is detected by a photodetector.
Therefore, an axial OCT image is encoded in the spec-
tral domain of the interference signal, while the lateral
image is typically acquired using scanning systems based
on galvo mirrors or fiber optic rotary junctions121. In
general, the axial resolution (Δz), lateral resolution (Δx),
and axial field-of-view of OCT are defined as follows
(Fig. 20b)21:

Δz ¼ lc ¼ 2 lnð2Þ
π

λ20
Δλ

; Δx ¼ 37:0
λ0
NA

; FOVaxial ¼ 0:221λ0

sin2 sin�1 NAð Þ
2

h i

where λo is the center wavelength, Δλ is the bandwidth,
and NA is the numerical aperture of the imaging optics.
Therefore, to achieve high resolution in the axial and
lateral directions, a light source with a short center
wavelength, broad bandwidth, and high-NA imaging
optics are required.

How can PDLs be applied future endoscopic fiber optic
probes?
For endoscopic OCT applications, several fundamental

challenges must be overcome, as shown in Fig. 21. First,

Table 5 Summary of fabrication methods of flexible diffractive optics and their optical performances

Lens

Type

Reference Image FZP preparation FZP performance

Thickness Diameter Process Materials Wavelength Focal length purpose

Meta-

surface

Kamali

et al.43
720 nm 1mm Electron Beam

Lithography

Amorphous Silica &

PDMS

915 nm 3.5 mm Focusing

FZP Moghimi

et al.3
100 nm 450 μm Lithography Silica nanowire &

PDMS

620 nm N/A Imaging

FZP Li et al.53 10 μm ∼650 μm Lithography Carbon nanotube

& PDMS

635 nm 7.00–8.47 mm Focusing

FZP Low

et al.8,139
0.9 μm 656 μm FsDLW with Galvano

scanner

Graphene Oxide &

PDMS

638 nm 15mm Focusing

The images used in Table 5 were adapted with permission from Springer Nature3,43,53, Elsevier8, IOP publisher139
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there is a trade-off between the lateral resolution and the
probe size. The lateral resolution of an OCT system is
determined by its NA, which is governed by the diameter
and focal length of the imaging lens. It is known that the
size of the fiber-optic probe must be at least 1–2mm to
yield a lateral resolution of 2–3 µm21,122–126. Such large
sizes can cause critical problems when light traverses
through thin or tortuous blood vessels. Several solutions
have been proposed to address this problem. Li et al.22

developed an ultra-thin monolithic probe based on three-
dimensional (3D) micro-printed optics. They printed an
aberration-corrected micro-optic lens on the side of a
coreless fiber to miniaturize the overall size while

maintaining a high lateral resolution. Moreover, super-
resolution techniques such as the use of amplitude pupil
filters have been suggested to alleviate these trade-off
issues117. If we introduce ultra-thin PDLs by DLW, we can
realize any arbitrarily designed transferrable micro-optics
and amplitude pupils; this can readily support this first
trade-off.
Second, the trade-off between the lateral resolution and

axial field of view must be handled. The use of a lens with
a higher NA for better lateral resolution reduces the axis
field of view. This can cause imaging difficulties when the
probe is not centered within a vessel or the vessel’s shape,
or size is irregular. Tan et al.23 fabricated a conical-tip
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b
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d

e

I M A

Ca

Fig. 19 Compact PDLs for micro-OCT application. a OCT, (b) OCT and (c) histology images of fibrocalcific human cadaver coronary plaque.
Endoscopic (d) OCT and (e) OCT images of healthy swine coronary artery. Scale bars: 200 μm. a–c Adapted with permission from ref. 117, Springer
Nature. d, e Adapted with permission from ref. 21, Springer Nature
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fiber using a selective chemical etching technique to
improve the axial imaging depth. Xing et al.127 and Kim
et al.21 applied a binary-phase spatial filter (BPSF) to the
front of the distal end of a probe to extend the depth of
focus in the axial direction. The BPSF was designed using
a customized optimization algorithm and fabricated using
soft lithography techniques. Yin et al.124 generated a
coaxially focused multimode (CAFM) beam by inserting a
multimode fiber immediately after a single-mode fiber. It
has been reported that this self-imaging wavefront divi-
sion optical system extends the depth of focus by a factor
of five compared to a normal Gaussian beam. If we
introduce ultra-thin PDLs by DLW, we can support the
OCT performance in terms of lateral resolution and axial
field-of-view on demands.
Third, the cylindrical transparent sheath that protects

