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Abstract: Three-dimensional structure fabrication using
discrete building blocks provides a versatile pathway for
the creation of complex nanophotonic devices. The pro-
cessing of individual components can generally support
high-resolution, multiple-material, and variegated struc-
tures that are not achievable in a single step using top-
down or hybrid methods. In addition, these methods are
additive in nature, using minimal reagent quantities and
producing little to no material waste. In this article, we
review the most promising technologies that build struc-
tures using the placement of discrete components,
focusing on laser-induced transfer, light-directed assem-
bly, and inkjet printing. We discuss the underlying prin-
ciples and most recent advances for each technique, as
well as existing and future applications. These methods
serve as adaptable platforms for the next generation of
functional three-dimensional nanophotonic structures.

Keywords: 3D fabrication; building blocks; nanoassembly;
nanofabrication; nanophotonics.

1 Introduction

The ability to rapidly fabricate complex three-dimensional
(3D) structures with nanoscale resolution is an enabling
technology for many applications throughout the physical
and life sciences. In photonics, metamaterials rely on the
patterning of multiple materials at subwavelength scales to
achieve exotic optical properties like negative refractive
index, optical magnetism, or near-zero dielectric permit-
tivity [1]. These materials can be used to create more
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versatile polarization controllers, superresolution imagers
or other devices based on transformation optics [2-4].
Photonic integrated circuits are primarily composed of
planar waveguides and functional structures, however 3D
integration is often necessary to package and couple light
in and out of these devices or to improve the density of
functional components [5, 6]. Many photonic biosensors
also rely on 3D nanostructuring. Surface-enhanced Raman
scattering (SERS) can be used to acquire spectroscopic in-
formation of individual molecules in the presence of
roughened or nanostructured metallic surfaces [7]. Whis-
pering gallery mode biosensors can also benefit from the
integration of nanophotonic elements to facilitate greater
interaction between the analyte and the evanescent whis-
pering gallery mode field, as well as for coupling light in
and out [8-10]. High pixel density image sensors also
depend on the 3D integration of the electronic elements for
pixel readout as well as optical structures to guide light to
the pixel active area. For multifunctional image sensors
that capture more information than just red, green, and
blue values, 3D superstructures on the pixel surface can
provide additional functionality like angle sensitivity,
polarimetric sensing, or high-performance spectral filters
[11-13]. In addition to optoelectronics, pure electronic ap-
plications can also benefit from 3D nanofabrication to
realize 3D integrated circuit architectures which overcome
the computational bottleneck associated with data-inten-
sive operations [14]. Throughout the following discussion,
we investigate 3D nanofabrication techniques in the
context of nanophotonics, but note that the methods we
discuss are not restricted to any specific application.

The design and theory of novel and complex nano-
photonic devices has rapidly grown over the past few de-
cades, creating a gap between what can be proposed and
simulated versus what is experimentally feasible. In prac-
tice, it can be challenging to fabricate devices with the
required level of accuracy and precision. To address these
challenges, several methods for 3D nanofabrication have
been established or significantly improved over the last few
years, including techniques such as direct laser writing
[15-22], and self-assembly [23-26], among others. Direct
laser writing, most often in the form of two-photon

3 Open Access. © 2020 Jeffrey E. Melzer et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 Public

License.


https://doi.org/10.1515/nanoph-2020-0161
mailto:euanmc@optics.arizona.edu
mailto:jmelzer@optics.arizona.edu
https://orcid.org/0000-0002-6327-364
https://orcid.org/0000-0002-6327-364
https://orcid.org/0000-0002-7564-4455
https://orcid.org/0000-0002-7564-4455

1374 —

polymerization (TPP), is currently one of the most widely-
used 3D nanofabrication methods. In this technique, a
laser beam is tightly focused within a photoresin and
scanned in three dimensions to polymerize a volume of
material, corresponding to the desired 3D nanostructure.
Due to the nonlinear absorption mechanism responsible
for polymerizing the resin, 3D confinement and high
spatial resolution beyond the diffraction limit is achiev-
able, typically on the order of 100 nm in both the lateral
and axial dimensions [15, 20]. Furthermore, fast scan
speeds up to 100 mm/s enable efficient processing of
extended structures. However, TPP, along with many other
existing fabrication technologies, lacks flexibility in
incorporating multiple materials using a single process,
which is a highly desirable characteristic for an ideal 3D
nanofabrication technique.

In this review, we focus exclusively on three alterna-
tive methods that utilize discrete, potentially nanoscale,
components as building blocks with few material re-
strictions, permitting the fabrication of high-resolution 3D
structures with complex geometry and variegated mate-
rials. Specifically, we consider laser induced transfer (LIT),
light directed assembly, and inkjet printing. We believe
that these three approaches can extend the range of
experimentally-feasible 3D nanostructures. The main
advantage of fabrication methods based on discrete com-
ponents is the freedom with which variegated materials
can be incorporated, especially nanoscale materials that
have been preprocessed before their incorporation into a
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Figure 1: Feature size vs. writing speed for laser induced transfer
(LIT), direct ink writing (DIW), electrohydrodynamic printing (EHDP),
optical tweezers (OT), and two photon polymerization (TPP). Optical
tweezers belong to the class of light directed assembly techniques,
while direct ink writing and electrohydrodynamic printing are
subcategories of inkjet printing. The dotted line is the best fit line of
all the data points (excluding TPP), illustrating the positive
correlation between feature size and writing speed.
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larger structure. For example, quantum dots or biochemi-
cally functionalized particles are discrete components that
are straightforward to synthesize in large quantities and
can be positioned using the techniques we discuss here.
However, they would be difficult to fabricate in specific
locations on a 3D structure using monolithic techniques
like direct laser writing or lithography, which work from a
bulk material preform and only structure a single material
at a time. While self-assembly techniques also utilize
discrete components, they do not permit the precise posi-
tioning in arbitrary complex geometries.

