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nanofabrication for subwavelength optics
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11.1 Opening remarks

The point of a needle is often used as a metaphor for miniscule objects and has
hence inspired the classical question: How many angels can dance on the point of a
needle? In the emerging world of nanotechnology, however, there is a plenty of
room on the point of a needle and it can easily be a dancing stage for engineers
equipped with state-of-the-art nanofabrication tools (literally—as we shall show
later).

In optics, the capability to produce and manipulate nanoscale structures has
culminated in subwavelength optics that provide unprecedented control over light
propagation compared to their traditional bulk or wavelength-sized counterparts.
Other chapters of this book have unveiled the fundamental theory as well as the
fascinating prospect of leveraging subwavelength nanoantennas and nano-
plasmonic structures for light manipulation. In this chapter, we will focus on the
technologies that are used to create subwavelength optical devices. Since there are
already a number of well-written textbooks and review articles describing nano-
fabrication methods in general [1–5], we feel that repeating another exhaustive
review about nanofabrication offers little value to the community. Instead, here we
choose to highlight the difficulties associated with subwavelength structure pro-
cessing and give a snapshot of the ingenious solutions that have been developed to
tackle these challenges.

Compared to processing of semiconductor nanoelectronics, subwavelength optics
fabrication is unique in two ways. First, nanofabrication of subwavelength optics often
involves a wide range of materials not necessarily within the repertoire of standard
Complementary Metal-Oxide-Semiconductor (CMOS) processing to achieve desired
optical functions. The examples include noble metals for plasmonics, transparent

1Department of Materials Science & Engineering, Massachusetts Institute of Technology, Cambridge,
MA, USA
2Materials Research Laboratory, Massachusetts Institute of Technology, Cambridge, MA, USA



conducting oxides for active photonics, and chalcogenide compounds for high-index-
contrast metasurfaces. Second, even when only standard materials are utilized, the
fabrication processes often have to be customized to meet the unique requirements set
forth by optical applications: fabrication of metasurfaces operating in the visible
spectrum based on high-aspect-ratio (HAR) TiO2 nanostructures is a case in point [6].
In light of these unique features, the remainder of this chapter is organized into two
sections. We will start by evaluating various material platforms and standard planar
nanofabrication methods in the context of subwavelength optical structure definition.
The second part of the chapter covers strategies to realize three classes of structures
that often present significant fabrication challenges to experimentalists, yet are highly
relevant for subwavelength optics: HAR structures, 3D components, and devices on
unconventional, non-planar substrates.

11.2 Standard planar nanofabrication technologies
applied to subwavelength optics

Subwavelength optics deals with artificial optical interfaces that provide on-
demand control of phase, amplitude, and polarization of light, a capability not
available in natural materials. By arranging nanostructured optical elements in flat
subwavelength arrays, planar subwavelength optics (such as metasurfaces) can
leverage standard nanofabrication techniques for potential low-cost, scalable
manufacturing [5,7–20]. In addition to material property and process optimization,
key considerations for fabricating such nanostructures include resolution, precision,
reproducibility, throughput, reliability, cost effectiveness, and CMOS compat-
ibility. With the development of the semiconductor industry, current lithographic
fabrication techniques nowadays offer high resolution, complex geometry defini-
tion, high throughput, and high reproducibility for manufacturing planar nano-
particles. In order to achieve desired optical functionalities at the subwavelength
scale, non-traditional materials or customized processes are usually needed. In this
section, traditional planar nanofabrication approaches adapted for fabricating pla-
nar subwavelength optics are reviewed and discussed. Additionally, prospects for
scaled-up manufacturing which leverages available tools from the semiconductor
industry are further discussed.

11.2.1 Materials for subwavelength optics
11.2.1.1 Plasmonic subwavelength optics
Subwavelength optics has been initially based on metallic nanoparticles made of
noble metals (e.g., gold and silver) to enhance light concentration at the nanoscale,
which, in turn, enables versatile manipulation of electromagnetic waves [21–25].
Among metals, gold and silver exhibit lower loss in the visible and near-infrared
spectral range. Both of them can be deposited using physical vapor deposition
techniques, such as electron beam evaporation, thermal evaporation, or sputtering.
A typical method for patterning metallic nanoparticles involves electron beam
lithography (EBL) to define the structures. As shown in an exemplary fabrication
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process flow in Figure 11.1 [25], a substrate is first coated with an electron beam
resist layer, and subsequently exposed and patterned by a scanning focused electron
beam. After development of the resist, a metal layer is deposited and patterned on the
substrate via liftoff. Multiple metallic layers can be integrated in stacks to allow
individual tuning of the induced radiation coming from both sides of the meta-device
[16,26–28]. This enables, for example, plasmonic metasurface designs combining
resonant phase tuning and the Pancharatnam–Berry (PB) phase.

The excessive losses of metals have severely limited the device performance at
optical frequencies. Potential alternative plasmonic materials have been explored
[29,30], such as transparent conducting oxides (TCOs) [30], intermetallics (e.g.,
silicides, germanides, borides, and nitrides) [31], metallic alloys [32], graphene
[33], etc. In particular, TCOs have been widely used in optoelectronic devices with
well-developed CMOS-compatible processes. When employed in nanophotonics,
TCO nanostructures based on ITO, ICO, or ZnO doped with Al or Ga allow
tailorable device functionalities [34–38]. For instance, ITO is a potential candidate
for plasmonic materials operating in NIR [39,40]. Due to its non-stoichiometric
nature, the material deposition process and annealing conditions can play major
roles in determining the material optical performance. High-quality ITO films can
be produced by sputtering or laser ablation [41]. Significant variance of dielectric
functions have been observed when ITO films were annealed at different condi-
tions, including both annealing temperature and ambient gas environment [30,42].

Al- or Ga-doped ZnO films can also be deposited by sputtering or laser ablation.
The deposition conditions (temperature and oxygen partial pressure) and dopant
concentration are important to obtain low-loss, high-quality films [30,43,44]. In one
example, TCO metasurfaces made of Ga:ZnO were developed and used as a quarter-
wave plate (QWP) for polarization control in the NIR spectral region [45]. The
metasurface consisted of orthogonally patterned nanorod arrays designed to provide a
phase difference of p/2 for perpendicularly polarized light. As schematically depicted
in Figure 11.2, the Ga:ZnO film was deposited on a glass substrate using pulsed laser
deposition. A dry-etching method with bilayer resists involving hydrogen silses-
quioxane (HSQ) for masking and poly(methyl methacrylate) (PMMA) as the sacrifi-
cial layer was developed to fabricate the metasurface. Owing to Ga:ZnO’s weak
dispersion of dielectric function, a broadband QWP functionality was realized.

11.2.1.2 Silicon-based materials
Plasmonic subwavelength optics are inherently restricted by the large Joule losses.
They typically operate in the reflection mode, which further restricts the application
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Figure 11.1 Typical fabrication flow of a plasmonic metasurface [25].
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space. All-dielectric nanoparticles can eliminate such unfavorable aspects and
enable a large array of meta-optics with performance comparable to commercial
bulk optical components [46–49]. Such high-index nanoparticles support high-
quality Mie resonances and low-profile nanostructure designs [5,49]. The low
optical loss, enhanced electric and magnetic resonances, tunability of scattering
directionality, and CMOS compatibility make all-dielectric metasurfaces a desir-
able platform to realize high-performance flat optical devices with scalable man-
ufacturing capability. Here, we review planar nanofabrication techniques adopted
for fabricating dielectric metasurfaces.

The utilization of silicon in subwavelength optics has been investigated
extensively owing to several beneficial properties, such as high refractive index and
low absorption loss within telecommunication wavelengths [50], as well as strong
electric and magnetic multipolar responses associated with Si nanoparticles.
Furthermore, Si is the backbone of state-of-the-art electronic and photonic tech-
nologies, offering compatibility with standard CMOS processes.

Silicon-based subwavelength nanostructures can be fabricated using litho-
graphic methods, which provide precise control of the optical responses with a
variety of nanoparticle geometries [51–53]. Typical process steps based on EBL
for fabricating silicon-based nanoparticles are schematically illustrated in
Figure 11.3(a) [12]. Monocrystalline silicon-on-insulator wafers or low-index
substrates (such as quartz) coated with amorphous or polycrystalline silicon films
deposited via low-pressure chemical vapor deposition (LPCVD) or plasma-
enhanced chemical vapor deposition (PECVD) are typically used. The film is
then patterned by EBL and reactive-ion etching (RIE). Examples of fabricated
silicon nanodisk structures are shown in Figures 11.3(b) and (c).

Functional meta-optic devices further require the integration of multiple
metasurfaces, optical apertures, and stops, as well as alignment features to form an
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Figure 11.2 (a) Process flow for fabrication of Ga:ZnO metasurfaces using
reactive-ion etching (RIE) with bilayer resist. (1) Spin-coating of
PMMA and HSQ layer over Ga:ZnO film, (2) e-beam lithography of
HSQ resist, (3) O2 RIE etch of PMMA with HSQ as the etch mask,
(4) CL2 (which stands for chlorine) RIE etch of Ga:ZnO with HSQ
and PMMA as the etch mask, and (5) removal of PMMA and HSQ
etch mask with acetone. (b) Top view, (c) 30� tilted view, and (d)
cross-sectional (75� tilted) view of the FESEM image of a fabricated
Ga:ZnO metasurface [45].
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optical system. Along this direction, a doublet lens with metasurfaces fabricated on
both sides of a fused silica substrate was demonstrated, as shown in Figure 11.4
[54]. Hydrogenated amorphous Si (a-Si) layers were deposited on both sides of the
substrate via PECVD and defined into nanopost patterns via EBL and dry etching.
After the first metasurface was patterned on one side of the substrate, the second
metasurface was lithographically aligned and patterned on the other side. The
patterned side of the substrate is protected by a polymer layer while the other side is
being processed. Apertures were created by patterning opaque metal layers on both
sides of the wafer, followed by coating of antireflection layers.

