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Abstract: Ultrafast lasers are proven and continually evolving manufacturing tools. Concurrently,
additive manufacturing (AM) has emerged as a key area of interest for 3D fabrication of objects
with arbitrary geometries. Use of ultrafast lasers for AM presents possibilities for next generation
manufacturing techniques for hard-to-process materials, transparent materials, and micro- and nano-
manufacturing. Of particular interest are selective laser melting/sintering (SLM/SLS), multiphoton
lithography (MPL), laser-induced forward transfer (LIFT), pulsed laser deposition (PLD), and welding.
The development, applications, and recent advancements of these technologies are described in this
review as an overview and delineation of the burgeoning ultrafast laser AM field. As they mature,
their adoption by industry and incorporation into commercial systems will be facilitated by process
advancements such as: process monitoring and control, increased throughput, and their integration
into hybrid manufacturing systems. Recent progress regarding these aspects is also reviewed.

Keywords: ultrafast laser; additive manufacturing; multiphoton lithography; selective laser melting;
laser-induced forward transfer; pulsed laser deposition; laser welding; process monitoring;
hybrid manufacturing

1. Introduction

Additive manufacturing (AM) is a production process where an object is constructed
by joining materials together, typically in a layer-by-layer fashion and often from a three-
dimensional computer-aided design (CAD) model. AM offers many benefits, such as the
ability to produce true internal geometries, on-demand customized parts, freedom to design
complex parts, and reduced environmental impact [1-4]. Consequently, the field has grown
at a rapid pace. An area of AM that has drawn significant attention is that of laser-based
AM. Lasers are an indispensable manufacturing tool because they are well-controlled in
space via focusing elements, spatial light modulators, etc., and are well-controlled in time
by their pulse duration and repetition rate.

Ultrafast lasers are valuable research and manufacturing tools. The ultrashort pulse
duration is comparable to electron-lattice relaxation times, yielding unique interactions with
matter, particularly nonlinear absorption, melting, and ablation. A common application
of ultrafast lasers is subtractive manufacturing, wherein materials such as metals and
dielectrics are ablated, cut, or otherwise modified. As a well-established tool for high-
precision manufacturing and material modification, ultrafast ablation can be combined
with other burgeoning additive manufacturing methods, such as powder-bed fusion,
to provide further control over build morphology [5]. The utility of these lasers is not
limited to post-processing ablation, however, as they offer great potential as the additive
manufacturing tool itself. Over the past few decades, several techniques capitalizing on the
unique abilities of ultrafast lasers have been developed. These are: multiphoton lithography
(MPL), laser-induced forward transfer (LIFT), selective laser melting/sintering (SLM/SLS),
pulsed laser deposition (PLD), and welding. MPL is the most established, as signified by the
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availability of commercial systems. The applications of ultrashort pulse lasers in additive
manufacturing aim to fill gaps left by conventional techniques, especially on the nano- and
micro-scale. Both additive and subtractive manufacturing are accomplished with ultrafast
lasers, which presents the possibility of hybrid, all-in-one devices using a single laser source.
While techniques such as MPL and LIFT have been reviewed, a comprehensive review of
ultrafast laser additive manufacturing techniques and process advancements has not been
provided. It is the intention of this review to provide an overview of the state of the art, and
in doing so provide the reader with a jumping-off point to delve further into these topics.
Furthermore, the landscape for ultrafast laser technology is rapidly changing. Relatively
low-cost fiber systems decrease the barrier of entry while delivering high repetition rates
more useful for commercial and industrial applications. As these areas of research are
growing, this review delineates ultrafast laser additive manufacturing as a field of its own,
laying the groundwork for future discussions of progress and challenges in the field.

2. Brief Description of Ultrafast Lasers

Since the first report of laser action in 1960, lasers have undergone significant advance-
ment and played a crucial role in many seminal discoveries and publications [6]. Lasers can
be operated in a continuous wave (CW) mode, in which their output intensity is constant
over time, or they can be pulsed. Two essential ways for pulsing a laser are Q-switching
and mode locking. Q-switching was first demonstrated with a ruby laser and Kerr cell
shutters in 1961 [7]. Although conventional Q-switching produces nanosecond pulses, they
have difficulties producing pulses of picosecond duration due to large cavity lengths [8-10].
To generate the ultrashort pulses of interest, down to single-digit femtosecond durations,
mode locking is the universal technique [11]. First observed in a HeNe laser in 1964 [12],
mode locking was achieved in dye and rare-earth doped solid-state lasers (e.g., Nd**, Er®*,
Yb3*). In 1986, a new high-gain cross section, broad absorption and emission linewidths,
solid-state lasing medium came onto the scene: titanium-doped sapphire (Ti:Al,O3) [13].
Ti:Sapphire lasers combine advantages from both dye and rare-earth doped lasers and were
a promising candidate for a more practical femtosecond laser. Indeed, Spence et al. [14]
discovered self-mode-locking in a Ti:Sapphire laser due to the Kerr-lens mode-locking
(KLM) effect. This effect, in addition to other improvements, such as dispersion com-
pensation methods and the introduction of semiconductor saturable absorber mirrors
(SESAMs), allows for the reliable generation of pulses as short as 6.5 fs [15]. As a practical
and tunable femtosecond source, Ti:Sapphire lasers are responsible for significant advance-
ment in scientific understanding of the behavior of physical systems at these timescales,
spectroscopy, nonlinear optics, and with increased amplification, material processing and
manufacturing [16].

Parallel to the emergence of Ti:Sapphire lasers, mode-locked Nd-doped fiber lasers
generating ultrashort pulses were developed [17,18]. While much of the interest has
been in communications and data transmission applications, fiber architectures also allow
for pulse energies that enable machining and manufacturing. Commercial ultrashort Er-
fiber (1.55 pm) and Yb-fiber (1.03 um) lasers are now prevalent, and are more adaptable,
compact, and require less alignment than their rod-shaped counterparts [19]. For industrial
applications, their high average power and repetition rates (tens of MHz) are attractive for
efficient material processing. There are many recent reviews on ultrafast fiber lasers, such
as [19-21].

Amplification of ultrashort pulses is a challenge due to the high peak power and the
nonlinear optical effects it can produce in air and gain media, leading to plasma formation
and damage [22]. Strickland et al. [23] introduced a method of amplification, referred
to as chirped pulse amplification, in which the pulses are stretched to reduce the peak
intensity, amplified in a gain medium while remaining below the damage threshold, and
then compressed in the opposite manner of the stretching so that the ultrashort pulse is
recovered with peak intensities in the TW regime. The resultant setup for most high-power,
ultrashort laser systems, is that of the master oscillator power amplifier (MOPA) design.
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The master oscillator is a mode-locked laser that is optimized for pulse duration, center
wavelength, and spatial beam qualities. The (comparatively) low-energy pulses are passed
into power amplifiers for high power pulses. Commercial ultrafast systems commonly
provide > 1 W average power and m] pulse energies. Such pulses are sufficiently powerful
to initiate unique interactions with many materials that lead to manufacturing techniques,
such as nanoscale and micron scale ablation, multiphoton polymerization, laser-induced
forward transfer, pulsed laser deposition, and others.