the imaging probe from blood and other foreign

substances causes astigmatism. This can degrade the
image quality, especially with regard to the lateral reso-
lution and the signal-to-noise ratio (SNR). An asymmetric
ball lens is generally used to overcome astigmatism.
However, given that it is difficult to precisely fabricate a
ball lens with a high NA, cylindrical reflectors have also
been used124,128,129. Lee et al.130 reported on a cost-
effective method for overcoming astigmatism. It has been
reported that astigmatism can be corrected by controlling
the curvature radius of the epoxy window. Pahlevani-
nezhad et al.131 calibrated astigmatism and nonchromatic
aberration using a precisely designed metalens-based
imaging probe. When we introduce ultra-thin PDLs by
DLW, non-symmetric optical aberrations induced by the
sheath can be simply compensated for during the design
process, which can provide a better-quality 3D focus in
micro-endoscopic OCT.
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there is a trade-off between the lateral resolution and the
probe size. The lateral resolution of an OCT system is
determined by its NA, which is governed by the diameter
and focal length of the imaging lens. It is known that the
size of the fiber-optic probe must be at least 1–2mm to
yield a lateral resolution of 2–3 µm21,122–126. Such large
sizes can cause critical problems when light traverses
through thin or tortuous blood vessels. Several solutions
have been proposed to address this problem. Li et al.22

developed an ultra-thin monolithic probe based on three-
dimensional (3D) micro-printed optics. They printed an
aberration-corrected micro-optic lens on the side of a
coreless fiber to miniaturize the overall size while

maintaining a high lateral resolution. Moreover, super-
resolution techniques such as the use of amplitude pupil
filters have been suggested to alleviate these trade-off
issues117. If we introduce ultra-thin PDLs by DLW, we can
realize any arbitrarily designed transferrable micro-optics
and amplitude pupils; this can readily support this first
trade-off.
Second, the trade-off between the lateral resolution and

axial field of view must be handled. The use of a lens with
a higher NA for better lateral resolution reduces the axis
field of view. This can cause imaging difficulties when the
probe is not centered within a vessel or the vessel’s shape,
or size is irregular. Tan et al.23 fabricated a conical-tip
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fiber using a selective chemical etching technique to
improve the axial imaging depth. Xing et al.127 and Kim
et al.21 applied a binary-phase spatial filter (BPSF) to the
front of the distal end of a probe to extend the depth of
focus in the axial direction. The BPSF was designed using
a customized optimization algorithm and fabricated using
soft lithography techniques. Yin et al.124 generated a
coaxially focused multimode (CAFM) beam by inserting a
multimode fiber immediately after a single-mode fiber. It
has been reported that this self-imaging wavefront divi-
sion optical system extends the depth of focus by a factor
of five compared to a normal Gaussian beam. If we
introduce ultra-thin PDLs by DLW, we can support the
OCT performance in terms of lateral resolution and axial
field-of-view on demands.
Third, the cylindrical transparent sheath that protects

the imaging probe from blood and other foreign

substances causes astigmatism. This can degrade the
image quality, especially with regard to the lateral reso-
lution and the signal-to-noise ratio (SNR). An asymmetric
ball lens is generally used to overcome astigmatism.
However, given that it is difficult to precisely fabricate a
ball lens with a high NA, cylindrical reflectors have also
been used124,128,129. Lee et al.130 reported on a cost-
effective method for overcoming astigmatism. It has been
reported that astigmatism can be corrected by controlling
the curvature radius of the epoxy window. Pahlevani-
nezhad et al.131 calibrated astigmatism and nonchromatic
aberration using a precisely designed metalens-based
imaging probe. When we introduce ultra-thin PDLs by
DLW, non-symmetric optical aberrations induced by the
sheath can be simply compensated for during the design
process, which can provide a better-quality 3D focus in
micro-endoscopic OCT.
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Finally, the broad-spectrum bandwidth of nearly 300 nm
in high-resolution OCT causes severe chromatic aberration.
Uncorrected chromatic aberration causes each wavelength
sections to be focused at different axial positions, which
degrades the axial and longitudinal resolution. Yuan et al.132