Figure 1 illustrates the writing speeds and minimum
feature sizes that have been achieved with these tech-
niques. In general, desirable approaches maximize writing
speed while minimizing lateral feature size; however, these
two parameters are often positively correlated due to
fundamental physical limitations. For comparison,
Figure 1 also includes a data point for two-photon poly-
merization, which is quite fast and high resolution
compared to the other techniques, indicating a direction
for future improvement for the methods based on discrete
components.

In the following sections, we outline each of these
methods, demonstrating their 3D multimaterial nano-
fabrication capabilities, and discuss existing nano-
photonic devices that have already been fabricated using
these approaches. Following our exploration of each
technique, we compare the practical advantages and dis-
advantages of each method, providing additional insight
on the most suitable applications for each technique.

2 Laser induced transfer

The LIT process uses a pulsed laser to transfer material
from a donor substrate to a receiving substrate. While the
underlying mechanism of LIT varies depending on the
physical state of the donor material (e.g., solid, liquid, or
paste), the general principle relies on laser absorption in
the donor medium [27-29]. In the case of a liquid phase
donor layer (Figure 2A), laser absorption in the liquid film
causes a cavitation bubble to form, ultimately leading to
the ejection of a droplet or liquid jet of material traveling
toward the substrate [18, 30-33]. In the case of a solid
absorbing donor layer, laser absorption at the interface
between the donor layer and donor substrate causes a
rapid increase in temperature and pressure, thereby
breaking off the irradiated voxel and pushing it towards the
substrate [27]. In each of these scenarios, we assume that
the donor material is absorptive at the wavelength used by
the pulsed laser; however, it is also possible to transfer
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: = induced backward transfer (LIBT).
Reprinted with permission from Ref. [31].

materials which are either transparent or sensitive to laser
radiation by incorporating a sacrificial absorbing layer
between the donor material and donor substrate, typically
referred to as a dynamic release layer, or DRL (Figure 2B)
[27, 28, 31, 34, 35]. If the DRL is a solid polymer, then it may
undergo rapid elastic and plastic deformation without
being completely vaporized or ablated by the laser pulse,
facilitating transfer of the donor material without the un-
wanted transfer of the DRL material [36-38].

There are many advantages and disadvantages
associated with the liquid and solid phase donor alter-
natives. For example, solid phase layers are far more
stable than liquid phase layers; the solvent incorporated
in liquid phase layers will naturally evaporate over time,
significantly affecting the optimal LIT process parame-
ters, as well as the transferred material characteristics [18,
27, 39, 40]. However, the use of solid donor layers can
generate debris and also induce the formation of a shock
wave, which can disrupt the receiver substrate and/or the
transferred voxel [35, 41]. One approach to extract the
respective advantages of liquid phase and solid phase
donor media is to perform liquid-phase printing using a
solid donor layer. This can be achieved by using a thin
solid donor film and sufficient laser fluence in order to
first melt and then transfer the voxel to the substrate [42].
Alternatively, this can be achieved using a dual-laser
setup, in which one laser first melts the solid film and the
other laser then initiates the jetting process [43].

In addition to variation in donor material phase, LIT
can be categorized according to the direction of material
transfer. In laser induced forward transfer (LIFT, Figure 2A/
B) the transferred material travels in the same direction as
the laser pulse, whereas in laser induced backward transfer
(LIBT, Figure 2C), the material is transferred in the opposite
direction. In LIBT, the laser passes through the receiving

substrate to focus onto the donor substrate [33, 44]. LIFT
provides an advantage over LIBT due to greater versatility
in the choice of the receiving substrate, as substrate
transparency is not critical [45].

A major attraction of the LIT technique is its broad
material compatibility. It has been demonstrated with a
variety of donor materials, including metals [32, 33, 44—
50], polymers [51, 52], chalcogenides [53, 54], metal oxides
[55, 56], and biological media [57-59]. In addition to the
diversity of donor material, the LIT approach facilitates
control over the size and shape of the transferred material,
or voxel, through tuning the fluence, pulse duration,
wavelength, and width of the incident laser beam [17, 27,
28, 34]. By mounting the donor substrate and/or receiving
substrate on a 3-axis stage, it is possible to fabricate 2D and
3D structures using the LIT process.