It is also possible to fabricate metasurfaces on membranes to take advantage of
their nanoscale flat architecture. A MEMS-actuated dielectric metalens was
demonstrated consisting of a movable metasurface on a silicon nitride membrane
and a fixed metasurface on a glass substrate. The distance between the two meta-
surfaces was controlled by electrostatic actuation of the membrane [53]. To fabri-
cate such a movable metasurface, a SiO2 layer was first deposited on a SiN coated
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Figure 11.3 (a) Typical process steps for fabricating high-index dielectric
subwavelength nanoparticles using e-beam lithography [12];
(b) and (c) scanning electron micrographs of fabricated silicon
nanodisks [51].

(a) (b)

1 
m

m

Top side

Bottom side

Figure 11.4 (a) Schematic and optical images of a doublet metalens consisting
of two metasurfaces formed on both sides of a fused silica substrate.
(b) SEM images of fabricated metasurfaces consisting of a-Si
nanoposts [54]. Scale bars, 1 mm.
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Si wafer, followed by the deposition of an a-Si layer. After the metasurface was
patterned into the a-Si layer and metal contacts were defined, the remaining part of
the wafer under the membrane was removed via wet etching. Then, the metasurface
was released after the membrane was patterned and dry etched. To provide align-
ment between the front and back sides of the a-Si layer, alignment marks were
etched through the layer.

In [55], substrate conformal soft-imprint lithography was combined with RIE
to fabricate silicon nanocylinders used as subwavelength Mie resonators, which
provided efficient broadband omnidirectional antireflection coatings on a silicon
wafer. The soft-imprint lithography process employed a PDMS stamp molded from
a master Si wafer to replicate patterns onto a sol–gel layer spin-coated on the target
Si wafer. RIE was subsequently utilized to define Si nanoparticles using the sol–gel
patterns as a mask. By coating the silicon nanocylinders with an additional Si3N4

coating using LPCVD, the reflection reduction was further enhanced.
Silicon nitride (SiN) possesses a broadband transparency ranging from near

UV to infrared and is compatible with CMOS processes allowing integration
leveraging existing foundry infrastructures [53,56–58]. A low-contrast dielectric
metasurface based on SiN was demonstrated in [58]. The authors designed and
fabricated vortex beam generators using SiN operating in the visible spectral range,
leveraging low visible absorption of SiN and CMOS compatibility of the material.

11.2.1.3 III–V-based materials
III–V semiconductors (such as GaAs, GaN, and GaP) are of great interest to sub-
wavelength optics due to their high refractive indices and excellent optoelectronic
properties [59–64]. In particular, GaAs nanoparticles with zero optical back-
scattering have been demonstrated using a hybrid integration process [63]. As
shown in Figure 11.5(a)–(c), epitaxial liftoff was utilized to transfer a 1 mm-thick
GaAs membrane onto a fused silica substrate. The film was then thinned by RIE
and patterned into nanostructure arrays with EBL and RIE. Furthermore, multistep
lithographic processes for creating GaAs metasurfaces were developed based on
selective wet oxidation (Figure 11.5(d)–(f)) [60–62]. Here, HAR etching was per-
formed along with selective wet oxidation of AlGaAs underlayers to fabricate
GaAs metasurfaces. As a result, multilayer GaAs metamaterials were realized with
an embedded low-index native oxide layer between the nanoresonators and the
substrate designed for broadband high reflectivity. In another example [62], the
fabrication process began with epitaxial growth using MOCVD or MBE. This was
followed by e-beam lithography and ICP dry etch to pattern the etch masks.
Subsequently, the selective wet oxidization of AlGaAs was performed to form
(AlxGa1 � x)2O3.

11.2.1.4 Chalcogenide compounds
Chalcogenide alloys, compounds containing one or multiple chalcogen elements
(e.g., sulfur (S), selenium (Se), and tellurium (Te)), are attractive candidates for
building subwavelength IR optics, owing to their exceptional optical properties,
such as broadband infrared transparency, large refractive indices, tailorable
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optical properties, large optical nonlinearity, and versatile fabrication processes
with epitaxy-free deposition of high-quality thin films [65–70]. Furthermore,
chalcogenide-based phase-change materials (PCMs) undergo dramatic, nonvolatile
electrical and optical property change between their amorphous and crystalline
states under external thermal, optical, or electrical stimuli, qualifying them as
promising materials enabling active reconfigurable photonics [71].

Tellurium dielectric metamaterials and metasurfaces have been developed
[72–74]. Te nanocubes have been fabricated on a barium fluoride (BaF2) substrate
and designed to center the magnetic resonance reflection peak at 10 mm [72]. In this
work, a 1.7-mm-thick Te film was deposited on a BaF2 substrate using electron-
beam evaporation, with the nanostructures patterned by EBL followed by RIE. A
multi-cycle deposition-etch process was utilized to fabricate the Te dielectric
metamaterial structures [74], as shown in Figure 11.6(a). The multiple cycles of the
deposition-etching-liftoff process reduce the deposition thickness of Te each time
and effectively mitigate pinch-off issues during deposition. The fabricated nano-
cubes are shown in Figure 11.6(b), in contrast to the structures fabricated from a
single deposition/liftoff step (Figure 11.6(c)), which suffer from severe pinch-off
effect resulting in tapered meta-atom geometry.

Besides Te, PbTe is another material boasting a high refractive index larger
than 5. It is thus ideally suited for forming dielectric meta-atoms supporting high-
quality Mie resonances [75,76]. By monolithically integrating a nanocrytalline
PbTe thin film on a low-index CaF2 substrate (n ¼ 1.4) and utilizing a dielectric
Huygens meta-atom design, high-efficiency mid-infrared (mid-IR) transmissive
meta-optic devices have been demonstrated [76]. The combination of PbTe and
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Figure 11.5 (a) Fabrication process of GaAs nanopillars and (b) SEM image
of GaAs nanopillar arrays (radius � 90 nm). (c) Confocal
photoluminescence image of the nanopillar arrays [63].
(d) Fabrication process for constructing AlGaAs-based dielectric
metasurfaces. SEM images showing GaAs dielectric nanocylinders
(e) before and (f) after the selective wet oxidation process. The scale
bar corresponds to 1 mm [62].
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CaF2 contributes to an ultra-thin profile of the meta-atoms due to their large index
contrast, with a thickness of only 1/8 of the operating wavelength in free-space (i.e.,
650 nm at the 5.2 mm wavelength), as well as low optical attenuation from 4 to
9 mm wavelengths. The double-layer liftoff process and devices fabricated using
this method are shown in Figure 11.7. This work marks the first experimental
realization of a Huygens metasurface in the mid-IR and the first demonstration of
diffraction-limited focusing in the mid-IR using transmissive metalenses. The
material selection further foresees scalable manufacturing of meta-optics with
large-area, high-throughput (growth rate ~100 nm/min) PbTe film deposition via
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Figure 11.6 (a) Multi-cycle deposition-etch process for patterning Te films; (b) Te
dielectric metamaterial structure fabricated using multi-cycle
deposition-etching-liftoff technique; (c) Te dielectric metamaterial
structure fabricated using a single deposition-liftoff step [74].
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Figure 11.7 (a) Schematic fabrication process flow of the meta-optical devices;
(b)–(d) Top-view SEM micrographs of the fabricated aspheric
metalens.
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simple single-source thermal evaporation and wafer-scale lithographic patterning
of the film [77–80].

11.2.1.5 Phase-change materials
Optical phase-change materials (O-PCMs) exhibit drastic optical property changes
upon undergoing solid-state phase transformations [71]. Such transitions can be
triggered by thermal, optical, or electrical stimuli and are attractive for photonic
applications to realize reconfigurable optical devices. A subset of chalcogenide
alloys possesses such phase-change properties, such as the commonly used GeSbTe
(GST) alloy, a popular material for nonvolatile, tunable subwavelength optics
[81–87]. In [81], GST films with a thickness of 70 nm were sputtered on a glass
substrate coated with a ZnS–SiO2 layer. After deposition of the GST film, a
protective ZnS–SiO2 layer is subsequently applied. Then, a reversible index
modification from phase transition is induced optically by applying trains of fem-
tosecond pulses onto the GST film (Figure 11.8(a)). As a result, reconfigurable flat
optics with binary or grayscale patterns are created by using a diffraction-limited
resolution optical writing process (Figure 11.8(b)–(f)).

Despite the large index modulation Dn of GST, they also exhibit considerable
optical losses due to the relatively small bandgap and excessive free carrier
absorption (FCA), limiting their optical performance as well as application space.
Recently, a new group of O-PCMs, Ge–Sb–Se–Te (GSST), has been developed and
implemented in integrated photonic and meta-optic devices [88]. GSST features
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Figure 11.8 (a) Laser writing of reconfigurable photonic devices in GST phase-
change film to locally vary the film property between its amorphous
and crystalline states. (b) Fresnel zone plate written in phase-change
film and (c) optical hotspot focused by this lens at 730 nm
wavelength. (d) Binary super-oscillatory lens patterned in the phase-
change film and (e) optical hotspot focused by this lens at 730 nm
wavelength. (f) Dielectric metamaterials written in the phase-change
film. (g) Schematic of electrothermal switching of GSS4T1. (h) SEM
of the full device used to switch a 30 mm � 30 mm pixel. (i) Zoom-in
on the pixel with a square pattern of GSS4T1. (j) Time-dependent
absolute reflection measurements of a 1,550-nm laser focused onto
the pixel. (k) Raman measurements of the GSS4T1 film after being
triggered by amorphization and crystallization pulses.
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unprecedented broadband optical transparency covering the telecommunication
bands to the long-wave infrared (LWIR). Thin films of GSST can be deposited by
thermal evaporation from a single Ge2Sb2Se4Te1 source and patterned using stan-
dard RIE or liftoff fabrication processes. Record low losses in nonvolatile photonic
circuits and reconfigurable metasurfaces have been demonstrated. As an example,
electrical pixelated switching of meta-optic devices was realized by integrating
micro-heaters underneath thin-film GSST, as shown in Figure 11.8(g)–(i).
Complete, reversible, and repeatable switching of the GSS4T1 film between its
amorphous and crystalline states has been demonstrated (Figure 11.8(j) and (k)).