3. Ultrashort Pulse Laser-Matter Interaction

The unique interactions between ultrashort laser pulses and matter can be explained by
the pulse duration and intensity. For material modification purposes, focused beams deliver
high peak intensities (~10' W/cm?) over a period that is shorter than or comparable to
the heat and energy transfer processes between the electron and lattice subsystems [24,25].
Highly localized nonlinear absorption occurs, causing extreme energy gradients and rapid
heating (10'* K/s) and cooling rates that result in melting, ablation, and/or complex
structural and phase changes (Figure 1) [26-31].
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Figure 1. Ultrafast laser—matter interaction pathways for different materials [28].
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3.1. Metals and the Two-Temperature Model

In strongly absorbent materials such as metals, ultrashort pulse radiation is absorbed
by conduction-band electrons via inverse Bremsstrahlung. Electron subsystem thermal-
ization is on the order of femtoseconds, and the electrons transfer their energy to atomic
lattice vibrations (electron-phonon coupling) picoseconds after irradiation [28]. Since the
pulse duration is shorter than the electron-lattice equilibration time, the nonequilibrium
situation is described by a two-temperature model wherein the time evolution of electron
and ion temperatures are treated separately and connected by an electron-lattice coupling
constant [32-34]. The two-temperature model equations state:

T,
Ce5f = V(keVTe) = Loeg(Te = Ti) + Qxa, ) @
aT;
Claitl ZV(KZVTI)_Fefl(TE_Tl) (2)

where e and | refer to electron and lattice parameters, C the heat capacity, k the thermal
diffusivity, I the electron-lattice coupling constant, and Q the irradiating laser.
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If the intensity is high enough, the transfer of energy from the superheated electrons
into the lattice subsystem results in a violent phase change and material ejection with
micro- to nano-meter resolution [35-37]. Since thermal diffusion into the bulk material
occurs on a longer timescale, the surrounding material heats less appreciably. Thus, the
heat-affected zone of ultrafast laser modification is significantly smaller than that of ns or
continuous wave lasers, producing minimal collateral damage and making it desirable for
micro- and nano-machining applications. If the fluence is below the ablation threshold,
there are melting regimes in which the nonequilibrium situation rapidly heats the lattice to
the melting point. For sufficiently high intensities, superheating of the lattice gives way to
homogeneous nucleation and melting mere picoseconds after the pulse [38—40].

3.2. Bandgap Materials

In bandgap materials, electrons are first excited into the conduction band and then
continue to absorb photons and increase in energy. For longer pulses, these electrons
transfer energy to the lattice and cause subsequent heating and damage [41]. The electronic
excitation by high-intensity ultrashort pulses that promotes a significant portion of electrons
from the valence band (about 10%) may affect the interatomic bonding, such that melting or
other phase transformations occur [42,43]. Such transformations are considered athermal,
as they are not a result of lattice equilibration and heating. From the conduction band, free
electrons gain kinetic energy by absorbing additional photons, leading to a plasma state, or
in the case of extreme ionization, Coulombic explosion [31,44,45].

In the case of wide band gap materials, in which the photon energy is less than the
energy needed for excitation into the conduction band, the main processes for ionization
are multiphoton, tunneling, and avalanche ionization [46]. A nonlinear optical process,
multiphoton absorption is the simultaneous absorption of two or more photons by an
electron. This strongly intensity-dependent phenomenon allows ionization if the combined
energy is greater than the bandgap. The immense peak intensities of ultrashort pulse lasers
readily induce these events. Electrons can also be promoted by tunneling ionization, a
phenomenon initially described by Keldysh [47] for dielectrics in strong electromagnetic
fields. For high-intensity fields, a qualification often met by ultrashort laser pulses, the
Coulomb potential barrier is distorted, making tunnel ionization easier. Under varying
laser parameters and material properties, tunneling ionization transitions to multiphoton
ionization, and thus both are part of the theoretical treatment in [47]. Conduction band
electrons undergo free carrier absorption, attaining higher energy states. If the electrons
are further excited by the equivalent of an additional bandgap energy, they can knock
other electrons from the valence band to the conduction band, generating additional free
carriers [48]. In the presence of sufficient and sustained electromagnetic field strength,
newly promoted free carriers undergo the same impact ionization process, giving rise to
an ionization “avalanche” [49]. Multiphoton and tunneling ionization produce the seed
electrons for the avalanche process [41]. These phenomena facilitate micromachining inside
of transparent materials since the light intensity is only sufficient for multiphoton ionization
at the laser focal spot [50]. In fact, the pulse energy can be controlled such that only a small
portion of the focal spot surpasses the transformation threshold to create sub-wavelength
features [51].

3.3. Ultrashort Pulse Ablation

Ultrafast lasers are well known for their use in precision ablation and micromachining.
Virtually any material can be ablated by ultrafast lasers, with applications in, but not limited
to, metal [52], semiconductor [53], dielectric [54], and bone [55] micromachining, thin film
machining [56], microfluidic structure fabrication [57], microelectromechanical systems
(MEMS) device manufacturing [58], laser-induced breakdown spectroscopy (LIBS) [59],
and implant modification [60]. There are many ablation mechanisms that have been pro-
posed, and they occur under different irradiation parameters and in different materials,
as often modelled by hydrodynamic and molecular dynamics simulations [61,62]. Ab-



J. Manuf. Mater. Process. 2023, 7, 89

5o0f 43

lation mechanisms include photomechanical spallation, phase explosion, and Coulomb
explosion [28,44,45,62-66].

4. Ultrafast Laser Techniques in Additive Manufacturing
4.1. Selective Laser Melting/Sintering

Continuous mode or nanosecond pulse laser-based AM enables direct transfer of
energy to a material in a small focal region and leads to curing, sintering, or melting with a
better resolution compared to extrusion-based methods [67]. Prominent examples of these
methods are selective laser melting (SLM) and selective laser sintering (SLS) (Figure 2).
Metals that are commonly used are stainless and tool steels, aluminum alloys, titanium
and its alloys, nickel alloys, and some cobalt alloys [68]. Optimal part orientation, laser
parameter optimization and consistency, high residual stresses, and surface quality are
just some of the challenges within powder-bed fusion processes [69,70]. Managing these
challenges for a wide variety of metals with different melting points, laser absorption
spectra, and heat conductivity behaviors further complicates the technology. Ultrafast
lasers offer possible solutions in the selective laser melting/sintering of hard-to-process
materials. Ultrashort pulses deliver intense peak energies on such short timescales that
target materials are rapidly heated beyond their melting point but with a small heat-affected
zone. Materials with high melting points and /or excellent heat conducting properties may
be more easily processed by this confined, extreme heating. Residual heat diffuses rapidly
into the bulk due to the short interaction times, but by increasing the pulse repetition rate
to the MHz regime, the resulting thermal accumulation can provide additional control of
the melting process. Since the heat-affected zone is not much larger than the focal spot
diameter, powder particle sizes are restricted to being no larger than the spot size. It should
be noted that in general, the melting dynamics of metals under ultrafast laser irradiation
are not adequately understood. The thermodynamics of ultrafast laser powder-bed fusion
and their influence on material properties are even less so. Thus, the current state of the art
is that research is limited primarily to feasibility studies.

Scanner

[

<€— Chamber

Powder Rake

Loose Powdel

Powder Delivery

Figure 2. Example of SLM/SLS setup. A uniform layer of powder is deposited on the building
platform, selectively melted by laser scanning, and subsequent powder layers are deposited by
the rake.

4.1.1. Copper

Pure copper is a relatively stable and ductile material with excellent thermal and
electrical conductivity [71]. Additive manufacturing of copper is especially attractive
because it enables the production of complex geometries that may improve heat transfer
devices and does not require additional manufacturing steps like welding [72,73]. The
laser processability of copper is limited primarily by its most useful property: high thermal
conductivity. Copper absorbs laser energy and dissipates it via significant local thermal
gradients, increasing the energy needed to achieve melting and increasing the risk of
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defects, such as porosity, delamination, and layer curling [74-76]. Additionally, high
reflectivity results in a compounded need for greater laser power and risks damage to
optical components [75,77]. Attempts at selective laser melting of copper via ultrafast
lasers are shown in Figure 3. Thin-wall microstructures (<100 um) with a high porosity
were fabricated in [78]. A 1030 nm laser parameter process window was identified at a
repetition rate of 20 MHz and pulse energy from 0.75-1.50 pJ, below which superficial
sintering occurs and above which ablation occurs. Fully dense structures may require an
increased focal spot size and reduced grain size. Density is enhanced in the first several
layers by using a steel building platform with a significantly lower thermal conductivity.
After approximately 10 layers, the benefits of the steel platform were reduced, and the
porous structure emerged (Figure 3c). Further increases in laser power and repetition rate
could improve heat accumulation and result in more dense structures. In these experiments,
however, with a filling factor of 64% and specific heat and electrical conductivity 10% of
that found in literature [79], further progress is necessary for the methods to be viable.

number of layers

(b) (c)

Figure 3. (a) Sample objects produced by ultrashort pulse SLM of 10 um copper powder. (i) Turbine
wheel, (ii) thin-wall sample with >100 um wall thickness [79]; (b) (i) cuboid samples produced by
ultrashort pulse SLM, (ii) SEM of cuboid that shows porosity [78]; (¢) (i) demonstration of structures
respectively. Shows the change in porosity as additional layers are added, thought to be due to the
high thermal conductivity of copper which results in incomplete melting [78].