Significant work has been performed to enable LIT to be
used to fabricate 2D and 3D nanostructures (Figure 3).
Zywietz et al. used LIBT to print highly uniform silicon
nanoparticles using a silicon-on-insulator wafer with 50 nm
thick solid silicon layer as the donor substrate. The silicon
was transferred using a laser with 50 fs pulse length and
800 nm center wavelength. The pulse energy was adjusted
to tailor the diameter of the fabricated silicon nanoparticle
between 165 and 240 nm [60, 62]. The high uniformity and
degree of control was attributed to the backward nature of
the transfer process. Visser et al. demonstrated the fabrica-
tion of high aspect ratio pillars of copper using LIFT. The
80 um tall pillar shown in Figure 3C was fabricated using a
515 nm laser with 6.7 ps pulse duration to eject droplets from
a 200 nm copper film, which yielded micron-sized droplets
due to the picosecond length pulse duration [49]. Sametoglu
et al. printed chromium nanoparticles as small as 70 nm in
diameter using LIFT with a thin 20 nm donor layer
(Figure 3D-F). This was achieved using 130 fs laser pulses
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at a wavelength of 800 nm [61]. In a final example, Wang
et al. printed high aspect ratio microstructures consisting of
many rectangular voxels of silver nanoparticle paste using a
355 nm laser with 30 ns pulse duration (Figure 3G/H) [40].
This demonstrates the versatility of voxel shape, range of
feature sizes, and the 3D fabrication capability of the LIT
process.
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Figure 4: Dependence of lateral feature size in LIT as a function of (A)
donor film thickness, (B) pulse duration, and (C) laser fluence.
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Figure 3: 2D and 3D nanofabrication using
LIT. (A-B) SEM images (A) and darkfield
microscopy (B) of silicon nanoparticles
fabricated with LIBT using different laser
pulse energies. Different colors are seen in
the dark field image due to the Mie
resonances of the nanoparticles. Reprinted
with permission from Ref. [60]. (C) Copper
pillar with a high aspect ratio of ~15
fabricated using LIFT. Reprinted with
permission from Ref. [49]. (D-F) SEM of
transferred chromium nanoparticles with
diameter ~70 nm. Reprinted with
permission from Ref. [61]. (G—H) LIFT of high
aspect ratio micro pyramid and micro
pillars printed using silver nanopaste.
Reprinted with permission from Ref. [40].

The main parameters that influence the LIT process are
the laser fluence, laser pulse duration, donor film thick-
ness, donor viscosity, and donor-receiver spacing. The
dependencies of voxel feature size on laser fluence, pulse
duration, and donor film thickness are shown in Figure 4
based on the collated results from a large number of
different studies [32, 39, 45, 46, 50, 53, 57, 58, 60, 61, 63-71].
Note that we only consider studies that report all four of
these values, and therefore these results do not encompass
the full parameter space existing in the literature. In gen-
eral, we find that independent of donor material phase, a
strong positive correlation exists between the donor film
thickness and the resulting voxel lateral feature size,
indicating that it is a critical parameter in minimizing
printing resolution. In addition, we note that longer laser
pulse durations generally correspond to larger voxel sizes.
The effect of laser fluence on voxel size is less clear due to
differing confounding factors in the various studies, such
as differing material absorption, wavelength, pulse dura-
tion, and donor thickness.

Beyond the ability to fabricate nanoscale voxels, it is
also important to consider process efficiency, which is
influenced primarily by writing speed and positioning
accuracy. While writing speeds in the literature vary
greatly from the order of 10s of um/s to 100s of mm/s, we
find that this parameter is generally limited by the tech-
nical limits of the specific system hardware (e.g. stage
translation speeds, laser repetition rate, etc.) rather than
any fundamental physical restriction. One specific
exception to this general trend arises in the case of a liquid
donor film, in which adjacent liquid jets may interact if
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Figure 5: LIT in plasmonics and metamaterial fabrication. (A) Schematic illustrating the LIFT process for fabrication of a split ring resonator
array. Reprinted with permission from Ref. [70]. (B-C) LIBT of a spherical gold nanoparticle array with SEM images of the donor substrate before
transfer (B) and the receiving substrate after transfer ( C). The pattern on the donor substrate is achieved using nanosphere lithography with
physical vapor deposition of a gold film. Reprinted with permission from Ref. [75]. (D-E) Dark field images of surface plasmon polaritons
scattering by concave (D) and convex (E) nanofences composed of gold nanoparticles. The green lines seen in the images correspond to a
532 nm laser interacting in-plane with these nanostructures. Scale bars are 10 ym. Reprinted with permission from Ref. [76]. (F-G) Optical
microscope images of gold plasmonic waveguides with varying length (F) and dark-field microscopy demonstrating the guiding properties of
the waveguides (G). Scale bars are 10 ym. Reprinted with permission from Ref. [76].

time delays between transfer events are below ~100 us
[34, 72]. Approaches which may be used to improve the
process efficiency of LIT techniques include beam shaping
with a digital micromirror device (DMD) or microlens
array, which parallelizes the fabrication process [73, 74].
The quantitative positioning accuracy of the LIT process is
widely unreported in the literature, and hence we cannot
comment explicitly on the range of accuracy expected in
these techniques.

In the following sections, we discuss applications of
LIT that have already been realized for the fabrication of
plasmonic structures, metamaterials, and light emitting
diodes (LEDs).

2.1 Plasmonics and metamaterials

Several studies have focused on using LIT as a fabrication
technique for plasmonic and metamaterial structures
(Figure5) [44, 45, 50, 65, 70, 75-77]. Tseng et al. used LIFT
to print split-ring resonators from a solid phase multi-
layer donor film with a laser wavelength of 800 nm and
pulse duration of 140 fs [70]. This study highlights
another advantage of the LIT technique, namely that

multiple layers can be transferred simultaneously. The
work performed here is also unique in that the desired
product is fabricated in the donor layer rather than on the
receiving substrate (Figure 5A). The resulting meta-
material pattern on the donor substrate is generated by
transferring the inverse pattern onto the receiver sub-
strate, similar to the concept of a negative resist in a
photolithography process.