Another approach for constructing reconfigurable nanophotonic devices
involves the integration of volatile phase-transition materials, such as vanadium
dioxide (VO2) [89–91], which also exhibit large optical property modification under
external stimuli, albeit in a volatile way. The nanostructures were usually either
directly patterned in VO2 [90,92,93], or formed from plasmonic metals positioned on
top of or embedded in a tunable VO2 layer [90], [94–98]. In addition, the epitaxial
growth of VO2 on a sapphire substrate to form deep subwavelength VO2 nanobeams
was demonstrated [99]. This approach potentially allows fabrication of large-area
tunable metasurfaces without resorting to nanostructuring processes.

11.2.1.6 2D van der Waals materials
2D materials (e.g., isolated single-layer graphene) are another attractive platform
for subwavelength optics [7], [100–105]. Graphene exhibits highly variable
dielectric permittivity useful for realizing active photonic devices. Nanostructures
such as nanodisks, nanorods, and nanoholes have been demonstrated with broad-
band tunable resonances [101,106–108]. It also supports plasmonic resonance in
the mid-IR spectral regime with high-quality factors and tight field confinement
[101,102,109].

So far, the integration of 2D materials onto photonic devices typically employs
layer transfer of exfoliated 2D membranes onto another substrate containing pho-
tonic devices [110]. This “hybrid” integration approach has been widely adopted
but is limited by the topology of underlying structures or would require an addi-
tional planarization process to avoid rupture of the 2D membranes at structure
corners [111,112]. Meanwhile, the interaction region between the optical mode and
2D layer is limited to the top of the optical structure. A monolithic integration
approach is more desirable in terms of improving manufacturing yield, throughput,
integration precision, and flexibility of device design. Such an approach would
involve the growth of optical films on 2D materials and subsequent lithographic
patterning of photonic devices [113–115]. However, it is not trivial to grow opti-
cally thick dielectric films on 2D materials due to its chemically inert surface,
which makes nucleation and growth of uniform dielectric films challenging [116].
Surface modification could catalyze nucleation via ozone [117], NO2 [118], or
perylene tetracarboxylic acid [119], while sacrificing carrier mobility in graphene.
While the former process tends to severely degrade graphene quality and the latter
is not practical for growing optically thick layers, without the surface functionali-
zation, continuous dielectric films could be formed via electron beam evaporation
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or atomic layer deposition (ALD). PECVD is another potential alternative
approach, while low-density, low-power plasma is required to mitigate plasma
damage to graphene surface [120]. In general, the integration of 2D materials
requires special attention on protecting the material’s structural integrity from high
temperatures, plasma, and reactive chemicals used during the process.

Amorphous chalcogenide glasses have recently been demonstrated as an ideal
material candidate for integration with 2D materials. The glasses’ amorphous nat-
ure and good van der Waals adhesion to different substrates allow epitaxy-free and
substrate-agnostic deposition with minimal induced thermal and structural dama-
ges. Optically thick chalcogenide glass films have been deposited on a variety of
2D materials and patterned into functional optical devices without degrading the
material and device properties [100]. Figure 11.9(a) schematically depicts a generic
fabrication process to integrate chalcogenide glass photonic devices with graphene.
Multi-layer photonic structures with 2D materials embedded inside optical struc-
tures were also realized, which optimized the interaction between the optical mode
and 2D layer (Figure 11.9(b)).

11.2.2 Large-scale manufacturing: a case study of optical
metasurfaces

Optical metasurfaces have revolutionized how optical components are designed
and fabricated by completely deviating from the conventional operation principles
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Figure 11.9 (a) Generic schematic fabrication process to integrate chalcogenide
glass (ChG) photonic devices with graphene; (b) SEM image of the
fabricated ChG waveguide structure embedding graphene; white
arrows mark graphene location [100].
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based on bulk optical materials. Instead, the wavefront of light is efficiently
“molded” by a subwavelength array of nanostructures. Such an optically thin and
planar architecture can potentially leverage microfabrication processes matured in
the semiconductor industry to enable large-volume, low-cost, and scalable manu-
facturing. While EBL is a versatile fabrication tool widely used in the research
community and well suited for prototyping purposes, the process is relatively costly
and time consuming. For large-scale manufacturing, alternative high-throughput,
low-cost fabrication approaches, such as photolithography, interference litho-
graphy, nanoimprinting, etc., are preferred. Meanwhile, wet etching processes can
be utilized to potentially replace RIE processes for select applications [121].

Toward the goal of scalable fabrication, stepper lithography has been
employed to fabricated large-area (a few centimeters in diameter) flat lenses based
on metasurfaces with high yield [15]. The fabrication methodology and fabricated
devices are shown in Figure 11.10. Here, an a-Si layer (600 nm thick) was first
deposited on a 4-inch fused silica wafer using PECVD. After applying the photo-
resist and contrast-enhancement layers, the pattern of the metalens, which was
carried out by a quartz photomask, was projected onto the wafer via an i-line
stepper. After development, RIE was used to create the nanopost arrays in the a-Si
layer. The use of a stepper allows the rapid replication of the metalens patterns over
the entire wafer area by incrementally stepping the wafer position and repeating the
exposure process, allowing the fabrication of hundreds of wafers per hour. Lastly,
the wafer was diced into individual metalenses with diameters of 2 cm each. High-
quality imaging performance has been achieved using the metalens fabricated via
this approach.
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Figure 11.10 Schematic diagram of using photolithographic stepper technology
for metalens fabrication over a 4-inch silicon wafer [15].
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As the authors discussed in [15], one of the major challenges for scaled-up
manufacturing of metasurfaces is the handling of very large metasurface layout
files. To fulfill the subwavelength requirement, billions of meta-atoms with
nanometer-scale precision are needed to fill the entire device aperture of a few
centimeters in size, resulting in file sizes of hundreds of gigabytes. A multi-level
compression algorithm taking advantage of rotational symmetry of metalens
designs was thus developed to dramatically reduce the file size by several orders
of magnitude [15]. Such an approach can be applied to other large-area
fabrication methods for metasurfaces, such as nanoimprint and interference
lithography.

Other challenges associated with fabricating large-area metasurfaces include
local and global variance of the substrate over a large area, such as surface
roughness, flatness, parallelism, etc. It should be noted that the impacts of these
non-idealities are highly dependent on meta-atom design and meta-optic device
architecture. For metalenses, variance of such parameters of commercial off-the-
shelf wafers still guarantees good focusing and imaging performance at the expense
of reduced optical efficiency, according to the analysis in [15]. For other types of
devices (e.g., beam deflectors), however, such variance will enhance unwanted
diffraction orders and result in cross-talks [76]. Thus, performance sensitivity to
wafer parameter variances must be taken into account in the design phase with a
thorough tolerance analysis.

11.3 Innovative solutions to nonconventional
subwavelength optics designs

In the following sub-sections, we present the challenges and available solutions to
the fabrication of three types of subwavelength optical structures: HAR structures,
3D structures, and devices on unconventional, non-planar substrates. Each sub-
section begins by elaborating the significance of the type of structures and the
unique optical functions they furnish. Various fabrication approaches are subse-
quently reviewed and compared.

11.3.1 HAR nanostructures
Advances in theoretical studies and numerical simulations of nanophotonic struc-
tures inspire scientists to further push the boundaries of fabrication capabilities.
One of such avenues is to attain HAR nanostructures, which can enable significant
improvements in imaging, sensing, energy harvesting, and secure communication.
For instance, dielectric metalenses with HAR elements can achieve significantly
higher focusing efficiencies and achromatic performance [64,122,123]; metama-
terials and photonic crystals with narrow and deep trenches can support novel
surface and bulk modes [124,125]; diamond nanowire-antenna arrays with color
centers can unlock efficient on-chip single-photon generation [126]; ultra-narrow
plasmonic gaps of <1 nm can lead to much stronger field enhancement, enabling
quantum phenomena such as room-temperature strong coupling [127].
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The scope of the developed techniques for achieving HAR structures is extre-
mely broad, and the reader can refer to several reviews on the topic, for instance, the
work by Lee et al. [128]. In this section, we would like to focus on several pattern
transferring methods, which, in our opinion, are the most suitable for constructing
high-quality subwavelength optical structures over large areas (mm-scale and
larger) using commonly available cleanroom facilities. The quality of the HAR
nano-optical devices is quantified by sidewall roughness (<l/100), sidewall
angle, and surface chemical contamination. Each of the following HAR techniques
is presented below with a brief description of the technique and its principle
of operation, general guidelines for achieving desired fabrication metrics, its
advantages and limitations, as well as the state-of-the-art of fabricated devices.

11.3.1.1 Reactive-ion etching
Dry etching is an essential part of todays integrated circuit manufacturing line.
Back in the early days of the semiconductor industry, wet etching was a dominant
process used in pattern transfer processes. However, over the years wet etching was
replaced with dry etching methods due to the necessity of reducing chemical waste
and need to fabricate vertically standing elements with small feature sizes. One of
the fascinating demonstrations of state-of-the-art etching technology are the 50:1
extremely HAR channels in a 3D flash memory stacks [129], known as the “Burj
Khalifa towers” at the nanoscale.

RIE is the most common dry etching technique employed nowadays. In a RIE
process, the material is selectively removed by a combination of chemical reaction
and physical ion bombardment. The synergy between the two processes produces
substantial increase in etching rates and selectivity [130]. RIE plasma is typically
formed by collisions between accelerated electrons with the entering gas mole-
cules, such as Ar, O2, Cl2, BCl3, CF4, CHF3, SF6, etc. These collisions lead to
formation of ions and free radicals via ionization and dissociation processes,
respectively. For example, electron collision with a tetrafluoromethane (CF4)
molecule can result in the following reaction:

CF4 þ e� ! CF3
þ þ F þ 2e�:

This is only one example of the many other reactions occurring to CF4.

Therefore, in a RIE process, one has to consider a variety of ion groups, including
CFx

þ, C2Fx
þ, Fþ, as well as their negatively charged counterparts. Both positive

and negative ions can participate in the etching processes, since the substrate is
placed on a RF-biased electrode, which helps avoid charging of the sample.