For 2D printable and flexible electronic devices, Cu patterning via the laser sintering
of nanoparticles has been investigated [80]. Femtosecond lasers may address challenges
posed by copper’s material properties by sintering of Cu nanoparticle ink [81]. A similar
process that instead reduces CuO by laser irradiation can produce microstructures on
glass and flexible polydimethylsiloxane (PDMS) [82,83]. This was achieved with a lower
average power compared to CW and nanosecond lasers; but is hampered by higher oxide
concentrations in the patterns [84]. Although Cu nanoparticle sintering average power
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requirements for femtosecond lasers are lower than CW, evidence shows it results in a
smaller processing window that makes consistent quality difficult to achieve [85,86].

4.1.2. Tungsten

Tungsten, also known as wolfram, is a rare metal with a high melting point of 3695 K
(for comparison, aluminum melts at 933 K), good thermal conductivity (174 W/m K),
and has potential for use in extreme environments, such as nuclear fusion reactors [87].
Consequently, its processability is challenging. In an effort to reduce manufacturing cost
and waste, Ref. [88] manufactured Tungsten tiles by directed energy deposition with a
non-ultrashort pulse, >3000 W source. The layers deposited were relatively thick (about
1 mm) and suffered from cracks and pores. Conventional SLM has been accomplished with
lower laser powers (around 400 W) and with possibly reduced microcrack formation by
substrate preheating up to 1000 C [89]. It is thought that the ductile to brittle transformation
and large thermal gradients imposed by laser beam melting are responsible for crack
formations [90]. Ultrafast lasers may be a more practical and effective source for additively
manufacturing Tungsten, as the intense peak power is simulated to produce localized
temperatures exceeding 4000 K [32]. Femtosecond selective laser melting is feasible, as
shown in [91]. A 0.5 m] (45 W average power) Yb-fiber laser, with 400 fs pulse width
operating at 1 MHz, was used to successively melt more than 100 layers of 1-5 micron
powder. Ultimate tensile strength (UTS) and Vickers hardness were measured at 388.4 MPa
and 395, respectively. The UTS is greater than conventionally sintered parts around 125 MPa,
but lower than polycrystalline tungsten rods which is >580 MPa. Similarly, the Vickers
hardness for polycrystalline tungsten is 450. Bai et al. [92] compared pulse durations
between 750 fs and CW mode. They found that the fs-based process produced parts with
up to 99% density, and fewer defects and greater hardness compared to the ps and CW
modes. The reduced incidence of cracks and defects is attributable to higher heating and
cooling rates from the ultrafast melting process, which also produces smaller grain sizes
leading to the increased hardness. Micron-scale structures were also shown, featuring walls
of 100 um thickness, and a finer microstructure was detected (Figure 4). However, defects
are still clearly visible with the ultrafast process. Further testing of material properties (e.g.,
ductility, dimensional accuracy) will be important to distinguish the ultrafast laser method
as an improvement relative to conventional SLM, as well as its capability in demanding
applications. As a relatively unexplored technique for SLM, layer-wise ultrashort pulse
fabrication is a potential avenue for 3D manufacturing of Tungsten.

Cross Section
fs fiber laser e N CW fiber laser

4x smaller in grain size N /
Microstructure is modified. Top Surface

Figure 4. Comparison of microstructure between fs-SLM and CW-SLM of tungsten. fs-SLM resulted
in smaller grains, which is correlated to superior strength [92].
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4.1.3. Other Materials

Attempts at additively manufacturing a variety of other materials by ultrashort pulses
have been made. Ultrafast lasers provide the potential to both heat target materials to
extreme temperatures and greatly limit the heat-affected region. Therefore, it is interesting
to study how they perform when faced with the challenges of high melting point or low
absorption materials as well as the differences in material properties, such as thermal
conductivity, melting point, thermal expansion coefficient, etc., at play when dissimi-
lar materials are irradiated simultaneously. Ultrashort pulse laser powder-bed fusion of
borosilicate glass [93], aluminum alloys [94,95], ultra-high molecular weight polyethylene
(UHMWPE) [96], bimetallics [97], rhenium, and diboride ceramics [98] has been demon-
strated. Depending on the investigated material, laser parameters are varied, such that
as close to complete melting as possible is achieved (Table 1). Defects and high porosity
due to lack of complete melting are a key issue in ultrafast AM parts. Thus, in feasibility
studies on melting and additive construction, viable laser parameters are at the core of the
investigation. A few examples are shown in Figure 5 [93,94,99].

Table 1. Summary of recent work in laser melting of powder by ultrafast laser.

. Justification for Average Pulse Repetition Pulse Scanning
Material Ultrashort Pulse Wavelength Power Duration Rate Energy Velocity
Contrqlled. 1030 nm,
Borosilicate thermal diffusion frequency Femtoseconds
in bulk, shorter 11w 1 20 MHz 0.55 m] 20 mm/s
glass [93] oy . doubled to unspecified
resolidification
: 515 nm
times
Stronger
refinement of
microstructure,
Al-Li ALSi smaller melt pool
[04 9’5 99] and higher shape 1030 nm 25-30 W 500 fs-800 ps ~ 6-20 MHz 1.5y 700 mm/s
o accuracy,
reduced
evaporation of Li
in-process.
Multi-photon
absorption for
more localized
UHMWPE energy 100 to
[96] deposition, 1030 nm 30W 500 fs 10 MHz 3y 500 mm/s
improved
ultimate tensile
strength.
Bimetallic Conventional
L-PBF is
(12Cr2Si/9Cr1Mo, - Femtosecond, - - -
SS316L/SA508) cha.llepggd by unspecified 200 W unspecified unspecified  unspecified unspecified
[97] dissimilar
materials.
IIQ—I};efEIiiﬁl High melting
diboride temperatures
Zirconiun,1 (5596 C, 3250 C, 1030 nm Upto35W 400 fs 1 MHz Up to 35 1J mm/s
diboride 324§ <
respectively).

[98]
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Figure 5. (a) cross section optical microscopy of Al-Si walls by SLM at different laser parameters—
reproduced from [94]; (b) Gear wheel, 10.5 mm diameter, 1.5 mm height [93]; (c) melting mor-
phologies/regimes for Al-Si40 SLM; (d) top left: Al-Si40 cylinders by SLM; top right: wall thickness
measurements; bottom: wall thickness vs. energy per unit length (average power divided by scanning
velocity)—reproduced from [99].

4.2. Multiphoton Lithography

Stereolithography, a manufacturing process by which light induces a photochemical
structural change to print patterns and objects, allows for layer-wise production of arbitrary
3D objects from computer drawn designs. Conventionally, a photopolymer is transformed
from the liquid state to a solid polymeric state by UV laser curing [100]. The excitation
of a photo-initiator to a state that produces ionic or radical species initiates cross-linking
chain reactions in photoresist materials like epoxies and acrylates. Excitation, and thus
photopolymerization, can be achieved by multiphoton absorption of lesser energy photons
that equates to the energy that would normally be absorbed by singular UV photons.
Due to the nonlinear dependence on laser intensity and the transparency of the material
to single photon absorption, multiphoton absorption occurs in a tight focal region for
ultrafast lasers, meaning that higher resolution and internal modification is accomplished
(Figure 6) [101]. Direct laser writing by multi-photon absorption has been discussed in
several reviews [101-104].