Aristov et al. used LIBT to form a plasmonic array of
spherical gold nanoparticles [75]. They first used nano-
sphere lithography to fabricate a hexagonal array of
triangular structures by depositing a 45 nm gold film using
physical vapor deposition. The triangular pixels were
subsequently transferred to a polydimethylsiloxane
(PDMS) receiver substrate using a femtosecond laser, ulti-
mately resulting in spherical droplets due to the effects of
surface tension after melting by the laser. In addition to
split ring resonators, Tseng et al. also fabricated gold
plasmonic nanofences and plasmonic waveguides using
LIFT [76]. The fabricated nanofences effectively focused
and defocused surface plasmon polaritons, as demon-
strated in Figure 5D/E. Further, the gold plasmonic wave-
guides successfully propagated 532 nm laser radiation, as
depicted in Figure 5G.
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Figure 6: LIT of light emitting diode material. (A-B) Tri-color pixels imaged in a light microscope (A) and corresponding electroluminescence
spectra (B) of the laser-printed pixels (dashed lines with circular markers) and conventionally fabricated devices (solid lines). Reprinted with
permission from Ref. [80]. (C-F) Fluorescent images of Alqs transferred using LIFT with masks to vary the pattern shape. Reprinted with
permission from Ref. [66]. (G) Image of 6 x 6 matrix of alternating nanocrystal quantum dots under UV illumination. Reprinted with

permission from Ref. [81].

2.2 Light emitting diodes

Several groups have investigated LIT as an approach to
fabricate LEDs (Figure 6) [66, 77-81]. Although these re-
sults do not explicitly demonstrate nanoscale fabrication,
we believe the material diversity and control over voxel
shape make these worthwhile inclusions in this article.
Furthermore, the results shown here for LED fabrication
can certainly be extended to smaller length scale devices.
Stewart et al. printed red, green, and blue polymer LED
pixels using three different multilayered donor substrates,
fabricating OLED pixels with visible spectra comparable to
conventionally-fabricated OLEDs. The multilayer donor
substrate contained a DRL, along with a layer of light
emitting polymer and an aluminum cathode [80]. Ko et al.
similarly used a DRL, consisting of silver nanopatrticles, in
order to transfer the OLED material tris-(8-hydroxyquino-
line)Al (Alqgs) to a receiving substrate [66]. Xu et al. used

A Patterning with light After patterning

500 pm
———

LIFT to print pixels with an active layer composed of
different nanocrystal quantum dots (NQD), demonstrating
the feasibility of fabricating NQD arrays [81].

3 Light directed assembly

Light directed, or driven, assembly (LDA) encompasses
several techniques that rely on an optical beam to generate
a force, which enables the positioning of various objects.
The generated force can be the optical force from the beam
itself or an induced force at an interface. The main variants
of LDA include techniques such as opto-electronic twee-
zers (OET) [82-85], opto-thermophoretic tweezers (OTT)
[86-92], bubble pen lithography (BPL) [93-96], and optical
tweezers (OT) [97-111]. The first three listed techniques—
OET, OTT, and BPL—rely on the presence of a substrate to
generate the required force.

Figure 7: Examples of 2D LDA fabrication
methods. (A-C) Image of Isaac Newton
assembled with 10 ym PS beads using OET.
Reprinted with permission from Ref. [82].
(D) Superlattice consisting of 2 ym PS,
0.96 pm PS, 2 pym silica, and 1 ym silica
beads, assembled using OTT. Scale bar is
5 pm, blue spheres indicate silica, and
magenta spheres indicate PS. Reprinted
with permission from Ref. [89]. (E)

80 x 80 ym QR code printed with blue
quantum dots via BPL. Scale bar is 25 ym.
Reprinted with permission from Ref. [94]. (F)
150 nm gold nanospheres assembled using
optical binding forces and immobilized with
photopolymerization. Scale bar is 1 ym.
Reprinted with permission from Ref. [112].

After freeze-drying
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In OET (Figure 7A-C), a sample cell containing the
desired building blocks is sandwiched between two elec-
trodes with an applied AC electrical bias. The bottom elec-
trode is coated with a photoconductive layer, such that the
illumination of patterned light fields on the bottom elec-
trode surface generates a predictable electric field within
the sample cell. This electric field will interact with and
induce dipole moments in the nearby objects, exerting a
dielectrophoretic force on the objects [85]. In the case of OTT
(Figure 7D), the main requirement for the sample chamber
is an optothermally responsive bottom substrate, such as a
thin layer of metal. A laser illuminates the metal film,
leading to localized heating, which establishes a thermal
gradient in the sample cell exerting a thermophoretic force
on objects in the cell [88-90]. In BPL (Figure 7E), a laser
beam is focused on to a plasmonic substrate with sufficient
energy to form a microbubble on the surface. The presence
of the bubble leads to convective forces which tend to direct
objects toward the bubble-substrate junction [93, 95].

Various additional LDA methods exist which use a
combination of these effects, among others, to assemble
objects [108, 112-119]. Figure 7F, for example, depicts
different arrangements of 150 nm gold spheres that were
assembled using optical binding forces [112]. A circularly
polarized laser operating at 800 nm was used to form the
plasmonic structures, followed by a UV laser to immobilize
the pattern via photopolymerization of a water-soluble
photopolymer. The optical binding force should promote
uniform inter-particle spacing on the order of the laser
wavelength, thereby providing a method for the directed
assembly of large plasmonic arrays.