The two main mechanisms to generate plasma are based on accelerating
electrons with a parallel plate capacitor (capacitive coupled plasma or CCP) and
with an induction coil (inductive coupled plasma or ICP). Historically, ICP RIE
was invented later and hence this approach is more advanced than CCP. The
development of ICP was mainly fueled by the industrial needs to achieve
high-throughput etcher. ICP systems can generate plasma with extremely high
densities, up to 1012 ions/cm3, which is several orders of magnitude larger than the
plasma densities in a CCP system. ICP RIE architecture was also designed to have
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a plasma source, ICP torch, outside of the main reactor. Hence, ICP machine design
provides a separate control over ion energy and ion density.

Developing an etching recipe from scratch is a challenging task, however, here
we would like to offer general strategies for achieving HAR structures with low
sidewall roughness. HAR structures require a more anisotropic etch, which can be
achieved by increasing ion kinetic energy and reducing their scattering by gas
molecules. Therefore, increasing bias voltage and reducing gas pressure
(~10 mTorr) generally lead to more vertical and smoother etch profiles.
Additionally, sidewall passivation can be instrumental in further straightening of
the walls by impeding lateral etching. The sidewall passivation is implemented by
adsorption of carbon- and/or oxygen-containing molecules, which emanate either
from photoresist mask erosion or as a constituent of the feeding gases. Passivation
comes with the price of sidewall contamination, although there are existing
approaches to remove the passivation layer, for instance, with a hydrogen plasma
treatment [131]. Since Cl does not attack SiO2, the oxide sidewall passivation layers
may also form due to Si contaminants in the etching chamber during RIE based on Cl
chemistries [70,132]. For the etching chemistries with Cl or F compounds, isotropic
etching can also be suppressed by substrate backside cooling [133].

Numerous studies have demonstrated that conventional ICP RIE techniques
can be used to fabricate HAR subwavelength optical structures from various
materials with an AR up to 15 [62,122,126,134]. Here, we take RIE fabrication of
broadband dielectric metalenses as an example [122]. The fabrication protocol
mainly includes deposition of amorphous silicon film on top of quartz substrates;
patterning of Al2O3 mask on top of the film; and dry etching through the mask
followed by mask removal (Figure 11.11(a)). The etching process was performed
inside an ICP RIE chamber with feed gases of SF6 (40 standard cubic centimeters
per minute or sccm) and O2 (16 sccm). This is a standard chemistry used for etching
deep trenches in Si, where sulfur fluoride ions act as etching reagents. Al2O3 is
known to be extremely resistant to SF6-based etching, and its selectivity to Si
reaches 1:70,000 [135]. In addition, during the etching process, the substrate was
kept at –100�C to retard the fluoride isotropic etching reaction. The fabricated

PR
a-Si

quartz

EBL

Al
2
O

3
 deposition

Al
2
O

3
 mask removal

PR removal

RIE

(a)

2 μm

10 μm

Figure 11.11 (a) Fabrication sequence for constructing Si-based metasurface.
(b) SEM image depicting meta-atoms comprising broadband
achromatic metalens, AR ~ 14, smallest feature size 100 nm [122].
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metasurface is composed of 1.4-mm-tall meta-atoms having various shapes
(Figure 11.11(b)). The smallest feature size is about 100 nm and it manifests a
maximum AR of approximately 14. To the best of our knowledge, this is the largest
AR value realized in metasurfaces.

Due to its wide availability, RIE is an attractive technique for implementing
HAR nanophotonic structures. It is a relatively simple fabrication procedure typi-
cally consisting of only a few steps including mask patterning, etching, and mask
removal. RIE is also a fast process with typical etching rates of about 100 nm/min.
On the other hand, development and optimization of dry etching recipes, in parti-
cular for nonstandard materials, can be a time-consuming process. Often, the pro-
cess is also sensitive to chamber contamination, which can be a major hurdle to
maintaining process reproducibility especially in university foundries.
Additionally, RIE is not suitable for etching metals such as Ag, Fe, Au, Ni, Co, and
Pt, as their halides are nonvolatile compounds. The other common issue with RIE is
the dependence of etching rate on feature size and pattern density due to the micro-
loading effect. For instance, larger size openings and isolated standing structures
etch faster than smaller and densely packed features.

RIE anisotropy can be further enhanced by increasing mask thickness. For
instance, a thick hard mask can filter out most of the ions with a lateral momentum
component. The inset of Figure 11.12(a) depicts two ions, where the first ion,
incident at an angle, gets stuck by initially hitting the mask walls whereas the
second ion, moving vertically, penetrates through the mask and impinges on the
film surface. High et al. proposed and utilized this approach to etch epitaxially
grown silver films and fabricated hyperbolic metasurfaces [136]. This visible-
frequency metasurface was realized as a subwavelength grating with a width and
height of 90 and 80 nm (AR ~ 1), respectively (Figure 11.12(b)). As previously
mentioned, it is difficult to chemically etch metals since their halides (etching
reaction products) are typically nonvolatile components. Thus, physical ion bom-
bardment, for example, with Arþ ions is a viable solution to patterning silver.
Physical etching with inert gases eliminates structure contamination. However, the
etching process lacks selectivity and, therefore, thick masks made of hard materi-
als, like aluminum oxide, are required.

11.3.1.2 Conformal atomic layer deposition on a template
As an alternative to the traditional approach of etching through a mask, HAR
structures can be formed by conformally filling mask openings with the material of
interest. For instance, conformal filling can be achieved by ALD, a vapor-phase
technique capable of coating the substrate surface with layers whose thickness is of
atomic precision. In 2016, Devlin et al. used the ALD-assisted patterning approach
to produce dielectric metalenses in the visible spectrum [6]. Figure 11.13(a) illus-
trates the process flow, which includes the steps of patterning photoresist with
EBL, ALD filling of titanium dioxide, and removing the capping layer with RIE.

More specifically, electron beam resist was spun onto a fused silica substrate,
where the resist thickness defined the height of the final nanostructures.
Afterwards, the resist was patterned with EBL to form a template. During the ALD
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process, the template was covered conformally with a layer of TiO2. The ALD was
terminated when the TiO2 layer reached a thickness equal to half of the nanofin
width. In a more general scenario, the ALD layer should be thicker than half of
the maximum mask-opening width to ensure complete template filling. In the
end, RIE was utilized to remove the residual TiO2 capping film formed on top of
the template surface and the resist was later dissolved to release the final
metasurface.

The fabricated nanofins are 40 nm wide and 600 nm tall with an AR of 15, an
almost impeccable sidewall angle of 89�, and miniscule RMS roughness of less
than 1 nm (Figure 11.13(b) and (c)). Such smooth nanostructures were achieved
due to the accurate monolayer-scale deposition control inherent to the ALD pro-
cedure, as well as that TiO2 forms an amorphous-phase free-of-grain boundaries.
Overall, this ALD template-filling technique can deliver spectacular fabrication
results. However, on the downside, ALD is a slow process (~0.5 nm per cycle) and
therefore cannot be used to generate large structures.

The ALD technique can also be applied to the construction of ultra-small gaps
in metallic structures, which can produce significant electromagnetic field
enhancement [137]. The process flow is illustrated in Figure 11.14(a). The first
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Figure 11.12 (a) Process cycle for transferring HAR anisotropic patterns into a
metal film. (b) SEM images of fabricated hyperbolic metasurface
[136].
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Figure 11.13 Fabrication of dielectric metasurfaces by conformally filling the
resist-defined template with titanium oxide. (a) Process flow
including the steps of EBL, ALD filling resist openings with TiO2,
and RIE of the extra material on top. (b) Top and (c) side views of
the implemented metalens segment containing nanofins with
various rotation angles. Nanofins are 600-nm tall with the smallest
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Figure 11.14 (a) Fabrication steps for constructing ultra-narrow plasmonic gaps.
The procedure consists of two metal depositions, ALD conformal
coating, and applying an adhesive tape to remove residual material.
Cross-sectional SEM and TEM images of a (b) 10-nm and (c) 1-nm
Al2O3 barrier inside the metal film [137].
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metallic layer (colored in silver) was patterned by EBL, for example, into rectan-
gular trenches. ALD was then utilized to conformally cover the whole pattern with
a layer of dielectric (Al2O3), which in principle can be atomically thin. The gap size
of the final structure is dictated by the ALD-layer thickness. Afterwards, the sec-
ondary metallic layer (shown with gold color) was directionally deposited. An
adhesive tape was then attached on top of the structure. Since the tape only contacts
the upper metallic layer, peeling off the tape selectively removes the upper layer
and planarizes the whole structure. The resulting surface can be further smoothed
by chemical-mechanical polishing.

As a result, a metallic film with ultra-narrow gaps of arbitrary forms and
thicknesses can be constructed. Figure 11.14(b) and (c) displays SEM and TEM
images of the fabricated 10 and 1 nm gaps. It is worth mentioning that the 1 nm gap
was engraved in a 150-nm-thick planarized Au film, and thus the structure boasts a
record large AR of ~150. The ALD coating further guarantees uniformity of the
nanogaps, even when the first metallic layer comes with residual roughness after
the patterning step. Additionally, this method enables the definition of gaps sand-
wiched between dissimilar materials, for instance, Au and Ag (Figure 11.14(c)). On
the flip side, the sidewalls of the patterned metallic film must be vertical in order to
physically separate the upper layer patterns and the structures located inside the
initial openings. This condition is necessary for the peeling off step to work
properly.