utilized a fiber-optic ball lens instead of a regular GRIN lens
to effectively correct for chromatic aberration. In addition,
Xi et al.24 alleviated chromatic aberration using a diffractive
lens with negative chromatic dispersion. When we apply
ultra-thin PDLs by DLW, one can make different radial
sections to work with different wavelength regimes so that
we can actively tailor and compensate the chromatic aber-
rations in micro-endoscopic OCT.

Ultra-thin PDLs for future light-weight space optics
Graphene-based materials could be applied in future

space missions, in which spacecraft acquire images in
various orbits. Reconnaissance satellites obtain visible
light images of specific regions on Earth and space
telescopes therein acquire the images of celestial bodies
at various wavelengths. To obtain high-resolution ima-
ges, the diameter of the primary optics should be
increased. However, conventional refractive and reflec-
tive optics with a large aperture are generally heavy, so
there have been limitations in resolution improvement.
The satellite’s launching cost increases proportionally to
the weight of the satellite payloads. In addition, as the
primary optics gets larger, numerous actuators are
included for adaptive control in order to prevent the
gravitational deformation induced by the mass of the
optics25,73. Therefore, extensive research works have

been performed to construct light-weight optics for
future space missions25.

Key advantages of PDL in future space optics
The introduction of PDL in space optics allows for

larger aperture primary optics with a lower mass, which
enables a significant reduction of the launch cost (Fig. 22).
For example, the Hubble space telescope has a primary
lens of 200 kgm−2, whereas the James Webb space tele-
scope lens is reduced to 15 kgm−2. A Fresnel diffractive
lens of diameter 25 m is expected to require only 10 kg
and 0.02 kgm−2 133. However, the capabilities of launch-
ing vehicles are limited. A folding/unfolding method was
proposed and tested for the deployability of large dif-
fractive optics26. Conventional reflective optics also
have limitations in terms of their surface tolerance. Dif-
fractive optics are advantageous in those points because
the transmissive optics are inherently less sensitive to
surface errors, and thus have low surface tolerances134.

Precedent examples of diffraction optics in space
‘Eyeglass’ is a space telescope that applies diffractive

optics to the primary lens or magnifying glasses. To
overcome chromatic dispersion in diffractive optics,
‘Eyeglass’ introduced an additional secondary corrector in
a separate space vehicle (Fig. 22a, b)27. The Earth obser-
vation satellite, ‘MOIRE’, consists of three elongated
structures in its body and first-order diffractive optics
supported by the rear optics, as shown in Fig. 22c. The
primary lens was initially folded for deployability owing to
its large diameter of 5.0 m135,136. FalconSAT-7 is a
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Fig. 22 PDLs for future space optics. a 5 m Fresnel lens made with 700mm glass. b Optical performance for LLNL color-corrected diffractive
telescopes. c Notional MOIRE spacecraft (inset: Fresnel phase plate). d FalconSAT-7 deployed configuration. a Adapted with permission from ref. 134,
SPIE. b Adapted with permission from ref. 27, SPIE. c Adapted with permission from ref. 135, SPIE. d Adapted with permission from ref. 137, SPIE
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membrane solar telescope mounted on a 3U CubeSat in a
low Earth orbit. The primary diffractive optics of this
telescope is a 0.2 m sheet called a photon sieve, on which
billions of tiny circular dimples are etched (Fig. 22d)137.