The multiphoton lithography technique (also referred to as 3D laser lithography
(3DLL) or multiphoton direct laser writing (MP-DLW)) typically utilizes frequency-doubled
Ti:Sapphire femtosecond lasers, but as second harmonic fiber lasers have become more
viable, they are increasingly common [105]. A variety of materials are available for two-
photon polymerization, such as organically modified ceramics (Ormocers) [106,107], the
epoxy-based SU-8 negative photoresist [108], metal-containing sol-gel composites [109,110],
and various acrylates [111,112]. There are applications in chemical sensing [113], microflu-
idic devices [114-116], and microneedles [117,118], but recently micro/nano optics and
biological and tissue engineering have received significant attention [119,120].
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Figure 6. Intensity distribution of Gaussian beam I(r) = Ipe “0” . I (red) and I? (blue) correspond to
1PP and 2PP, respectively. At the polymerization threshold, the region for 2PP will be smaller (higher
resolution) than for 1PP. Figure reproduced from [103].

4.2.1. High Resolution and STED-MPL

Many examples of nanoscale structures have been published, possibly none more
iconic than the “microbull” with 120 nm spatial resolution, fabricated via two-photon
polymerization (2PP) of SCR500 resin (Figure 7) [103,121]. The deterministic threshold and
nonlinearity of ultrafast laser 2PP enables manipulation of the laser intensity profile so that
only an area smaller than the diffraction-limited spot leads to polymerization [101,103].
This allows lateral and axial fabrication resolutions smaller than the Abbe diffraction limits
and structures that are sub-100 nm [109,122,123].

Figure 7. The iconic micro bull, 2 um scale bar [121].

STED-lithography is a technique to fabricate below the diffraction limits. Stimulated
emission depletion (STED) is a technique first implemented for super resolution microscopy,
in which fluorophores around the focal point are subsequently deactivated, minimizing the
illumination area [124]. In general, photo initiators are excited by the usual ultrashort pulse
to a state S1, which normally relaxes to a radical-producing state (and thus polymerizing
state) by intersystem crossing. If a limited surrounding region is irradiated immediately
afterwards by a second pulse that initiates de-excitation by stimulated emission from the
51 state to a state that does not produce radicals (e.g., the ground state), then the extent of
polymerization will be confined, improving resolution (Figure 8) [123]. STED-lithography
techniques differ according to the depletion mechanism, giving rise to methods such as two-
color photoinitiation/inhibition (2PII) [125] and resolution augmentation by photo-induced
deactivation (RAPID) lithography [126].



J. Manuf. Mater. Process. 2023, 7, 89

11 0f 43

i DLW

1‘ fluctuating
+ power

avg. width ‘ avg. width
230 nm 100 nm

fluctuation fluctuation
7% rms 42% rms

avg. width
100 nm

fluctuation
10% rms

anticipated line shape
anticipated line shape
anticipated line shape

Figure 8. (i) Intensity profile (red) of standard MPL and corresponding line writing shape. Power
fluctuations result in line width fluctuations. (ii) Thresholded MPL results in smaller line width,
but fluctuations are below polymerization threshold (blue line), lack of polymerization can occur.
(iii) STED-MPL: depletion intensity distribution (green) reduces the effective exposure profile (purple)
and results in a consistent, smaller line width.—Adapted from [123].

4.2.2. Tissue Engineering

Regenerative medicine is a field that can greatly benefit from bespoke, biocompatible
3D microstructures since it relies upon cell proliferation on cell matrices and scaffolds [127].
Biological tissues are complex composite materials, with the extracellular matrix (ECM)
providing the supporting structure for cells. For this purpose, multiphoton lithography
of bovine serum albumin (BSA), modified gelatin, collagen, fibrinogen, fibronectin, con-
canavalin A, and others has been achieved [128]. Scaffolds of varying geometries and
biomaterials fabricated by femtosecond direct laser lithography are being investigated for
the best compatibility and in vivo results [129,130].

It was demonstrated by Flamourakis [131] that a bowtie auxetic structure composed
of the organic-inorganic hybrid material SZ2080 allows directional fibroblast proliferation
(Figure 9). The fabrication of such structures is recently unfettered by MPL. The XYZ
piezoelectric stage setup incorporated a Ti:Sapphire laser operating at 20 fs, fluence of
106 mJ/cm?, and 80 um/s scanning speed, focused with a 100 x 1.4 NA objective lens. The
biocompatible SZ2080 photoresist was written into a bowtie geometry with 8.6 pm and
40 pm unit cell size, mechanically tested, and seeded with fibroblasts from the NIH-3T3
cell line.

Further complexity to designer scaffolds can be introduced by direct writing of multi-
ple photoresists. A combined approach allows for improved spatial control over cell binding
domains and thus cell distribution [132]. Polyethylene glycol diacrylate (PEG-DA) formed
a protein-repelling framework upon which the protein-binding ormocer photoresist was
built; both were deposited by DLW. The crosslinking agent pentaerythritol tetra-acrylate
(PETA) was added for additional stability, which at high-enough concentrations moderated
the cell repellency of PEG-DA. Therefore, by using multiple photoresists, not only can one
control the geometry and mechanical properties of a primary scaffold, but they can also
create site-specific functionality and potentially a tailored distribution of differing degrees



J. Manuf. Mater. Process. 2023, 7, 89

12 of 43

of cell compatibility. A more recent work utilized three different photoresists to selectively
functionalize the freestanding scaffold with two different ECM proteins, finding that they
could alter cell adhesion behavior by choosing proteins for which A549 cells have different
affinities [133].

*\‘/

AT

20kV X250 100um

Figure 9. (Top): CAD design (center) of bowtie auxetic scaffold and surrounding SEM images from
different viewpoints (A-D) of MPL-fabricated 522080 scaffold. (Bottom): SEM images of auxetic
scaffold after seeding with fibroblasts. (A): Top view of the fabricated parts. (B) magnified image
of dotted square in (A). (C) magnified image of dotted square in (B) with yellow pseudocolor to
visualize filopodia. Directional growth from scaffold structure can be observed [131].

4.2.3. Micro- and Nano-Optics

Multiphoton lithography is an effective tool for the realization of micro- and nano-
metre-sized optical systems. The geometric freedom and high precision of this additive
manufacturing process enable the microfabrication of refractive and diffractive elements
from photoresists with good optical properties [134,135]. Microlenses with 15-micron
diameter and focal lengths of tens of microns have been produced with the Zr-based
hybrid photopolymer 572080 [136]. Significant work has been carried out fabricating
microlenses, photonic crystals, and other elements on the tips of optical fibers [135,137,138],
with He et al. [139] having designed and produced swappable fiber sockets and holders for
improved alignment and to eliminate the need for printing directly on the fiber head. These
devices have exciting implications for integrated optics, photonic circuits, and fiber-based
endoscopy and tomography [137,140].

Gissibl et al. [141] used a commercially available lithography system to construct a com-
pact triplet lens objective with a diameter of about 120 um and superior resolving powers
and higher fields of view compared to alternative printing methods. Free-form multi-lens
objectives were also demonstrated and shown in Figure 10 [142]. While nanoscale control
over the device dimensions has been achieved, control over the refractive index would
lend even greater versatility to multiphoton direct laser writing. To this end, Ref. [143]
developed a method dubbed subsurface controllable refractive index via beam exposure
(SCRIBE), which can produce graded index (GRIN) micro-optics. By using a porous silicon
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(PSi) host, the degree of polymer infilling, and thus the effective refractive index, is varied
with the laser power.

Figure 10. SEM pseudocolor images of microstructures on end of optical fiber. (A—C) Plano-convex
lens; (D,E) cylindrical lens; (F-H) suspended plano-convex lens (green) and plano-concave lens (red);
(I-K) woodpile photonic crystal [138].