11.3.1.3 Metal-assisted chemical etching
Wet etching processes can also be employed to fabricate deep anisotropic patterns.
One of such methods for achieving extremely HAR structures is metal-assisted
chemical etching (MACE). In this technique, etching anisotropy originates from the
metal-induced oxidation of a semiconductor material underneath and subsequent
etching of the formed oxide. Typically, in MACE process, Au and Ag serve as
catalyzers, H2O2 acts as an oxidant, and HF is an acidic solution to etch the oxide
[138,139]. The typical MACE flow is depicted in Figure 11.15(a). Au is first pat-
terned on top of a Si substrate. The etching process underneath the pattern produces
vertical or porous pillars depending on consumption of generated holes at the Au-Si

(a) (b)
Au

Si 40 µm

Figure 11.15 (a) Illustration of MACE technique principle, from left to right:
metal pattern on top of the semiconductor; possible outcomes:
vertical, porous, and slanted pillars [141]. (b) SEM image of
550-nm diameter Si nanowires with height of 51 mm, showing AR of
~93 [140].
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interface. Additionally, at certain HF/H2O2 ratios the etching can lead to the for-
mation of slanted pillars due to anisotropic etching rates along different crystal-
lographic planes of Si. Figure 11.15(b) [140] shows an SEM image of the
fabricated Si pillar array with an AR of 93.

In several studies, it was observed that vertical etching rate can be increased by
reducing pattern period while horizontal etching rate and sidewall roughness
depend on HF/H2O2 concentration ratio. High concentration H2O2 generates an
excess of holes that cannot be consumed by HF, which increases roughness, while
low concentrations of H2O2 limit the etching rate. Additionally, a low temperature
environment can reduce roughness on sidewalls at the expense of much lower
etching rates [142]. Typically, MACE minimally attaches the structure sidewalls
and thus it can produce nanostructures with low-surface roughnesses of ~1 nm.
Compared with other wet etching methods, the strongly anisotropic characteristic
of MACE underpins its ability to achieve HAR. Nevertheless, MACE can only be
applied to a narrow range of semiconductor materials, such as Si, Ge, GaAs, GaN,
and InP, which limits its applications. Its etching direction depends on the material
crystallinity and therefore only produces random structures when applied to etching
polycrystalline materials.

Several variants of the standard MACE process were devised to overcome the
drawbacks. For example, vertical directionality controlled MACE (V-MACE)
[143] uses additional electron-hole-concentration balancing structures located in
regions with large electron-hole concentration differences to restrict movement of
metal catalysts, resulting in uniform etching rates and HAR structures. Inverse
MACE (I-MACE) [144] uses a thick and insoluble oxide layer formed at the metal/
semiconductor interface to serve as a barrier and limit hole injection in the vertical
direction. In this way, semiconductor regions not interfaced with the catalyst
layer can be etched preferentially. The resulting HAR structures can be narrower
than the metal patterns with smooth sidewalls independent of the metal pattern
edge roughness. Self-anchored-catalyst MACE (SAC-MACE) [145], which uses a
nanoporous catalyst film to produce nanowires through pinholes, can confine the
etching direction and enhance etch rate by increasing liquid access paths. This
method can also etch through poly-Si/oxide/poly-Si stacks. Magnetic field-guided
MACE (h-MACE) [146] enables the formation of periodic arrays of holes using
isolated metal catalysts. HAR structures produced using the approach show appli-
cations over a broad range. For example, Si microwire with 2 mm diameter and an
AR of 11.6:1 was fabricated by reducing the diffusion distance [147]. Divan et al.
introduced a Ti adhesion layer to stabilize the migration of Au structures, a process
used to fabricate linear Fresnel zone plates [148]. We foresee that further
improvements of the versatile MACE process will facilitate its application in a
broad range of areas.

11.3.2 3D structures
Conventional photonic devices are structured from thin films on flat substrates and
are therefore 2D in nature. 3D structures make use of the underutilized third
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dimension and can offer unprecedented degrees of freedom for optical designers.
Apparently, 3D structure fabrication demands novel fabrication schemes. Such 3D
fabrication can, in some cases, leverage planar fabrication methods, while in some
other scenarios unconventional routes are pursued. In this section, we sample a few
examples of 3D fabrication technologies relevant to subwavelength optics
processing.

11.3.2.1 Two-photon polymerization
Two-photon polymerization (TPP) takes advantage of highly localized nonlinear
absorption in optical polymers to achieve high-resolution layer-by-layer object
construction and serves as a versatile platform for fabricating 3D micro- and nano-
structures [149]. In this approach, an ultrashort laser is focused into a photo-
sensitive monomer and scanned along a design profile to cure the material.
Nanophotonic fabrication poses stringent requirements on the TPP process in terms
of resolution, dimensional accuracy, geometry fidelity, surface roughness, and
position accuracy. In order to improve the fabrication quality, optimization with
main control parameters of the TPP process (i.e., numerical aperture of the objec-
tive lens, laser power, and exposure time) have been performed to enhance reso-
lution [150–153]. Geometry deformation is addressed by pre-compensating for
structure shrinkage [154] and utilizing multi-path scanning and 2D slicing methods
[155], [156]. Additionally, surface roughness can be improved by increasing
overlapping between adjacent voxels [157], dividing a 3D microstructure into
several sub-regions with different slicing thicknesses [158], and angular and equal-
arc scanning methods [159,160]. The main limitations of TPP are associated with
the relatively low-refractive indices of polymer materials as well as manufacturing
throughput and scalability.

Such a maskless lithographic approach allows free shaping of complex 3D
structures with high resolution (below 100 nm) for precise definition of sub-
wavelength devices [153]. An array of photonic applications have been enabled
with additional degrees of freedoms not available from conventional micro-
fabrication methods, such as micro-optics [161–165], diffractive optics [166], 3D
photonic crystals [166–168], light cages [169], phase masks [170], AFM probes
[171], etc. Functional optical systems typically require more than one optical
component while conventional assembly techniques developed for discrete optical
components cannot provide sufficient precision and cost effectiveness for integra-
tion of subwavelength optics. TPP can potentially address this issue by monolithic
fabrication of multiple elements without additional assembly steps. As demon-
strated in [163] (Figure 11.16(a)), objectives consisting of stacked micro-lenses
were developed, in which the multiple stages of aspheric lenses were written along
with mechanical supporting structures using TPP, enabling monolithic integration
of micro-scale high-performance optical systems immune from assembly
misalignment.

3D photonic crystal structures with a total of 40 layers have been fabricated
using TPP [167] (Figure 11.16(b)–(d)). Again, mechanical considerations were
incorporated in the structure design to minimize distortions due to polymer
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shrinkage during polymerization. In [166], chiral photonic crystals with an inter-
layer distance of 400 nm were fabricated directly on an optical fiber tip for polar-
ization control (Figure 11.16(e)). A free-form lens structure with Fresnel zone plate
was subsequently fabricated on top of the photonic crystal structures for beam
shaping (Figure 11.16(f)). This multi-scale photonic system is an excellent example
showing the fabrication and integration versatility offered by TPP. Hollow core
light cages fabricated by TPP were demonstrated [169], which consist of 6 or 12
free-standing polymer strands of 3 mm diameter around a central hollow core
(Figure 11.16(g)). The light cage was written over 1 cm distance with diffraction-
less propagation in the UV, visible, and near-infrared spectral regimes and high
confinement of the fundamental mode. Such a platform is attractive to spectro-
scopic sensing and bioanalytics when integrated with optofluidic devices.

11.3.2.2 Interference lithography
Interference lithography (IL) (also known as holographic lithography) exploits the
interference of two or more coherent laser beams to pattern fine features (below
50 nm) over large areas [172–177], which is of particular interest to large-scale
fabrication of nanophotonic devices. Assuming a laser wavelength of l and a
refractive index of n for the immersion material, the minimum achievable feature
size with a single exposure has a half-pitch of l/4n.

The basic method of generating interference patterns for subwavelength optics
fabrication involves multiple exposures [172,178] or multiple beams [179]. 3D
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Figure 11.16 Implementation of TPP in micro- and nano-photonic device
fabrication: (a) nano-printed triplet lens system (scale bar, 20 mm)
[163]; (b)–(d) 3D photonic crystals with a total of 40 layers and
surrounding walls written to prevent bending and reduce distortions
due to polymer shrinkage during polymerization [167]; (e) a chiral
photonic crystal structure for polarization control directly on an
optical fiber tip (scale bar, 10 mm) [166]; (f) a free-form lens with
patterned Fresnel zone plate for beam shaping on a fiber (scale bar,
25 mm) [166]; (g) schematic and fabricated light cage structures
[169].
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photonic crystals have been realized using holographic lithography based on mul-
tibeam interference in a photoresist. Large-area, sub-micron structures were
demonstrated [176,180]. With four non-coplanar beams from holographic litho-
graphy, diamond-like structures were fabricated with beams from all spaces [181].
Using five beams, the diamond-like structure can be created with only beams from
half spaces [182,183].

In addition to bulk optical components, interference patterns can also be gen-
erated by passing the laser beam through a diffraction element mask [175,184–
190]. For instance, multi-layer phase masks with orthogonally oriented gratings
produced in a liquid crystal and photoresist mixture were developed to generate
five-beam interference patterns [191] (Figure 11.17(a) and (b)). Diamond-like
photonic crystal structures were created by exposing photoresist mixtures to the
interference patterns formed by the phase mask (Figure 11.17(c) and (d)). Phase-
engineered interference lithography can also be achieved using programmable
spatial light modulators [192–198].

11.3.2.3 Membrane projection lithography
Membrane projection lithography (MPL) is an emerging method for fabrication of
metamaterials and metasurfaces consisting of 3D unit cells [199–203]. As
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Figure 11.17 (a) Schematic of multi-layer phase mask IL setup [191]. (b) SEM of
fabricated multiple-layer phase mask. (c) SEM of fabricated 3D
photonic crystal structure using multi-layer phase mask IL method.
(d) Enlarged view of the photonic crystal structure. Inset is the
simulated five-beam interference pattern [191].
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schematically illustrated in Figure 11.18 [199], a unit cell cavity was first etched
into a Si substrate and backfilled with a sacrificial material. After the top surface
was planarized using chemical-mechanical polishing (CMP), a membrane layer is
deposited and patterned with through holes of target geometries. After the sacrifi-
cial layer is removed through wet etching, the membrane becomes a suspended
shadow mask layer. Directional material depositions such as metal evaporation are
then conducted to “decorate” the unit cell by projecting the membrane patterns onto
the unit cell sidewalls. The “decoration” step can be repeated with different
deposition flux directions to create patterns on multiple sidewalls. The membrane is
finally removed to complete the fabrication process.