Another technique, demonstrated by Li et al. uses the
scattering forces of a laser in conjunction with the photo-
thermal properties of a thin surfactant layer in order to
position nanoparticles on a 2D substrate [119]. In this novel
technique, termed optothermally-gated photon nudging
(OPN), the laser beam simultaneously directs the particles
and induces a localized phase transition in the solid sur-
factant layer, which permits motion of the particle. In the
absence of the laser, the surfactant layer remains solid,
fixing the particles in place.

While each of the techniques described thus far has the
advantage of being able to manipulate a broad range of
materials and object sizes and shapes using a low-power
optical beam, a frequent disadvantage is the necessity of a
specific substrate to generate the required force. As such,
these techniques are predominantly restricted to the
patterning of objects in the 2D plane, severely limiting their
utility for 3D nanofabrication.

For the remainder of this section on light directed as-
sembly, we focus exclusively on OT, an approach which
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enables full 3D positioning capability, yet still boasts many
of the advantages of the aforementioned 2D LDA tech-
niques, albeit often requiring higher laser powers. In a
typical OT setup, a laser beam is focused to a tight spot
using a high-power objective lens. When an object is in the
vicinity of this focused beam, it will feel an attractive force,
commonly termed the gradient force, as it is proportional to
the gradient of the electric field intensity [120-123].
Although the combination of a laser beam and objective
can only form a stationary optical trap, relative motion of
the trapped object within the sample chamber can be
achieved by mounting the sample cell on a 3-axis trans-
lation stage or incorporating beam-shaping optics or
scanning mirrors into the system. In the latter case, object
motion is restricted to the field of view of the objective,
while in the former case, the only limitation is the extent of
the chamber or travel range of the stage.

OT are a versatile manipulation technique, as they
can be used to trap and assemble a variety of objects
with different shapes, sizes, and material compositions,
including dielectric microspheres [99, 101, 102, 106, 125,
127, 128], metallic nanoparticles [126, 129] nanowires,
[110, 130-135], and biological media [104, 124, 136-139].
While OT can effectively position a diverse array of objects
in 3D, it is necessary to immobilize these objects in the
absence of the optical trap to form self-standing struc-
tures. This has been achieved using several approaches,
including biochemical binding [101, 125, 128, 132, 140],
colloidal engineering [102, 129], and photopolymerization
[98, 103, 141].

Many studies have demonstrated the potential of OT
as a micro and nanoassembly platform (Figure 8). Mir-
saidov et al. fabricated arrays of Escherichia coli cells to
demonstrate the potential of OT in the field of tissue en-
gineering, as OT can manipulate live cells without
significantly affecting cell viability [124]. Melzer et al.
created a 3D simple cubic lattice with alternating 1 um
polystyrene spheres of biotin and streptavidin function-
alization, demonstrating the 3D and multimaterial capa-
bilities of OT [125]. In this study, the large lateral
translation range of the stage (~2 cm) and fast writing
speed enabled by a high laser power allows the fabrica-
tion of extended structures out of a relatively large num-
ber of building blocks. Benito et al. constructed a 3-layer
face-centered cubic lattice with an integrated line defect
composed of 3 um polystyrene spheres, relying on the
depletion force to mediate binding [102].

At the nanoscale, fabrication using OT has so far
received less attention than at the microscale. However,
there are a few examples, including the trapping and
positioning of ~40 nm gold nanoparticles on a substrate,



1380 —

J.E. Melzer and E. McLeod: 3D Nanophotonic device fabrication

DE GRUYTER

Figure 8: Micro and nanofabrication using OT. (A-B) Arrays of E. coli assembled using OT and photopolymerization. After 5 h, 83% of cells are
still viable, as determined from fluorescence imaging in (B). Reprinted with permission from Ref. [124]. (C) Two-layer simple cubic lattice
consisting of alternating biotin- and avidin-coated 1 ym polystyrene spheres [125]. (D-F) Three-layer face centered cubic crystal assembly with
line defect composed of 3 ym polystyrene spheres. Reprinted with permission from Ref. [102]. (G) Dark field microscope image of patterned “U
of C” using ~40 nm gold nanoparticles. Reprinted with permission from Ref. [126].

exhibiting the size and material flexibility of the OT as-
sembly platform [126]. Another nanoscale application is
the assembly of optical waveguides (Figure 9). Li et al. used
OT to trap and manipulate zinc oxide (ZnO) nanowires and
immobilize them by subsequently melting a polymer film
on the substrate. The ZnO nanowires successfully guided a
beam from a green laser diode through a coupled
arrangement of nanowires [110]. Barroso et al. used zeolite
L crystals to guide a 532 nm laser beam. The crystal was
manipulated at multiple locations using holographic OT,

Figure 9: Optical waveguides assembled using optical tweezers.
(A—-C) Optical microscope images of a zeolite L crystal guiding a
532 nm laser. As the zeolite L crystal is rotated, the output light is
redirected parallel to the crystal axis. Reprinted with permission
from Ref. [142]. (D-E) Assembled structure consisting of ZnO
nanowires. A light source illuminates the structure at point 1 and
propagates through the nanowires to point 2, as shown in (E).
Reprinted with permission from Ref. [110].

permitting the controlled rotation of the crystal and redi-
rection of the guided beam [142].