4.2.4. Metallic Deposition

With the past and growing interest in microelectronic devices, MEMS, metamaterials,
and plasmonic devices, the desire for a method of metallic fabrication on the microscale with
unfettered control over the geometry is inescapable. Limitations on the resolution of existing
AM leave a gap that is currently filled by metal particle ink extrusion, electrohydrodynamic
printing or droplet ejection, laser-assisted electrophoretic deposition, LIFT, and other
techniques [144,145]. Alternative techniques based on or involving the use of multiphoton
direct laser writing are being researched, since it offers the tantalizing benefits seen in
the polymerization domain. Metallic deposition has also been reviewed in several recent
articles [145-147]. One way metallic structures are produced is by first utilizing MPP
to create a polymer template upon which metal is layered by electroless deposition or
plating [148-151] or by electrochemical deposition [152,153].

Alternatively, direct deposition of metals can be accomplished by multiphoton photore-
duction of dissolved metals for the nucleation and growth of 3D-printed structures [145].
Ultrashort pulse photoreduction of silver nitrate or tetra chloroauric acid (gold) produces
conductive microstructures or diffraction gratings [154,155]. Currently, this solution-phase
deposition suffers from roughness and granularity of the structures, impurities, and poor
mechanical strength [101,147]. Metallic ions can also be fused into the polymer matrix,
creating a hybrid material, but has limited conductivity and its properties are highly de-
pendent on the photoresist [156-158]. Blasco et al. [159] developed a gold-containing
photoresist and employed this simultaneous photopolymerization and photoreduction
method to create conductive micro-arches 20 um in length and 3 pm in height. A novel
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method capable of complex 3D geometries utilizes two-photon lithography to produce
91.8 wt% Ni structures [160]. Nickel-containing compound is integrated into a photoresist,
and polymerized, then undergoes pyrolysis to create 4 um unit cells and 0.4 um beam
diameter (Figure 11). The feature resolution is significantly better than contemporary metal
AM methods and retains mechanical strength.
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Figure 11. (a,b) Synthesis of nickel containing photoresist; (c) MPL process; (d,e) diagram of metal-
containing polymer structure that is pyrolyzed to metal structure; (f-g) lattice of nickel-containing
polymer; (i,j) lattice after pyrolysis. Scale bars in (g,i) are 2 um, in (h,j) are 500 nm, in (f) is 15 pm.—
Reproduced from [160].

4.3. Laser-Induced Forward Transfer

Laser-induced forward transfer (LIFT) is a method for depositing discrete portions of
a donor material onto a receiving substrate [161]. The LIFT process is depicted in Figure 12.
By mounting a target or donor film onto a transparent substrate, a pulsed laser operating
above an intensity threshold for material ejection can eject discrete voxels onto a receiving
substrate. The laser is focused on the donor substrate-donor interface, and the ejection
mechanism is similar to that of ablation, where the material is vaporized and expands to
force a localized detachment of the substrate. LIFT is a type of additive laser direct writing,
and as such can be used to build layer-wise structures of nearly any class of material.
Its advantages lie in its simplicity of implementation, operation in ambient conditions,
preservation of electrical, chemical, and biological properties of the donor, high resolution
micro-structuring, and that the same laser setup can be used for subsequent processing or
modification [162]. LIFT methods are diverse, reflecting the variety of transferable materials.
Both blister-actuated LIFT (BA-LIFT) and dynamic release layer LIFT (DRL-LIFT) prevent
direct exposure of the material to be transferred to laser radiation by using an intermediary
absorber [163,164]. LIFT is similar to an ink-jet process, but is not restricted by the viscosity
or degree of solid loading of the material [165].
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Figure 12. LIFT process for various donor material phases (a—d). Steps from i to iii are (i) absorption
of laser pulse, (ii) vaporization of donor material at substrate interface results in localized ejection,
and (iii) material is deposited on receiving substrate [165].

Nanosecond pulse lasers are well established for this technique, but experiments with
picosecond and femtosecond lasers have yielded metal film material transfer at lower flu-
ence thresholds and with greater precision [166,167]. This is expected due to the differences
between nanosecond and femtosecond ablation, but a comparison of nanosecond and
picosecond LIFT of silver nanoparticle inks indicates that at higher fluences, the differences
in jet dynamics and surface-area evolution narrow [168]. Most ps- and fs-LIFT research
involves metal film donor layers, such as Cu, Au, Zn, Cr, and Ti; They are showing different
structures. No need to change. thus applications are focused on printed electronic microde-
vices and components [169-171]. It was found that the ejected material in fs-LIFT had a
narrower angular divergence, and the highly localized heat-affected zone limits damage to
sensitive donor materials [172-175]. A two-temperature thermomechanical model can be
applied, revealing how gold, chromium, and zinc are deposited in different phase states
despite the same irradiation conditions [176].

Micron-sized droplets of metals are deposited by ultrafast LIFT, rivalling the resolution
that may be obtained by ultrashort pulse selective laser melting or sintering [177]. By
stacking multiple droplets in the same location, the 3D-printing of freestanding metal
microstructures is achieved (Figure 13) [178]. These micro-pillars exhibit extremely high
aspect ratios and maintain conductivity. Feinaeugle et al. [179] have developed a sacrificial
support structure technique whereby Cu supports are chemically etched to reveal a gold
helix (Figure 14).

Multiple pulses can affect voxel morphology, as shown in Figure 15 [180]. They
utilized an initial microsecond laser pulse to melt the donor film, followed by a 500 fs pulse
to induce material ejection. Varying the time between pulses is used to tune the droplet
geometry. Improved control over the size and shape of depositions will be essential for
broadening the application space of ultrashort pulse LIFT techniques. Double femtosecond
pulses temporally separated by up to 10 ps were used to study the nature of the material
ejection mechanism and how it relates to ultrafast dynamics [171].
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Figure 14. (a) Gold helix deposited by LIFT after etching to remove copper support structure;
(b) structure before etching; (c) top view of gold helix after etching. Reproduced from [179].
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Figure 15. Double-pulse LIFT depositions at different time delays between the double pulses. Column
11is ejection from donor; columns 2 to 4 are depositions at increasing magnification. (a) 195 us delay;
(b) 275 us delay; (c) 375 us delay [180].
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Characterization of LIFT of varying viscosity fluids is important for understanding the
advantages that ultrashort pulses may have as this technique continues to develop. High
viscosity metallic pastes can be printed via LIFT, with recent work attempting to characterize
the effect of process parameters on the fabrication of silver lines from a commercial paste
containing 1-4 um particles (250 Pa-s) [181]. When consecutive pulses are not separated by a
sufficient distance on the donor material, deformations of the paste from the previous pulse
can impair material ejection of the following pulse. Munoz-martin et al. [181] outlined
the need for a threshold pitch distance between pulses, short enough that deposited
voxels are adequately overlapped, but long enough to avoid previous pulse deformations.
Medium-viscosity liquid films (0.3 Pa-s) deposited by fs-LIFT were recently observed by
time-resolved shadowgraphy [182]. As fluence is increased, transitioned from a stable state
with <100 pm depositions to an unstable splash state with messy material transfer, and
then to larger <100 um depositions.

Ultrafast LIFT is a promising micromanufacturing technique. If material transfer
can be reliably tuned by controlling and changing laser fluence, consecutive pulse pitch,
number of pulses, and other parameters, it not only increases the versatility and range of
applications but could also open a niche in which the parameters are changed over the
course of the process to produce more complex devices.

4.4. Pulsed Laser Deposition

Pulsed laser deposition (PLD) has been used as a method of film deposition for many
years [183]. The procedure is relatively simple: a laser pulse is incident on a material to be
deposited, and the pulse wavelength, energy density, and duration are chosen such that
the target is ablated at a certain rate, resulting in an ejection plume and film growth on
a nearby substrate. PLD is able to transfer the composition of the target to the substrate,
maintaining stoichiometry even for complex multicomponent oxide materials [183]. This
is facilitated by performing the technique in a vacuum chamber filled with reactive gas
species (oxygen for oxides) and by heating the substrate. Stoichiometric transfer can be
achieved due to the ablative nature of this process and plasma formation, since for lower
laser energy densities the material flux would be due to evaporative processes, which are
dependent on the vapor pressures of the constituents. PLD is a versatile technology, as
the transfer of virtually any class of material is possible, such as metals, semiconductors,
polymers and biomaterials [184-186].