Resistance test of LIG optics in a space environment
Given that the space environment is harsh owing to

high-energy radiation, extreme temperature cycles,
ultrahigh vacuum, and active oxygen, the stability of LIG
should be tested. Cao et al. examined the surface mor-
phology and focusing performance of rGO PDLs in a low-
Earth orbit environment138. It showed that the focusing
performance was well-maintained without degradation
under space environment. However, active oxygen gra-
dually deteriorated the performance of rGO as the mis-
sion period passes by. This implies that additional
material protection should be carefully considered for
ultra-thin PDL space optics. Basically, graphene is a very
stable material; however, once some defects are generated
it could propagate to the nearby area. Therefore, those
possibilities should be considered and tested in the early
stage ground tests. In addition, all the kinds of ground
tests should be conducted considering the space mission
details; the space test includes vibration tests, thermal-
vacuum tests, and space radiation tests.

Summary and future prospects
We introduced the technological trends and latest

research works on ultra-thin, compact, light-weight pla-
nar diffractive lens (PDL) made of laser-induced-graphene
(LIG) patterned by direct laser writing (DLW) with high
design flexibility and high conformability (flexibility and
stretchability). Novel hybrid optics could be realized with
the aid of LIG PDLs patterned by DLW; the key advan-
tages of refractive, reflective, and diffractive optics could
be integrated into the hybrid optics for realizing future
endoscopic brain imaging, high-speed space internet,
industrial high-speed surface profilometry, and multi-
functional mobile phones. Multi-functional asymmetric
PDL arrays will also open new market chances in indus-
tries. In order to endow these new possibilities with a
short lead time, in-depth understanding of the base
materials (such as graphene, MoS2, MXene), flexible/
stretchable substrates (such as PDMS, ecoflex), and
photo-material interaction is a prerequisite. Furthermore,
detailed parametric studies, multi-physics simulations,
chemical characterization, molecular simulations, and
interdisciplinary discussions should be accompanied.
For the real-world application of LIG PDLs, we must

understand the market needs, lead the technological
trends, and prepare for commercialization. There are a
series of potential markets for PDLs as presented in this
review, but it is challenging to expect which one will be
open first. Therefore, active collaboration with industrial

partners is also one of the key requirements. Inter-
disciplinary collaboration is also important because there
could be a technological gap between the technological
demands and available DLW outputs. For example, if one
group solely works on DLW but not with application
ideas on endoscopic bio-imaging, lightweight space optics,
and complex functional hybrid optics in extended reality
(XR) industries, they could lose good chances for PDLs to
be applied to the real world. Therefore, the ‘Industry
Academia Consortium (IAC)’ could be a good starting
base for the industrialization of PDLs. The technological
trends on PDLs and DLW can be monitored by academic
researchers, while the market trends are traced, opened or
even led by the industrial partners. Organizing and con-
tinuing the consortium could require extra efforts but it
should be worthwhile if we could open new vistas of PDL
and DLW. To date, most of the research works have
focused on demonstrating the new functions and possi-
bilities of LIG PDLs, not the mass production. Therefore,
additional works on optimizing the manufacturing pro-
cess in terms of the productivity must be followed sub-
sequently with the industries at the commercialization
final stage.
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Finally, the broad-spectrum bandwidth of nearly 300 nm
in high-resolution OCT causes severe chromatic aberration.
Uncorrected chromatic aberration causes each wavelength
sections to be focused at different axial positions, which
degrades the axial and longitudinal resolution. Yuan et al.132

utilized a fiber-optic ball lens instead of a regular GRIN lens
to effectively correct for chromatic aberration. In addition,
Xi et al.24 alleviated chromatic aberration using a diffractive
lens with negative chromatic dispersion. When we apply
ultra-thin PDLs by DLW, one can make different radial
sections to work with different wavelength regimes so that
we can actively tailor and compensate the chromatic aber-
rations in micro-endoscopic OCT.

Ultra-thin PDLs for future light-weight space optics
Graphene-based materials could be applied in future

space missions, in which spacecraft acquire images in
various orbits. Reconnaissance satellites obtain visible
light images of specific regions on Earth and space
telescopes therein acquire the images of celestial bodies
at various wavelengths. To obtain high-resolution ima-
ges, the diameter of the primary optics should be
increased. However, conventional refractive and reflec-
tive optics with a large aperture are generally heavy, so
there have been limitations in resolution improvement.
The satellite’s launching cost increases proportionally to
the weight of the satellite payloads. In addition, as the
primary optics gets larger, numerous actuators are
included for adaptive control in order to prevent the
gravitational deformation induced by the mass of the
optics25,73. Therefore, extensive research works have

been performed to construct light-weight optics for
future space missions25.