The main parameters influencing the ability of OT to
efficiently fabricate 3D nanostructures include laser trap-
ping power, lateral translation speeds, and positioning ac-
curacy. The trapping power and translation speeds are
inherently related quantities, as a stronger optical beam
generally induces a stronger optical force on the trapped
object [120, 143]. However, it is important to note that sig-
nificant increases in power can lead to increases in laser
absorption and heating, thereby destabilizing the optical
trap and negating any enhancement in optical trapping
force. For the case of nanoscale building blocks, specifically
100 nm diameter gold spheres, the current record for lateral
manipulation speed is 150 um/s, which was achieved with a
~150 mW trapping beam [143]. The achieved speed repre-
sents a fundamental limit imposed by heating effects at
higher trapping powers. We also report the best positioning
accuracy found in the literature for an OT assembly process
of 50 nm for the manipulation of 1 ym polystyrene spheres
[125]. Finally, we note that techniques to parallelize the op-
tical trapping of multiple objects, such as time-sharing ap-
proaches (e.g. using scanning galvonometer mirrors) or
beam shaping approaches (e.g. using a spatial light modu-
lator), are effective ways to greatly improve the throughput
of an OT assembly system [98, 144-146].

4 Inkjet printing

Inkjet printing encompasses a variety of nozzle-based
methods such as electrospinning [147, 148], direct ink
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writing (DIW) [20, 149, 150], and electrohydrodynamic
printing (EHDP) [151-156]. Here we focus exclusively on
DIW and EHDP, as these two methods are the most prom-
ising for micro and nanoscale fabrication. The electro-
spinning process, while it can produce high aspect ratio
fibers with nanometer dimension, is primarily limited to
polymers and has insufficient control in order to fabricate
precise 3D geometries.

EHDP is a technique with many similarities to elec-
trospinning that offers additional control over structure
patterning. In the case of electrospinning, a large voltage
on the order of tens of kilovolts is applied to the nozzle
(while the substrate remains grounded), creating an
electrostatic force on the polymer solution at the nozzle
tip. In the absence of an applied voltage, the primary force
felt by the polymer solution is surface tension. The elec-
trostatic force tends to oppose the surface tension, so
when the voltage is sufficiently large, a jet of solution will
discharge from the nozzle [147]. As the discharged solu-
tion travels through the air to the substrate, it elongates,
forming a polymer fiber on the substrate as the solvent
evaporates. This is advantageous, as it allows for the
printing of structures with feature sizes below that of the
printing nozzle. However, in conventional electro-
spinning, the distance between the nozzle and substrate
is several centimeters, limiting control over structure
design. In contrast, EHDP uses a reduced nozzle-substrate
distance and reduced voltages, on the order of hundreds
of microns and hundreds of volts, respectively [148].
Additionally, applying a pulsed voltage signal allows for
the fabrication of structures from discrete droplets of
solution, often referred to as drop-on-demand [148, 157].
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The drop-on-demand mode of printing enables the
fabrication of complex 3D micro- and nano-structures.

The main distinction between EHDP and DIW is that no
bias voltage is applied between the nozzle and substrate in
the DIW process. DIW uses multiple methods in order to
extrude ink through the nozzle, such as microfluidic print
heads [158] and piezoelectric print heads [159]. In the case
of microfluidic print heads, a microfluidic pump provides
the necessary pressure to push ink through the nozzle. For
a piezoelectric print head, electrical impulses sent to a
piezoelectric actuator will force ink to be ejected through
the nozzle. In either case, DIW resolution is typically
comparable to the nozzle diameter, restricting feature sizes
of this technique to around one micron [160]. Nevertheless,
DIW has excellent material compatibility and has been
demonstrated with a wide array of materials including
metals [150, 161-164], ceramics [165-167], polymers [160,
168, 169], and even biological media [170, 171].

Unlike DIW, EHDP has demonstrated feature sizes down
to ~50 nm using a colloidal gold dispersion and 1 ym nozzle
diameter, achieved through a detailed analysis of ink
formulation, bias voltage, and ejection event frequency [172].
In terms of process efficiency, there is typically a trade off
between printing speed and minimum feature size. Methods
to overcome this process limitation, however, include the
use of multiple print heads in parallel or a combination of
printing techniques, such as DIW to print larger-scale
structures and EHDP for high-resolution features [153].

Figure 10 demonstrates the potential of inkjet printing
as a versatile 3D nanofabrication technique. Several studies
have investigated the minimum achievable feature size and
3D capability of the inkjet printing platform [128, 172-176].

Figure 10: 3D micro and nanostructures
fabricated using inkjet printing. (A-B) SEM
images of polymer woodpile structures with
1pm diameter rods and center-to-center rod
spacing of 4 ym. Reprinted with permission
from Ref. [160]. (C-D) SEM images of
heterogeneous pillars printed with black
and white pillars made of anthracene and
silver, respectively. Reprinted with
permission from [174]. (E-G) SEM images of
nanopillars of gold printed using EHDP.
Reprinted with permission from [172].
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Galliker et al. printed gold nanopillars with diameter
around 50 nm and aspect ratio of 17 using a nozzle diameter
of 1 um [172]. Gratson et al. printed a 16-layer woodpile
structure with 1 um feature size using a 1 yum nozzle [160]. An
et al. printed heterogeneous pillar structures using silver
and anthracence inks, demonstrating the ability to form a
single structure using multiple materials [174].

In the following sections, we describe various appli-
cations of inkjet printing including the printing of photonic
crystals (PCs), optical waveguides, and LEDs.