Nanosecond pulse lasers with high pulse energies and low repetition rates are used
often, but because material is transferred by ablation, ultrafast lasers are inevitably con-
sidered. As discussed, ultrashort pulse ablation is noted for having a lower threshold,
smaller heat affected zone, and clean and high-resolution material removal. These features
correlate to advantages in PLD, as the pulse energy can be reduced by multiple orders
of magnitude compared to nanosecond pulse energies and produce smoother films [187].
Improved quality is due to reduced particulates formed by greater thermal loading of the
target for nanosecond pulses, and by operating at higher repetition rates [188,189]. Higher
repetition rates (MHz range) match nanosecond pulse growth rates, result in a more contin-
uous flux of atoms, and may also reduce the ablation threshold via an incubation effect.
The disadvantage to ultrafast lasers is the relative cost and maintenance and operation
complexity [183]. Deposition of epitaxial and nanoparticle films has been demonstrated
for amorphous carbon (60 ps Nd:YAG, 1064 nm), atomically-smooth chalcogenides (60 ps
Nd:YAG, 532 nm), diamond-like carbon (DLC) (120 fs Ti:Sapphire), and zinc oxide (ZnO)
(130 fs Ti:Sapphire, 790 nm) [187,190-192].

In the case of ZnO, initial efforts to improve film quality using femtosecond lasers
found that the crystalline quality was actually poorer compared to those grown with
nanosecond lasers [193,194]. However, by controlling the laser fluence, it is possible to
grow ZnO nanorods on a sapphire substrate [195]. A fluence below 1]/cm? was used to
seed the substrate with nanoparticles, followed by a high fluence above 3 J/cm? to produce
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a plasma plume and grow directional rods (Figure 16), thanks in part due to the nitrogen
background.
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Figure 16. (a) ZnO nanorods grown by fs-PLD; (b) x-ray diffraction pattern; (c) transmission electron
microscopy image of single nanorods; inset is a selected area electron diffraction pattern which
indicates good crystal qualities [195].

Interactions with the background gas can enable unique micromanufacturing tech-
niques, as has also been demonstrated for TiO, nanoparticles [196] and carbon nanostruc-
tures [197]. As a wide bandgap semiconductor (3.0 to 3.2 eV), TiO, is of significant interest
to the scientific community [198]. Nanoparticle-assembled films (spherical diameter around
25 nm) have been deposited on Si in vacuum by a frequency-doubled Nd:glass laser with
300 fs pulse duration [199]. Amoruso et al. [196] tuned the film morphology from glue-like
nanoparticle agglomerates to a porous collection of individual nanoparticles by changing
the background oxygen pressure between high vacuum and 10 mbar. Deposition morphol-
ogy can also be altered by delivering varying pulse trains to the TiO, target [200]. So-called
burst-mode fs-PLD, utilizing multiple 700 fs pulses temporally separated by 20 ns, enabled
nanoparticle size control and atomically smooth epitaxial thin film growth. More recently,
fs-PLD has been investigated for the production of nanometer sized Eu:LiCAF particles
as a fast-decay scintillator to replace 3He in thermal neutron detectors [201]. Ultrashort
pulse ablation was chosen to prevent the formation of large droplets. The authors were
able to create 280 nm mean-sized particles and reduce the decay time of the bulk crystal
by at least an order of magnitude (approx. 1700 ns to 40 ns). Fs-PLD has been used for
depositing atomically thin rare-earth (Yb%*) doped MoS;, since the high melting and boiling
points of rare-earth doped sulfides makes chemical vapor deposition challenging, and the
ultrafast-produced ablation plasma ensures mixing of the target species [202].

4.5. Welding

Welding and joining is an essential process in manufacturing. Any device that cannot
be created in a single step, due to geometric or functional complexity, or because it involves
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a multiplicity of different materials, requires reliable, strong joining that does not impede
necessary material properties such as electrical or thermal conductivity. Since welding is
the addition of one material to another, it can be considered under the umbrella of additive
manufacturing. Despite being an age-old manufacturing method, ultrafast lasers have
widened frontiers in the bonding of similar and dissimilar glasses and ceramics, particularly
on the microscale.

4.5.1. Glass Welding

A challenge in the optical welding of glass is that good interfacial melting inside the
transparent material is difficult to achieve when single-photon absorption of the wavelength
is either strong at the surface or extremely low. This is the case for CO, lasers and other
common laser wavelengths in the visible and near-infrared [203]. Ultrafast lasers can
induce multiphoton absorption in solid, transparent media. Some of the excited electrons
ultimately relax to create intrinsic defects, and some relax by transferring energy to lattice
vibrations and heating within tens of picoseconds [46,204]. Lattice heating leads to melting
at the interface and solidification that bonds the initially separate components (Figure 17).
By utilizing repetition rates such that the time between subsequent pulses is shorter than the
time for out-of-focal-volume heat dispersion, melting can be precisely controlled [205]. The
nonlinear absorption that is essential for this process is highly dependent on peak intensity,
which is readily provided by ultrashort pulses. The joining or microwelding of fused
silica [206-208], borosilicate glass [209-211], and photostructurable Foturan glass [212,213]
has been developed. Dissimilar glass welding has also been demonstrated, for example
in borosilicate and fused silica [214,215] and in optical fiber and glass slides [216]. For a
review of glass bonding, the reader is directed to [204]. The effect of process parameters
such as pulse energy, pulse duration, repetition rate, Keldysh parameter, and nonlinear
absorptivity, were recently reviewed in [217].

Transparent Molten material

linear absorption: no absorption nonlinear absorption

B

Figure 17. Comparison of laser-material interaction for different material properties. Linear absorp-
tion occurs at any point where light reaches for opaque materials (a—c) and nonlinear absorption
occurs only at the focus position for transparent materials (e), where (d) is the case of no absorption—
Reproduced from [209].

Effective and high-quality bonding in laser welding requires close contact between
the two surfaces, such that the melted volume—which may not be much larger than the
focal volume—bridges the gaps [217]. Optical contact meets this need and occurs when
sufficient surface area is close enough for intermolecular forces to hold them together. This
requires high smoothness (e.g., 2 nm roughness [208]), which may necessitate additional
processing and is difficult to achieve for large area samples or samples with irregular
surface geometries [218]. Efforts to increase the bridgeable gap include increased laser
power (shown in Figure 18) [205,218], higher repetition rates [219], and alternative beam
profiles [220]. Recently, an Nd:YVO4 ps laser at 1064 nm and MHz-repetition rate was
rapidly scanned in concentric circles over the welding gap [221]. The method generates a
larger horizontal melt pool in soda-lime glass to provide the necessary material to bridge
a “natural” stacking gap of approximately 10 um. The weld appears to be free of defects
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and exhibits shear strength up to 64 MPa. Soda-lime samples welded under optical contact
have previously been reported to have shear strength well over 200 MPa [222].

gap

L

gap closed
200 ym

Figure 18. Ultrafast laser weld seams in fused silica without optical contact. Laser propagation
direction is from top to bottom, and from left to right laser focus position is shifted up from interface.
At a particular focus position, the gap is closed [205].