Key advantages of PDL in future space optics
The introduction of PDL in space optics allows for

larger aperture primary optics with a lower mass, which
enables a significant reduction of the launch cost (Fig. 22).
For example, the Hubble space telescope has a primary
lens of 200 kgm−2, whereas the James Webb space tele-
scope lens is reduced to 15 kgm−2. A Fresnel diffractive
lens of diameter 25 m is expected to require only 10 kg
and 0.02 kgm−2 133. However, the capabilities of launch-
ing vehicles are limited. A folding/unfolding method was
proposed and tested for the deployability of large dif-
fractive optics26. Conventional reflective optics also
have limitations in terms of their surface tolerance. Dif-
fractive optics are advantageous in those points because
the transmissive optics are inherently less sensitive to
surface errors, and thus have low surface tolerances134.

Precedent examples of diffraction optics in space
‘Eyeglass’ is a space telescope that applies diffractive

optics to the primary lens or magnifying glasses. To
overcome chromatic dispersion in diffractive optics,
‘Eyeglass’ introduced an additional secondary corrector in
a separate space vehicle (Fig. 22a, b)27. The Earth obser-
vation satellite, ‘MOIRE’, consists of three elongated
structures in its body and first-order diffractive optics
supported by the rear optics, as shown in Fig. 22c. The
primary lens was initially folded for deployability owing to
its large diameter of 5.0 m135,136. FalconSAT-7 is a
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membrane solar telescope mounted on a 3U CubeSat in a
low Earth orbit. The primary diffractive optics of this
telescope is a 0.2 m sheet called a photon sieve, on which
billions of tiny circular dimples are etched (Fig. 22d)137.

Resistance test of LIG optics in a space environment
Given that the space environment is harsh owing to

high-energy radiation, extreme temperature cycles,
ultrahigh vacuum, and active oxygen, the stability of LIG
should be tested. Cao et al. examined the surface mor-
phology and focusing performance of rGO PDLs in a low-
Earth orbit environment138. It showed that the focusing
performance was well-maintained without degradation
under space environment. However, active oxygen gra-
dually deteriorated the performance of rGO as the mis-
sion period passes by. This implies that additional
material protection should be carefully considered for
ultra-thin PDL space optics. Basically, graphene is a very
stable material; however, once some defects are generated
it could propagate to the nearby area. Therefore, those
possibilities should be considered and tested in the early
stage ground tests. In addition, all the kinds of ground
tests should be conducted considering the space mission
details; the space test includes vibration tests, thermal-
vacuum tests, and space radiation tests.

Summary and future prospects
We introduced the technological trends and latest

research works on ultra-thin, compact, light-weight pla-
nar diffractive lens (PDL) made of laser-induced-graphene
(LIG) patterned by direct laser writing (DLW) with high
design flexibility and high conformability (flexibility and
stretchability). Novel hybrid optics could be realized with
the aid of LIG PDLs patterned by DLW; the key advan-
tages of refractive, reflective, and diffractive optics could
be integrated into the hybrid optics for realizing future
endoscopic brain imaging, high-speed space internet,
industrial high-speed surface profilometry, and multi-
functional mobile phones. Multi-functional asymmetric
PDL arrays will also open new market chances in indus-
tries. In order to endow these new possibilities with a
short lead time, in-depth understanding of the base
materials (such as graphene, MoS2, MXene), flexible/
stretchable substrates (such as PDMS, ecoflex), and
photo-material interaction is a prerequisite. Furthermore,
detailed parametric studies, multi-physics simulations,
chemical characterization, molecular simulations, and
interdisciplinary discussions should be accompanied.
For the real-world application of LIG PDLs, we must

understand the market needs, lead the technological
trends, and prepare for commercialization. There are a
series of potential markets for PDLs as presented in this
review, but it is challenging to expect which one will be
open first. Therefore, active collaboration with industrial