4.1 Photonic crystals

There are two types of PC structures that are typically
fabricated using inkjet printing methods. In the first case,
the PC lattice is directly written using the printer [149], as
demonstrated in Figure 11. Gratson et al. used a polymer
ink composed of polyethylenimine and polyacrilic acid and
1 um diameter glass nozzle to form a woodpile structure via
DIW [160]. Wang et al. used a TiO, sol-gel ink and 60 yum
nozzle in order to create woodpile PCs operating in the
terahertz frequency range [165]. Zhu et al. fabricated
woodpile PCs for application at terahertz frequencies, but
used a barium titanate (BaTiOs) ink embedded in PDMS,
with nozzle diameter of 180 ym [166].

In the second case, the ink contains colloidal particles
which form the PC lattice [179], demonstrated in Figure 12.
For these structures, the colloidal particles will self-
assemble upon drying to form a structure consisting of
close-packed spheres. Shen et al. fabricated a biosensor
using Y-shaped PC channels which also aid in fluidic
transport [178]. The PC channels were written using a
colloidal ink consisting of core—shell nanoparticles with
a polystyrene core and a shell made of polymethyl-
methacrylate (PMMA) and polyacrlic acid. Each PC channel
has a different structural color and the shift of the bio-
functionalized PC reflectance spectrum effectively deter-
mined the presence of desired biomarkers. Park et al.
fabricated colloidal PC microarrays by placing ink droplets
containing polystyrene nanospheres, which form struc-
tured hemispherical assemblies [177].

4.2 Optical waveguides

There are many examples of planar waveguides fabri-
cated using inkjet methods, shown in Figure 13. Lorang
et al. used a core—shell ink with a photocurable liquid
core to print a network of optical waveguides [180]. The
network effectively guides light with minimal cross-talk,
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Figure 11: 3D woodpile photonic crystal structures written using
DIW. (A-B) SEM images of polymer woodpile structure with 1 ym
diameter rods and center-to-center rod spacing of 4 pm. Reprinted
with permission from Ref. [160]. (C-D) Optical images of sol-gel
titanium dioxide (TiO,) woodpile structures with varying lattice
periods of 200 pm (C) and 250 pm (D). Reprinted with permission
from Ref. [165]. (E) SEM image of woodpile structure written using
40 wt% BaTiO3/PDMS composite ink and a 180 pm nozzle. Reprinted
with permission from Ref. [166].

as demonstrated in Figure 13A. Zhang et al. printed a
waveguide-coupled microring resonator, as well as two
coupled microring resonators by printing solvent droplets
on a thin polystyrene film [181]. The former structure is
shown in Figure 13B. The solvent causes the film to
dissolve locally and form a microstructure under the
surface tension of the droplets, achieving waveguide di-
ameters around 5 ym. Shining a beam of light on to the
resonator leads to coupling of the light into the wave-
guide, demonstrating the good optical quality of the
deposited structures. Lastly, Parker et al. printed silk
waveguides with 5 ym cross section that successfully
guided visible light [169].
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Figure 12: Photonic crystals formed using colloidal inks. (A)
Photonic crystal droplet containing 190 nm polystyrene particles.
Thetop image is taken in the SEM while the bottom image is obtained
using AFM. Reprinted with permission from Ref. [177]. (B—E) PC
microfluidic channels written using multiple inks with different
colloidal particle sizes for application as a biosensor. Reprinted with
permission from Ref. [178]: (B-C) different microfluidic Y-channels
written using different colloidal inks and exhibiting varied structural
color due to colloidal particle size; (D—E) top-view SEM images of the
channels with 216 nm (D) and 235 nm (E) colloidal particles.

4.3 Light emitting diodes

Inkjet printing has been used for the printing of quantum
dot (QD) based LEDs, or QLEDs (Figure 14). Kim et al.
developed red and green QD inks and printed various

Figure 13: Optical waveguides written using inkjet printing. (A)
Optical waveguide network with three LEDs, demonstrating the low
crosstalk between waveguides. Reprinted with permission from
Ref. [180]. (B) Microscope images of a microring resonator and a
waveguide, demonstrating the guiding and coupling of the input
laser beam. Reprinted with permission from Ref. [181]. (C-D) Images
of a printed silk waveguide with SEM inset in (D). Reprinted with
permission from Ref. [169].
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patterns to demonstrate the versatility of EHDP [182]. They
were able to print lines of QDs with lateral dimensions
down to 250 nm. Yang et al. printed arrays of QDs with
improved ink formulation, achieving minimal pixel di-
ameters of 20 um using DIW [184]. Kong et al. took QLED
fabrication a step further by developing and printing the
ink of all five layers of the structure, demonstrating the
extensive material compatibility of DIW [183]. In this study,
the researchers also demonstrated the ability of EHDP to
print on non-planar surfaces. They printed the five layer
QLED structure on a contact lens, illustrated in Figure 14E,
which was first scanned in 3D to ensure conformal printing
of the QLED layers.

5 Comparative discussion

We have discussed three classes of 3D nanofabrication
techniques, namely laser induced transfer (LIT), light
directed assembly (LDA), and inkjet printing (IP), which we
believe are promising approaches for fabricating high-
resolution, multimaterial structures in three dimensions.
LIT has broad material compatibility and has achieved
lateral feature sizes down to 70 nm and typical write speeds
up to several mm/s. We note that a 70 nm feature size for
LIT is not illustrated in Figure 1 since no writing speed is
reported in the study [61]. In LDA, OT have similarly
demonstrated the ability to manipulate multiple materials,
and achieved 40 nm feature size in an assembly applica-
tion with placement accuracy down to 50 nm and manip-
ulation speeds up to ~200 um/s. Direct ink writing, one
technique of interest within the scope of IP, has demon-
strated feature sizes down to 1 um and fast writing speeds
up to several mm/s. Finally, EHDP, another class of IP, has
demonstrated feature sizes down to 50 nm and typical write
speeds on the order of 100s of um/s.