4.5.2. Ceramic Welding

Ceramic materials are notorious for their thermal resistance, high melting points, and
strength. This is their greatest engineering advantage but also their greatest manufacturing
disadvantage. Ceramic joining techniques are numerous and technically challenging,
and often subject the entire sample to extreme conditions, such as high temperatures
and/or vacuums [223]. Thus, welding devices with sensitive components or materials by
techniques such as diffusion bonding is not possible [224]. Ultrafast lasers, with their ability
to induce non-linear absorption and potential to induce melting in thermally resistant
materials, may provide solutions. Penilla et al. [224] investigated this potential and found
that they could weld polycrystalline alumina and yttria-stabilized zirconia via two different
approaches. One approach was to tune the single-photon and two-photon transparency
of YSZ using thermal treatments, so that the ultrafast laser could be focused inside of the
material and induce localized melting to form a weld. Welded components were able
to hold a high vacuum up to 3.2 x 107 mbar. Alternatively, if the transparency was not
favorable, the parts to be welded could be separated by a 12.5 um gap and the laser was
focused into the gap. The authors argued that the ultrashort picosecond regime (~2 ps)
of pulse duration was more favorable for welding since it generated a larger melt pool
without ablation when compared to the femtosecond regime.

4.5.3. Dissimilar Material Welding

While most research has focused on the welding of similar, transparent materials, the
feasibility of welding dissimilar materials, such as glass and metals, has been investigated.
Since one of the materials is transparent to linear absorption, the laser can still be focused
at the interface and directly generate a melt region for bonding. While other methods exist
for dissimilar material bonding, the space-selectivity provided by an ultrafast laser gives
rise to facile, precise joining with reduced collateral change. In the case of femtosecond
laser bonding, thermal stresses due to differences in the coefficients of thermal expansion
are limited by the smaller heat-affected zone [215,225]. Glass has been bonded with copper,
aluminum, and steel, with superior precision compared to nanosecond sources [226,227].
The welding mechanism is that of ultrafast ablation in which ejected plasma and molten
particles are confined between the substrates and resolidify as a bonded material. Use
of a femtosecond fiber laser capable of repetition rates up to 400 kHz in the welding of
304 stainless steel and soda-lime glass revealed that the shear strength increased with
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higher repetition rates [228]. Aluminum-glass welding via picosecond fiber laser also with
repetition rate of 400 kHz has been reported [225,229]. In such cases, thermal accumulation
by shorter pulse to pulse times generates a melt pool in the glass that contributes to superior
bonding. The higher melting points of the metal constituents produce high density plasma
that penetrates the glass melt (Figure 19c¢).

Various current ultrafast laser additive manufacturing techniques are summarized in
Table 2.

Table 2. Summary and comparison of ultrafast laser additive manufacturing techniques.

Technique Materials Dm;e;l;lselgnal Applications Main Challenges
Selective Laser o Hard-to-process pure 100 m to cm Heat diffusers Optimizing process
Melting metal powders Microelectronics parameters
(tungsten, copper, Parts' fpr extreme 0 Complete melting
rhenium) conditions O full density
e  Al-Si alloys, bimetallics O process stability
. Nanoparticle inks (cracks, defects)
Understanding
underlying melting and
solidification processes
Multiphoton ° Any material that can nm to mm ° Nanoscale metallic Consistent quality,
Lithography be integrated into lattices process monitoring
photoresist solutions ° Microelectronics Increasing throughput
. Resins . Micro/nano-optics
. Metals . Tissue scaffolding
° Microfluidic devices
Laser-Induced Solid films, metals Single-digitum e  Microelectronics, Consistency between
Forward High and low viscosity depositions, device interconnects depositions
Transfer pastes, liquids stackable to mm Understanding ejection
° Whole devices mechanisms and
regimes
Increasing throughput
Pulsed Laser e  Metals nm thick films, e  Uniform film Ultrafast lasers may not
Deposition e  Semiconductors atomically growth of single or be superior in some
. Polymers smooth films multicomponent applications, especially
. Biomaterials materials comparing cost and
complexity
Welding/Joining e  Glass 10sofumtocm e  Internal welding of Joining without optical
e  Dissimilar materials, complex or contact but with

glass-metal
Ceramic

sensitive devices
Microwelding

comparable shear
strength
Optimizing process
parameters
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Figure 19. Ultrafast laser welding of fused silica and commercially pure aluminum. (a) Top-view of
spiral weld pattern; (b) cross section of white rectangle in (a); (c) cross section of single weld bead;
(d) EDS map of region in (c) [229].

5. Advances in Process Techniques
5.1. Process Monitoring

For any manufacturing process, structural quality, surface quality, and minimal vari-
ation between parts is highly desired. Widespread adoption of AM is hindered by ever-
present issues of quality and repeatability [230,231]. One of the greatest advantages of
AM—the ability to produce complex 3D structures and internal morphologies—presents
inherent challenges for non-destructive testing and quality control. Furthermore, the
complexity of the underlying physical phenomena of AM methods presents an overwhelm-
ing number of variables, which limits the efficacy of predictive modelling to ensure part
quality. Consequently, process monitoring via imaging and sensing is a critical tool and
can additionally be leveraged to further our understanding of the physical processes that
occur during manufacturing. If symptoms of defects or potential defects can be identified,
real-time process monitoring offers the possibility of feedback control to ensure build
quality throughout [232]. Although it presents many challenges, the layer-wise manu-
facturing approach of AM allows real-time monitoring that can reduce dependencies on
post-production inspection [233].

Cameras are essential for monitoring ultrashort pulse manufacturing. Ultrafast ab-
lation setups are often accompanied by a coaxial CCD or CMOS sensor by which the
machining progress can be tracked. One can refer to [234] for a recent review of observation
techniques of ultrashort pulse laser-material interactions for investigating the fundamental
physics of ablation. Of the applications discussed in Section 4, apart from MPL, they cannot
be considered as fully matured manufacturing processes with widespread use in indus-
trial settings or sold as commercial systems [235]. As such, monitoring and observation
techniques are primarily demonstrated in literature for the investigation of fundamental
phenomena. As these techniques mature and enter development for industrial use, it is
expected that monitoring and process control methods will advance further.

5.1.1. Monitoring of MPL

Multiphoton lithography can be monitored by similar techniques to ablation, but
the illumination contrast between polymerized regions and air or between polymerized
regions and unpolymerized regions is low. Imaging of the submicron feature sizes, of
which multiphoton direct laser writing is capable, in situ is also nontrivial. The mechanical
properties of MPP-produced microstructures can vary significantly from larger bulk mate-
rials [236], which means that direct control over the degree of polymerization is necessary
for improvement of the fabrication technique. Widely varying monitoring techniques
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have been investigated. The change in refractive index of the polymerized region permits
interferometric monitoring [237] and quantification of the polymerization rate [238], but
lacks the spatial resolution for identifying fine features.

Baldacchini et al. [239] developed a coherent anti-Stokes Raman scattering (CARS)
microscopy setup for real-time monitoring (Figure 20). A Ti:Sapphire laser (800 nm, 100 fs
pulse, 80 MHz repetition rate) was separated into two beams; one for 2PP, and the other
was further separated into the 800 nm pump beam and a Stokes beam composed of a broad
supercontinuum from 800 nm to >1100 nm generated by a photonic crystal fiber. The pump
and Stokes beam were raster scanned over the sample by galvanometric mirrors. Authors
demonstrated the ability of this setup to discover internal warping of thin walls of 2 um
thickness. The dense cross-linking of polymerized regions exhibits stronger signals due to
a larger concentration in vibrational modes, enabling real-time imaging at two frames per
second. Thus, in situ, online defect detection may be feasible with this method, reducing
the need for post-production quality assurance as well as saving costs on unnecessary
development steps for failed builds.

(@) (b)

Figure 20. (a) Setup for MPL and online CARS microscopy using single laser source. Beamsplitter
diverts beam for 2PP and to wavelength extension unit to deliver pump and Stokes beam with set
delay; (b) Real-time, in situ broadband CARS microscopy of MPL. Scale bar is 25 pm [239].