partners is also one of the key requirements. Inter-
disciplinary collaboration is also important because there
could be a technological gap between the technological
demands and available DLW outputs. For example, if one
group solely works on DLW but not with application
ideas on endoscopic bio-imaging, lightweight space optics,
and complex functional hybrid optics in extended reality
(XR) industries, they could lose good chances for PDLs to
be applied to the real world. Therefore, the ‘Industry
Academia Consortium (IAC)’ could be a good starting
base for the industrialization of PDLs. The technological
trends on PDLs and DLW can be monitored by academic
researchers, while the market trends are traced, opened or
even led by the industrial partners. Organizing and con-
tinuing the consortium could require extra efforts but it
should be worthwhile if we could open new vistas of PDL
and DLW. To date, most of the research works have
focused on demonstrating the new functions and possi-
bilities of LIG PDLs, not the mass production. Therefore,
additional works on optimizing the manufacturing pro-
cess in terms of the productivity must be followed sub-
sequently with the industries at the commercialization
final stage.
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Apochromatic X-ray focusing
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Bert Müller2, Christian David1 and Joan Vila-Comamala 1

Abstract
Achromatic doublets are combinations of two individual lenses designed to focus different wavelengths of light in the
same position. Apochromatic optics are improved versions of the achromatic schemes which extend the wavelength
range significantly. Both achromatic and apochromatic optics are well-established for visible light. However, X-ray
achromatic lenses did not exist until very recently, and X-ray apochromatic lenses have never been experimentally
demonstrated. Here, we create an X-ray apochromatic lens system using an appropriate combination of a Fresnel zone
plate and a diverging compound refractive lens with a tuned separation distance. The energy-dependent performance
of this apochromat was characterized at photon energies between 6.5 and 13.0 keV by ptychographic reconstruction
of the focal spot and scanning transmission X-ray microscopy of a resolution test sample. The apochromat delivered a
reconstructed focal spot size of 940 × 740 nm2. The apochromatic combination shows a four-fold improvement in the
chromatic aberration correction range compared to an achromatic doublet configuration. Thus, apochromatic X-ray
optics have the potential to increase the focal spot intensity for a wide variety of X-ray applications.

Introduction
Diffractive and refractive lenses are widely used as

focusing optics in high-resolution X-ray microscopy1–6.
However, both are highly chromatic, meaning that they
focus each wavelength to a different position along the
optical axis. Consequently, X-ray imaging using chromatic
lenses such as Fresnel zone plates (FZP) or compound
refractive lenses (CRL) requires highly monochromatic
light. Generally, monochromatization sacrifices a large
portion of the X-ray intensity, though the exact fraction
depends on the X-ray source and the monochromator. In
the case of X-ray tube sources that typically generate low-
brightness broadband radiation, X-ray microscopy setups
suffer from a lack of X-ray intensity resulting in long
acquisition times.
A solution to the chromatic aberration for visible light

lenses has existed for more than 100 years, for which

achromatic doublets are constructed by combining two
lenses made of glass with different dispersion and care-
fully selected curvatures. In the X-ray regime, approaches
for an achromatic optic were theoretically proposed about
two decades ago7,8. The most practical way to achieve an
X-ray achromatic doublet is by combining a weakly
diverging CRL with a strongly converging FZP in close
contact (see Fig. 1a). The achromatic behavior originates
from the differences in the dispersion of diffractive and
refractive lenses, which are directly proportional to pho-
ton energy E (focal length fd ∝ E) and to the square of E
(focal length fr ∝ E2), respectively. By selecting refractive
and diffractive lenses with focal lengths so that fr=−2fd
and bringing them into close contact (d= 0), an achromat
is produced with a focal length of fach= 2fd, as depicted in
Fig. 1a. An alternative configuration with fr=−9fd/8 and
a separation distance of d= 3fd/8 results in apochromatic
focusing with an image distance lapo= 3fd, as depicted in
Fig. 1b. The apochromatic case offers a significantly
improved chromatic aberration correction at the expense
of requiring the production of refractive and diffractive
elements with greater numerical apertures to achieve a
comparable focal spot size. The achromatic case has
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