The CMOS compatible MPL process can be applied to generate a suite of unit
cell geometries and sidewall pattern shapes such as vertically oriented split ring
resonators (SRR), in metallic or dielectric materials. Structures with a linewidth
down to ~100 nm have been demonstrated using MPL. The technique can also be
adapted to fabricate 3D stacked photonic structures through layer-by-layer
processing.
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Figure 11.18 (a)–(j) Fabrication process flow of membrane projection
lithography. (k) SEM image of cubic silicon cavities; (l) SEM image
of backfilled cavities and patterned membrane; (m) SEM image of
unit cells with patterned membrane suspended over cavity; (n) SEM
image of final unit cells decorated with gold SRRs on sidewalls
[199].
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11.3.2.4 DNA-assisted nanoparticle assembly
Deoxyribonucleic acids (DNAs) are widely known as the essential components of
all living creatures. These macromolecules serve as long-term storage of genetic
information necessary for organism functioning, development, and reproduction.
Back in 1996, it was proposed that DNAs can also be employed in programmable
materials synthesis [204–206]. More specifically, rigid inorganic nanoparticles
(NP) functionalized with DNAs can rationally conjugate to form self-organized
structures ranging from microscopic molecule-like assemblies to macroscopic
crystallographic arrangements [207,208]. Principle of binding gold colloids via
DNAs is illustrated in Figure 11.19(a). The process typically consists of two steps.
During the first phase, anchor-DNAs are attached to NP surface (illustrated as fully
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Figure 11.19 (a) Gold colloids functionalized with DNA chains can be
controllably connected with each other to form molecule- and
crystal-like structures. (b) Detailed depiction of DNA binding
procedure to form a binary NP molecule. Two molecules, each
consisting of 18 nucleobases (black font color), directly anchor to
the NPs. Then two linkers, each composed of 23 nucleobases (green
font color), attach to the latter DNA strands (region 1) and connect
with each other (region 2) via DNA base-pairing rules [207].
(c) Schematic of binary-component NP superlattice, TEM image
of the Cs6C60 isostructural lattice and SEM images of fabricated
CsCl-lattice microcrystals, respective scale bars are 50 nm and
1 mm [208,209].
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black strands sticking out from an NP). In the second step, linker-DNAs are
introduced (indicated as black strands with a green subsequences) in order to form a
complete binding between the NPs. Figure 11.19(b) provides a detailed example of
such a binding where four nucleotide sequences intertwine with each other and
form three paired regions. Interestingly that DNA crosslinks can be reversibly
disassembled if the substance is heated above the link (region 2) dissociation
temperature [204]. The DNA-based conjugation approach can be extended further
to bind together particles of different sizes to form various superlattices. Examples
of the NP crystallographic arrangements mimicking lattices of Cs6C60 and CsCl are
demonstrated in Figure 11.19(c) [208,209]. DNA-assisted self-assembly is a very
attractive technique due to the highly advanced capabilities of DNA synthesis,
which allows automated generation of DNAs chains of arbitrary lengths and sur-
face binding functionalities [210].

11.3.3 Fabrication on unconventional substrates
To date, most subwavelength optical structures are fabricated on flat, rigid sub-
strates exemplified by silicon wafers. There is, however, growing interest in
deploying these devices on unconventional, non-planar substrate platforms for
many emerging applications. For example, integration of metasurface optics on
arbitrary free-form substrates can decouple the optical capabilities of the compo-
nent from its geometric configurations, the latter of which being dictated in many
cases by considerations other than optical functions (e.g., hydrodynamics) [13,211–
213]. For example, flexible devices built on mechanically compliant substrates with
elastic properties matching those of biological tissues potentially enable minimally
invasive biomedical sensors and actuators suitable, for instance, for conformal
integration on human skin [214–217]; stretchable photonic and plasmonic struc-
tures provide a facile way for strain-mediated optical tuning and reconfiguration
[218–223]; and nanostructures on the end facet of optical fibers can impart func-
tions including antireflection, beam steering and shaping, optical coupling and
sensing [224].

These tantalizing new capabilities nevertheless come with the price of added
processing complexity. Tailoring standard optical and electron beam lithographic
tools to patterning on these unconventional substrates is an applicable path in some
cases, although the benefit is apparent only when extensive process customization
is not mandated. Alternatively, the subwavelength structures can be fabricated on a
flat handler substrate using classical methods and then transferred onto the
unconventional substrates. Maintaining pattern fidelity, yield, and throughput
constitutes the key to implementing a successful transfer process. Another popular
alternative is to use direct laser beam or ion beam writing methods, although
throughput and accuracy represent inherent trade-offs for these beam-based tech-
niques. Simply put, there is no “universal” solution that applies to all substrate
platforms, and in the following we will review the technology choices for different
substrate classes.
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11.3.3.1 Integration on flexible and stretchable substrates
Flexible and stretchable substrates are usually made of organic polymers and
elastomers. Manufacturing electronic devices on these substrates has matured over
the past several decades and is now a fairly well-established process [225].
However, printing or standard photolithography is routinely used for metal inter-
connect fabrication. When it comes to inorganic semiconductors, transfer printing
becomes the preferred integration route [226,227].

These techniques can be adapted to subwavelength optics fabrication although
process modifications are often mandated given the unique characteristics of opti-
cal devices [66,228–231]. For instance, unlike most electronic devices, optical
devices are extremely sensitive to misalignment between the structural units, which
readily modifies optical coupling. The sensitivity is further amplified in sub-
wavelength optics due to strong field concentration common in these structures
such that even displacements of a few nanometers can drastically change the device
response. While the phenomenon has been harnessed for efficient optical tuning
[232,233], it poses stringent requirements on pattern fidelity in particular to transfer
printing methods, which are more prone to misalignment.

The technical challenge associated with misalignment can be obviated using
anchored or interconnected subwavelength structures. As an example, Zhu et al.
fabricated flexible high-contrast gratings (HCGs) exhibiting strain-tunable colors
using the transfer printing method (Figure 11.20) [234]. The HCGs were patterned
from an SOI wafer using SiO2 as a etch mask. The structures were then released
from the substrate through an HF vapor etching step, picked up from the substrate
using a flat PDMS slab, and capped using a second PDMS layer. To ensure a high
transfer yield, the HCGs assume the form of 100 mm � 100 mm pixel arrays, and the
pixels are connected to a supporting frame with folded beams to minimize pattern
distortion during structural release. The folded beams readily rupture during the
PDMS delamination step without affecting the HCGs structures. Similarly, par-
tially etched pedestals can be used to tether isolated structures (e.g., individual
waveguides, meta-atoms, or nanoantennas) prior to their complete release from the
handler substrate, thereby preventing undesired displacement or deformation

1. Patterning of HCGs
Thermal oxide

Buried oxide
Si

2. Structure release

4. Encapsulation3. Transfer
PDMS stamp

(a)

Figure 11.20 (a) Transfer printing of high-contrast gratings onto flexible
substrates; (b) SEM image of the HCGs on SOI substrate after
etching: inset shows the HCG cross section [234].
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during transfer [235]. It has been demonstrated that the transfer printing process can
be applied to create large-area (10 cm � 10 cm) structures on virtually arbitrary
substrates [236].

Another commonly adopted method for subwavelength optics fabrication on
flexible substrates involves first patterning the optical structure on top of a sacri-
ficial layer on a rigid handler substrate, followed by encapsulation of the structure
in PDMS elastomer, and finally delamination from the handler after removing the
sacrificial layer [212,221,237]. Differing from the transfer printing approach, here
PDMS is cast on the patterned structure and cured to encapsulate the entire struc-
ture. Figure 11.21(a) illustrates one instance of the process [212]. Here, a meta-
surface made of amorphous silicon (a-Si) nanopillars was first patterned using EBL
and subsequent dry etching with an Al2O3 hard mask (Figure 11.21(b)). A two-
layer PDMS film was then coated in two spin steps, the first with a diluted solution
to enhance infiltration between the a-Si structures and the second with regular
PDMS monomer. Once the PDMS layers were cured, the nanopillars were released
from the handler wafer by wet etching of the Ge layer to form a free-standing,
flexible metasurface structure. It should be noted that curing can lead to volume
shrinkage of PDMS, and the resulting spacing change needs to be compensated for
precise pattern pitch control [238].

An alternative to the transfer approach is direct patterning on flexible
substrates. Metallic nanoantenna arrays can be readily deposited onto polymeric
substrates via evaporation or sputtering and subsequent patterning using photo-
lithography or EBL coupled with etching or liftoff [239–242]. The deposition
process can also be masked to generate target patterns in a single step. For the
masking purpose, nanosphere lithography [243–246] and block copolymer self-
assembly [247] afford fine resolutions commensurate with subwavelength optical
structure processing, although they only present limited options of possible unit cell
shapes and lattice configurations. On the other hand, fine features of varying geo-
metries can be formed using nanostencil lithography, an advanced shadow-masking

(i) (ii)

(iv) (iii)

Ge
Si

a-Si

Al2O3

PDMS

(a)

Figure 11.21 (a) Schematic fabrication process of a conformal dielectric
metasurface; (b) an SEM image of the a-Si nanopillars with the
Al2O3 mask before PDMS encapsulation; the scale bar corresponds
to 1 mm [212].
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technique (Figure 11.22) [248,249]. Plasmonic nanoantennas with a minimal fea-
ture size down to 25 nm have been experimentally realized using this method [248].

It is also possible to use a pre-patterned flexible substrate to template the
subwavelength structures. Hokari et al. recently demonstrated embedded printing
for sub-micron metallic structure fabrication [251]. The concept is depicted in
Figure 11.23(a) [252]. The process began with imprinting a PMMA plastic sub-
strate to form a groove pattern. The grooves were then filled with conductive ink
containing metal nanoparticles assisted by capillary force. Once the residual ink
outside the grooves was removed, the ink was sintered, transforming into solid
metallic structures embedded in the plastic substrate (Figure 11.23(b)). It is worth
noting that sintering results in dimensional changes of the metallic structures
(Figure 11.23(d)), which must be properly taken into account to achieve desired
optical functions (Figure 11.9(c)). Nanoimprint can be similarly combined with
angled deposition to generate subwavelength plasmonic architectures [253].