Although there are significant overlaps in the ranges of
minimum lateral feature sizes and write speeds for each of
these techniques, there are distinct practical advantages
and disadvantages associated with each. In the case of LIT,
a primary advantage is the ability to transfer building
blocks of widely varying size and shape, as indicated by the
range of feature sizes spanned in Figure 1. As building
blocks can be generated from a continuous medium, their
geometry can be specified using beam shaping or photo-
masks. Simultaneously utilizing large and small building
blocks increases fabrication efficiency in multi-scale
structures, like hierarchical materials. In addition, LIT
boasts greater material diversity than either LDA or IP,
owing to the ability to use either solid or liquid phase
donor substrates, which can be prepared using broadly-
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Figure 14: QD LEDs written using inkjet printing. (A-D) Varying patterns of QDs written on a substrate, demonstrating the high resolution and
multi-material capability of the EHDP process. Optical image (A) and composite fluorescent image (B) of an apple printed using red and green
QDs. Opticalimage (C) and composite fluorescent image (D) of arrays of red and green QDs printed using the drop on demand mode. Reprinted
with permission from Ref. [182]. (E) Schematic of the 5-layer QD LED written using five distinct inks. The structure was printed on a curvilinear
substrate, specifically a contact lens, in order to demonstrate conformal printing on nonflat substrates. Reprinted with permission from Ref.
[183]. (F-G) Arrays of QDs with varying droplet size. Reprinted with permission from Ref. [184].

compatible and cost-effective film deposition procedures.
Furthermore, in the solid phase, it is possible to prepare
layered donor substrates, enabling the transfer of multi-
layered building blocks using a single laser pulse. On the
other hand, a disadvantage of solid-phase LIT is the
frequent generation of debris and the potential destructive
effect of the laser-induced shock wave with the transferred
pixel. Although liquid-phase LIT can overcome these spe-
cific disadvantages, the donor substrate is subject to
varying material properties over time due to solvent
evaporation and it typically requires an additional post-
processing step such as sintering to obtain the final fabri-
cated device.

One advantage associated with LDA is the ability to
incorporate building blocks with unique shapes and
chemical properties. Chemically synthesized spheres,
cubes, rings, rods, wires, platelets, and stars can all be
optically manipulated. Furthermore, these building blocks
can be fabricated with multiple materials, as in the case of
core—shell nanoparticles. These building blocks could be
used to fabricate photonic crystal and metamaterial
structures with a specially designed unit cell basis. LDA is
typically performed in an aqueous solution, making it more
biocompatible than either LIT or IP. On the other hand, for
many applications, the aqueous solution must be removed,

which can cause disruption due to surface tension. Addi-
tionally, the procedure for immobilizing the structure in
solution as it is being assembled typically demands com-
plex chemical or physical binding mechanisms. Finally,
LDA has some fundamental restrictions on building block
material and size combinations, as the fabrication method
is predicated on the light-object interaction. As a simple
example, the manipulation of metallic objects larger than
200 nm in 3D requires specialized laser beam shapes like
bottle beams. In general, LDA is not particularly efficient
for larger microscale building blocks, as evidenced by
relative lack of LDA points in the right half of Figure 1.

Of the two types of IP reviewed here, DIW is best suited
for printing microscale features, whereas EHDP is better
suited for nanoscale features, as shown in Figure 1. A main
advantage of IP methods is the ease of switching building
block size on-the-fly, which can be achieved by varying the
applied voltage duty cycle in EHDP. With a longer duration
voltage pulse, more material is jetted from the nozzle,
leading to a larger printed building block. Similar to LIT
methods, this enables the efficient fabrication of hierar-
chical structures with a range of feature sizes. One disad-
vantage of IP is the technical challenge of creating new
workable ink formulations for each desired material, as ink
properties significantly affect the final properties of the
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fabricated structure. Additionally, parallelization is
inherently more difficult in inkjet printing methods, as it is
more challenging to incorporate multiple printing nozzles
than to multiplex a laser beam, which is the necessary step
to parallelize LDA and LIT methods. Finally, for nanoscale
feature sizes, EHDP tends to be slower than LIT and OT, as
can be seen in Figure 1.

6 Conclusion

3D nanofabrication is an enabling technology for a variety
of different fields and applications. Although these tech-
niques have shown great potential thus far, we believe
process efficiency improvements will be the most important
next step in making these methods more widely adopted. In
particular, high-quality complex structures composed of
many discrete components will require 3D registration and
alignment with nanometer-level repeatabilty while main-
taining high write speeds, which is a technically chal-
lenging requirement. One route to increased write speeds is
through the use of parallelization, using spatial light
modulators or digital micromirror devices in the case of LIT
or LDA, or multiple nozzles in the case of IP. Another route
to increased fabrication speed is by incorporating widely
varying, hierarchical discrete component feature sizes:
large components can be used for filling large volumes and
smaller components for areas requiring high resolution. As
the LIT, LDA, and IP approaches develop, we expect a more
rapid translation of these techniques from research labs
into user-facility and manufacturing settings, ultimately
leading to a major impact on the future of 3D nanoscale
additive manufacturing.
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