Transfer-free fabrication of dielectric subwavelength structures on flexible
substrates potentially offers the benefits of simplified processing as well as
improved throughput and yield, albeit while imposing additional constraints on
material selection. In addition to possessing high refractive indices and low optical
loss, the dielectric material should also be amorphous or polycrystalline to facilitate
epitaxy-free deposition on polymers. Moreover, the deposition process must be
thermally and chemically compatible with the flexible substrate: oxygen-plasma-
assisted sputtering of oxide thin films, for instance, causes damage to most poly-
mers. Possible material candidates that meet the standards include a-Si and silicon
nitride grown with special low-temperature processes [254–256], sol-gel oxides
such as TiO2 [257,258], and vacuum deposited [100,259–265] or solution derived
chalcogenides [68,266–268]. Figure 11.24 illustrates an exemplary process flow for
monolithic photonic device fabrication on polymer substrates. In this embodiment,
the flexible substrate comprises a polymer film initially spin coated on a handler
wafer, and the target patterns can be defined using standard lithographic methods,

Nanoapertures

Nanoantennas

(b)

(a)

1 μm

(c)

Figure 11.22 (a) Schematic illustration of the nanostencil lithography process;
(b, c) SEM images of (b) the nanostencil and (c) fabricated
nanoantennas [250].
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Figure 11.24 A generic process flow for dielectric material deposition and device
fabrication on polymer substrates [257].
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Figure 11.23 (a) The embedded printing process; (b) printed flexible
metamaterials; (c) photograph of printed flexible metamaterials
before sintering and after sintering at 130�C for 1, 2, and 4 h;
(d) SEM images of printed metamaterials for different sintering
conditions. The black scale bars indicate 200-nm length [252].
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nanoimprint [269], or soft lithography. The optical structures are subsequently
encapsulated and delaminated from the handler substrate to form a free-standing
flexible device. A main advantage of the process is that it leverages standard
nanofabrication infrastructures with minimal customization needed.

Additional challenges arise when it comes to dielectric material integration on
elastomers. Elastomers typically exhibit gigantic coefficients of thermal expansion
(CTE) that are one to two orders of magnitude larger than most dielectric and
semiconductor materials. Take the most commonly used PDMS as an example; it
has a tremendous linear CTE of 3.1 � 10–4/�C [270], compared to those of Si
(2.6 � 10–6/�C), SiO2 (0.55 � 10–6/�C), and Si3N4 (3.2 � 10–6/�C). To mitigate
film delamination and cracking due to the large CTE mismatch, several measures
can be taken. One option is to limit the thermal budget of the entire fabrication
process, including that of the resist baking steps [271]. Other viable solutions
include inserting a strain-releasing layer between the elastomer and the dielectric
material [65,69,272] or arranging the dielectric structures into small isolated islands
[273]. To accommodate the large elastic strain during stretching of elastomers,
configurational designs matured in the stretchable electronics domain (e.g., ser-
pentine line shapes and local substrate stiffening [274,275]) may be employed
although optics-specific optimizations are often essential for photonic devices [69].

11.3.3.2 Subwavelength optics fabrication on non-planar and
irregular substrates

Technologies for nanostructure fabrication on non-flat substrates can be generally
classified into three categories: flexible membrane conformal integration, soft-
lithography-based methods, and beam writing. In the first scheme, structures fab-
ricated on a thin stretchable membrane are conformally attached onto a non-planar
receiving substrate to impart the target functions, and the techniques described in
Section 11.3.3.1 can be implemented for this purpose. In this section, we will
therefore focus on the latter two approaches.

Soft lithography
Soft lithography is broadly defined as “a collection of techniques based on printing,
molding and embossing with an elastomeric stamp” [276]. The elastomeric stamp
can be readily deformed to conformally contact curved surfaces, enabling facile
pattern transfer. A number of soft lithographic techniques have been applied to
patterning on tightly curved surfaces with feature size down to 15 nm [277–282].
Figure 11.25(a) depicts the fabrication procedure of soft imprint molds capable of
resolving such deep sub-micron features. The composite mold consists of three
laminates: a PDMS/polyethylene terephthalate (PET) backplane and an epox-
ysiloxane imprint layer [283]. The soft PDMS/PET backplane can readily deform
to conform to the shape of the substrate, whereas the epoxysiloxane film contains
the replica molded features for imprint pattern transfer. Epoxysiloxane is a superior
candidate for the imprint layer than the classically formulated PDMS given its
larger stiffness, which minimizes pattern distortion during embossing. The mold
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can then be used to conformally imprint fine structures on curved (Figure 11.25(b))
or uneven surfaces (Figure 11.25(c)).

A variant of soft lithography (sometimes termed “optical soft lithography”)
entails creating an elastomeric photomask, through which a photoresist layer coated
on a non-planar surface can be exposed to produce the target pattern [284–287]. So
far, the minimum feature size of the method that has been experimentally validated
is limited to 1 mm [284], which constrains the operation wavelength of viable
optical structures. Notably, the method can also be utilized to generate gray-scale
elastomeric masks [288].

Beam writing techniques
Focused energetic beams—laser, ion, or electron beams—can be used to either
expose resist layers or directly inscribe patterns on non-planar or even irregular
surfaces. For beam writing on a non-flat (or tilted flat) surface, the depth of field
(DOF) that dictates the vertical distance over which the resolution of written pat-
terns is not compromised is a critical parameter. For a focused laser beam, its field
profile can be closely approximated with a Gaussian beam. Ideally, the focal spot
(beam waist) should coincide with the substrate surface (or resist layer). Deviations

PET
PDMS

Master mold

Epoxysiloxane

UV light, heat

Tri-layer mold

10 μm
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(c)
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Figure 11.25 (a) Composite mold fabrication for imprint on non-flat surfaces
[283]; (b) SEM image of 200-nm pitch gratings imprinted on the
surface of a 125-mm diameter fiber; inset shows the cleaved facet of
the patterned fiber [277]; (c) SEM image of imprinted 500-nm pitch
gratings over a 500-nm-thick micro-post array [283].
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from ideal focusing results in diffraction and blurring of the written pattern. The
DOF is given by the Rayleigh range zR of the beam [289]:

zR ¼ pw2
0

l
� l

p � NA2
; (11.1)

where w0 gives the beam waist size, l is the wavelength, and NA denotes numerical
aperture of the lens used to produce the focused beam. Equation (11.1) indicates a
trade-off between resolution (w0) and DOF: a tightly focused laser beam with large
NA contributes to enhanced resolution at the expense of DOF. For typical laser
writing experiments, the DOF is generally less than 1 mm. Given this small DOF,
the laser must be dynamically refocused via precision motion stages to follow the
surface morphology. Figure 11.26(a) schematically illustrates one embodiment of
such a laser writing system customized for patterning on curved surfaces [290]. In
addition to autofocusing, the system is also capable of dynamically adjusting the
substrate tilt such that the laser beam is always perpendicular to the local substrate
surface to minimize pattern distortion. Figure 11.26(b) and (c) shows images of
diffractive optical elements fabricated on a lens surface using the equipment. The
system’s resolution, dictated by the focal spot size, is approximately 1 mm, although
further resolution enhancement is possible with improved optics or use of two
photon lithography. It is also possible to use quasi-non-diffracting beams such as
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Figure 11.26 (a) A laser lithography system engineered for patterning on curved
surfaces; (b) photograph of a diffractive element on a biconvex lens
fabricated using the system; (c) microscope picture of the hybrid
element taken in differential interference contrast mode [290].
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Bessel beams or Airy beams to increase DOF with minimal loss in resolution [291],
although their non-ideal beam profiles can be problematic for certain applications.

Electron beam and ion beam writing follow similar principles albeit with some
important differences. Electron and ion beams have much smaller wavelengths than
visible light: for electrons with 100 keV kinetic energy, their de Broglie wavelength
is 0.039 Å, far smaller than that of lasers. These small wavelengths underlie the
superior resolution of charged particle lithography. On the other hand, the NA of
electron optics in EBL tools is small, typically on the order of 10–3. The corre-
sponding DOF calculated using the equation (11.1) is approximately a few microns.
While the DOF is considerably larger than that of laser writing, the beam still needs
to be refocused for samples with macroscopically non-flat features. Electron beam
focus can be adjusted by dividing up the entire writing area into a number of
smaller writing fields within which the height difference is smaller than the DOF
[292], or constantly adjusted making use of the dynamic focusing function [293].
Compared to EBL, helium ion beam lithography has an even smaller NA, which
contributes to its large DOF that can exceed 100 mm and facilitates patterning on
uneven substrates [294].

Besides DOF considerations, one additional challenge for beam writing on
non-flat substrates is how to obtain a uniform resist coating should a pattern
transfer step be necessary. For a macroscopically curved substrate such as the
surface of a lens with moderate NA, standard spin coating may work provided that
the edge beads are properly taken care of. For irregular surfaces where spin coating
fails, techniques including resist transfer [295], spray coating [296], evaporation
[297,298], dry film resist application [299,300], plasma polymerization [301], the
Langmuir–Blodgett method [302], and even the use of ice as a resist [303] have
been implemented. As an example, Figure 11.27 shows structures written in ther-
mally evaporated polystyrene resist on an AFM cantilever, highlighting versatility
of the resist coating and patterning method [297].

Apart from focused particle beams, collimated ion beams can also be applied to
patterning on non-planar surfaces. The technique is named ion beam proximity
lithography (IBL). In IBL, a stencil mask is placed above the substrate and flooded
with a collimated beam of energetic ions. Unlike focused beams, well-collimated ion
beams offer an enormous DOF exceeding 1 cm [304,305]. Patterning of deep-sub-
micron-sized features on non-planar substrates has been realized using IBL [306].

11.3.3.3 The tip of a fiber—a new dancing stage for photonic
engineers

Having a size and form similar to that of an ordinary needle’s point, the tip of a
fiber is tiny from a macroscopic perspective. However, a fiber tip—a unique
unconventional substrate with direct access to light—also presents big opportu-
nities for photonic engineers. For instance, nanophotonic structures mounted on the
fiber facet can reshape or redirect the output optical mode to modulate its spectral
and/or spatial distributions, or facilitate coupling with other optical devices.
Integration of photonic components on a fiber tip can also impart new
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functionalities such as sensing and optomechanical manipulation, paving the path
toward a versatile “lab-on-fiber” platform [307].

With its small cross-sectional area and a needle-like form factor, the fiber tip
also presents unique challenges for subwavelength optical structure integration. It
is possible to adapt most planar nanofabrication technologies for this purpose albeit
with significant process customization. Alternatively, the structures can also be first
fabricated on a standard planar substrate followed by transfer onto the fiber
tip. Both approaches are elaborated further in this section.

Hybrid nanotransfer onto a fiber tip
By avoiding direct fabrication on a fiber tip, hybrid nanotransfer sidesteps the
challenges linked to handling of fiber-associated widths during lithographic pro-
cessing. In an exemplary process demonstrated by Smythe et al. [308], gold
nanoantenna arrays were initially patterned on Si using EBL. The array was then
stripped off the wafer using a thin polymer film, and attached onto a fiber
facet along with the carrier film. In the last step, the sacrificial carrier is etched
away, leaving the antenna array adhering to the fiber tip via van der Waals
attraction. The fiber tip decorated with the nanoantenna array was used as an easy-
to-use surface-enhanced Raman spectroscopy (SERS) probe operating in a reflec-
tive mode. In addition to SERS [309], metallic nanostructure arrays transferred
onto fiber tips have also been applied to plasmonic refractive index sensing
[310,311].
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Figure 11.27 SEM images of patterned polystyrene resist on an atomic force
microscope cantilever by EBL, taken at increasing magnifications
from (a) to (d); the resist is deposited using thermal evaporation
[297].
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Other nanotransfer alternatives offer the added capability of aligning photonic
structures to the fiber core. These methods are exemplified by the transfer of
photonic crystal cavities onto fiber facets [312–315]. The processes in general
involve release of a photonic crystal membrane from a handler substrate via
sacrificial etching followed by transfer of the membrane via a micromanipulator
[313,314] or direct gluing of the membrane to the fiber end [312]. Li et al. further
extended the direct transfer approach by employing the transferred Si nanomem-
brane as a hard mask for subsequent patterning transfer [316]. Figure 11.28(a)
depicts two variants of the process where the patterned Si membrane is first picked
up from the starting substrate using a tungsten tip with PDMS adhesive, and then
transferred to the final substrate to mask (i) etching or (ii) liftoff. Once the pattern
transfer is complete, the mask is removed and can be reused multiple times. As a
proof-of-concept, the authors implement the technique to pattern gold dot arrays
aligned to a fiber core (Figure 11.28).

Here, we conclude this sub-section on nanotransfer by highlighting an
impressive piece of work by Arce et al., where they transferred an entire SOI
photonic circuit to realize a fiber-tip-integrated refractive index sensor [317]. As
shown in Figure 11.29, the compact photonic circuit encompasses a focusing
grating coupler optically interfacing with the fiber core, a multimode
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(a)

(c)

(i)
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300 μm

Figure 11.28 (a) Hard mask transfer process for (i) etching and (ii) liftoff; inset
shows the image of a tungsten tip with attached PDMS adhesive
used to pick up and position the nanomembrane mask; (b) a silicon
membrane with patterned gold dot arrays on a fiber facet; inset
shows an expanded view of the membrane on the fiber core;
(c) patterned gold dot arrays on the fiber facet after removal of
the nanomembrane mask using a tungsten tip; inset gives an
expanded view of the gold dots [316].
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interferometer, a racetrack resonator in an add-drop configuration, as well as
inverted tapers to prevent back reflected light from coupling into the circuit. Both
clockwise and counterclockwise propagating modes are excited by the bus wave-
guides such that the light is coupled back into the fiber to be analyzed. The
demonstration reveals the possibility of integrating complex photonic functions
onto the fiber tip to enable versatile fiber probe sensing systems.

Adapting planar nanofabrication techniques to direct patterning on
a fiber tip
Over the past two decades, most standard wafer-scale manufacturing technologies
have been adapted to photonic fabrication on a fiber tip. These methods include
optical, electron beam, and ion beam lithography, nanoimprint, and laser direct
writing. Unlike self-assembly based bottom-up methods [318–320] or photo-
polymerization using light guided in the fiber [321], top-down fabrication schemes
are capable of reproducibly generating structures with well-defined geometry
essential for many nanophotonic device applications.

For optical lithography and EBL patterning on a fiber tip, preparing a uniform
resist coating on the fiber end sets the first technical challenge. Methods described
in Section 11.3.3.3 for resist coating on irregular substrates such evaporation are
equally applicable to fiber tips [322]. Resist can also be applied using classical spin
coating while the fiber being supported on special holders or fiber ferrules [323–
326]. Another technique involves dip and vibration coating, where the fiber end is
first dipped into liquid resist and the excess resist is then removed by mechanical
vibration [327]. Subsequent exposure of the resist is performed using standard UV
lithography [328], interference lithography [329,330], digital micromirror device
(DMD) projection [326], or EBL [323]. The structured resist layer can either act as
the optical element itself or serve as a mask for etch pattern transfer into the fiber
material.
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Grating
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Ring
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Figure 11.29 Top-view micrograph of a silicon photonic circuit integrated on a
fiber tip [317].
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The lithographic methods described above generally suffer from severely
limited throughput as the process is carried out sequentially on individual fibers.
Attempts have been made to parallelize the fabrication. Johnson et al. stacked
fibers into a bundle using epoxy adhesive, sliced the bundle, and polished the end
facets to form thin wafers comprising short segments of fiber cores arrayed in a
close-packed hexagonal lattice (Figure 11.30(a)) [331]. The wafers can then be
processed following standard handling protocols of classical semiconductor wafers.
Figure 11.30 illustrates optical diffractive lenses and an element combining colli-
mation and vortex phase generation functions fabricated using this approach. It
should be noted that the photomask used along the wafer has to be custom-made
following the fabricated fiber array geometry to accommodate random defects in
the fiber lattice.

Nanoimprint and its variants are also popular choices for subwavelength optics
integration on fiber tips [332–336]. Batch processing of up to 40 fiber facets with
feature resolution down to 15 nm was also demonstrated [337]. Figure 11.31(a)
illustrates an embodiment of the process, which combines UV nanoimprint and
nanotransfer to produce grating couplers attached to a fiber facet [338]. A mold
containing the grating pattern was first etched in an SOI wafer. A gold film was
subsequently deposited on the mold, followed by selective removal of gold on top
of the mold using microcontact printing, leaving gold only in the trench lines. The
fiber was then dipped into a UV-curable resist and actively aligned to the SOI
grating before cross-linking the resist. As the gold pattern adheres to the resist
much better than to SOI, separation of the fiber and the SOI grating resulted in
transfer of the metallic grating onto the fiber facet. The grating-coupler-integrated
fiber probe can deliver (or extract) light into (from) a planar waveguide once
directly contacting the waveguide surface, potentially enabling nondestructive
wafer-scale testing of photonic circuits.

Direct write techniques such as focused ion beam (FIB) milling and direct laser
writing present another solution to circumvent the technical complications asso-
ciated with handling of fiber facets in lithographic patterning. FIB milling has been
applied to fiber-tip integration of nanoapertures [339], plasmonics nanostructures

(a) (c)

Figure 11.30 (a) Microscope image of a fiber bundle wafer polished and ready
for lithographic processing; (b) diffractive lenses fabricated on the
wafer; (c) an element with multiplexed collimation and vortex phase
functions fabricated on the end facet of an individual fiber rod
[331].
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[340,341], diffractive optical elements [342], photoacoustic sensors [343], as well
as micro-channels for fluid filling in photonic crystal fibers [344]. FIB-etched
surface corrugations can also be used as a template to define structures subse-
quently deposited on the fiber end facet [345]. It is worth pointing out that FIB
milling inevitably causes contamination of the fiber by gallium ions, and thus the
resulting fiber material optical property modification should be properly accounted
for in the design phase [346,347].

Laser writing, in particular two-photo lithography or TPP, is uniquely poised
for 3D optical structure fabrication on fiber facets with sub-micron alignment
accuracy and resolution down to below 100 nm [348]. Single and compound micro-
lenses [163,164], micro-prisms [165], phase masks [170], AFM probes [171], and
photonic crystals (Figure 11.32) [168] are some examples of optical structures that
have been integrated on optical fiber tips using TPP. Section 11.3.2.1 of this
chapter provides further discussions about the technology for interested readers.

11.4 Summary and outlook

As the field of subwavelength optics continues to boom and novel nanophotonic
device designs emerge (as other chapters in this book highlight), existing

(a)

(b) (c) (d)0.1 mm 50 μm 5 μm

UV-curable
resist

IR

1 2 3

UV

Figure 11.31 (a) Schematic fabrication process of the grating-coupler-integrated
fiber probe; (b) optical and (c) SEM micrographs of the fiber probe
facet, showing the attached gratings; (d) top-view SEM image of the
on-fiber grating coupler [338].
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nanofabrication methods will continue to evolve and new technologies will surface
to keep pace with the increasingly sophisticated demands. We foresee that the
crossroads of ingenious nanophotonic designs and nanofabrication techniques will
thrive as a leading source of inspiration for researchers aspiring to explore the field.
In this spirit, it is the authors’ hope that this chapter can serve as a convenient
solution guide to both theorists and experimentalists who are exploring uncon-
ventional subwavelength structures. Finally, we hope that the discussions here can
further inspire design and process innovations in the dynamic field of sub-
wavelength optics, where ‘there is plenty of room at the bottom’ for both dancing
angels and optical engineers alike.
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