An alternative technique that does not require additional, expensive equipment is to
utilize photo-initiators that exhibit photoluminescence quenching [240]. After multiphoton
lithography, the same laser is used at a lower intensity to generate photoluminescence, re-
sulting in a spatially varying intensity pattern from which the previously exposed structure
is recorded with high resolution (~0.5 um laterally, ~1.4 um axially, shown in Figure 21).
This technique is only applicable where photo-initiator photoluminescence quenching oc-
curs. If a portion of the fabrication beam is used to simultaneously scan the sample, it could
possibly operate as a real-time monitoring technique and enable real-time process control.

Triple harmonic generation (THG) microscopy has also been applied to visualize pho-
topolymerized structures, which offers a similar advantage of using the same laser source
at a lower average power [241]. However, the in situ results appear to have comparatively
low contrast (Figure 22d).
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Figure 21. (a) Photoluminescence intensity scan with minima that correlate to the MPL features in
(b). Scans can be taken in situ. (c) 2D Photoluminescence scan of a square rod with dimensions of
3 um (dotted lines) [240].
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Figure 22. THG microscopy images of SU-8 wafers. (a) Developed structures; (b,c) undeveloped;
(c) is magnified area demarcated in (b). (d) In situ THG microscopy; features are visible, but the
contrast is considerably lower [241].

5.1.2. Monitoring of LIFT

Much is still to be understood regarding fundamental principles of LIFT, and the
laser-material interaction for many materials is yet to be fully characterized. For observing
and understanding the behavior of material transfer, time-resolved imaging of the ejected
material is performed. Ejected material speeds of up to 2 km/s [242] present a high temporal
resolution requirement and the micron-sized particles present a high spatial resolution
requirement. Time-resolved shadowgraphy is an essential technique for determining
important characteristics of ejection dynamics, ejection mechanisms, and transfer states
in ultrashort pulse LIFT [243-245]. The light source and sensor are electronically coupled,
with camera gating and exposure triggered by a photodiode activated by the laser pulse.
Spatial resolution of the setup is determined by the diffraction limit, optical quality, and/or
motion blur. The temporal resolution is determined by the illumination pulse duration,
sensor integration time, and gating/shuttering speeds.

Recently, Ref. [245] utilized flash illumination from a nanosecond Nd:YAG laser and
diffuser combination, coupled into a dual-shot CCD by a 50 objective (Figure 23). They
typified ejection regimes of copper and gold films according to increasing laser fluences, and
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described threshold ejection fluences, and cap, jet, and spray ejection phenomena. Precisely
controlling transitions between ejection regimes through understanding of the fluence
thresholds between them gives the ability to switch deposition types for the fabrication of
more complex structures. In a similar approach, Ref. [246] elucidated jetting regimes for
double-pulse LIFT of copper film (Figure 24).

LIFT Laser
N\

. «==Scan lens
Trigger —lﬁl .
Carrier
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Dohor
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2

Figure 23. LIFT monitoring setup [245] and ejections of 200 nm copper film. All images taken 125 ns
after LIFT laser pulse. (a—g) Increasing laser fluence. Droplets in (g) seen as lines are travelling about
700 m/s.
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Figure 24. Time-resolved shadowgraphy of DP-LIFT of 1000 nm copper film. Delay between the
QCW pulse and fs pulse is varied as well as the fluence [246].

Shadowgraphic imaging will be important for characterization of any current and
future LIFT methods. Process control of LIFT is enabled by such research. Real-time process
monitoring and control may be possible to ensure a high degree of consistency between
depositions, correcting and preventing defects in the manufacturing process. While high-
resolution substrate observation could also indicate deposition quality consistency, the
ejecta may provide additional information for diagnosis of the cause of defects.
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5.1.3. Monitoring of PLD

Pulsed laser deposition monitoring falls into plume analysis and deposition rate
monitoring. Plume spectral analysis is performed by focusing emitted light onto grating
spectrometers and is detected by charge-coupled devices (CCD) or intensified CCD (ICCD)
(Figure 25) [187,199].

He
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Figure 25. One-dimension, temporal sequence of plume spectral results and height from target
surface. (a—d) 20, 70, 150, 350 ns after incident pulse [199].

Plume temperature can be inferred by applying Planck’s radiation fit, and pyrometers
provide target surface temperature. A CCA can provide plume images and spatially
resolved temperature readings [187]. Plasma within the plume may be characterized via
Langmuir probe to determine electron temperature and ion density (and thus ion flux) [195].
Plume analysis aids in characterizing the ultrafast laser-material interaction and comparing
it to, for example, nanosecond laser modes, but does not provide much towards online
process control that may improve the manufacturing method. The deposition rate is the
most important metric to measure and monitor, and this is performed using a quartz crystal
microbalance (QCM) (Figure 26) [196]. Film growth rates can be controlled by increasing or
decreasing the pulse repetition rate or the laser fluence.

Atomic plume NPs plume
(a) HV 5%102mbar (b) 5x102mbar 10 mbar
2.5us
) . 100 pis
g E
A 0.25 s =
10 ps

-10 0 10-10 0 10
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x (mm) x (mm)

Figure 26. TiO, plume emission after different time delays (0.25, 2.5, 10, 100 us). Atomic plume
precedes the nanoparticle (NPs) plume, and the extent of material ejection (deposition rate) is
dependent on background gas pressure [196].
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5.1.4. Monitoring of SLM/SLS

The studies discussed in Section 4.1 are recent and are focused on the feasibility of
manufacturing. In-situ video monitoring is relevant for process observation of femtosecond
PBF [96]. Plasma and spatters emitted by laser irradiation act as a proxy for process
stability, and monitoring can be used for estimation of the cooling time. In-depth analysis
of the detectable signals and their relation to the process quality is required for further
understanding.

If powder-bed fabrication by ultrafast laser proves to be an effective micro-additive
manufacturing method, it is expected that process monitoring and control will become
a priority. Detailed models of ultrashort pulse powder sintering and melting would be
needed to take advantage of in-situ monitoring. Fortunately, conventional PBF research
such as the creation of process maps [247] can act as a template for the work that needs to
be done to make ultrashort pulse PBF a reliable process with consistent quality.

5.2. Increased Throughput

Ultrafast lasers were historically not easily accessible due to the significant capital
investment and difficulty of operation and maintenance. As these barriers are overcome,
mostly due to fiber architectures, ultrafast lasers will become more prevalent and ever more
integrated into industrial manufacturing. Widespread industry and private sector adoption
of new manufacturing technologies is driven by the throughput capabilities, quality con-
sistency, initial capital investment, and hardware reliability of the technology. Ultrashort
pulse lasers offer the distinct advantage of precise, single-point feature processing down to
the nanoscale, which inherently opposes high-throughput fabrication. This phenomenon
can be described in 2D by Tennant’s law ([248] adapts for 3D) for the throughput of a micro-
or nano-fabrication process as a function of resolution [249]:

R\5
Top = (23>

where T5p is the two-dimensional throughput (um? h™1) and R is the feature resolution
(nm). Techniques for enhancing laser throughput include faster scanning and spatial light
modulation (SLM) for parallelization or areal processing. Some of these techniques as
applied to ultrafast laser additive manufacturing are discussed below.

5.2.1. Beam Scanning

An intuitive way to improve throughput capabilities of any laser writing system
is to increase the speed of the beam scanning. While research and rapid prototyping
purposes may be content with lower throughput, there is significant interest in greater
volumetric fabrication speeds. A basic laser machining setup places the sample on XY
translation stages for raster scanning, and the focusing optic on a Z translation stage
for overall 3D scanning of the laser focus. To increase raster scanning speed in the XY
plane to many cm/s, galvanometric scanners are used [250,251]. As the scanning speed
increases, the total optical dose decreases, and so lasers with greater intensities and higher
repetition rates are required. Commercial MPL systems often use two galvanometric
mirrors for X-Y plane raster scanning and a precision XYZ stage for axial scanning. The
working area of the objective limits the structure size, and so synchronization between the
galvanometric and linear scanners is needed to maintain high translation velocities (cm/s)
without introducing stitching [252]. There is an additional challenge in LIFT, caused by
the temporal and spatial proximity of consecutive ejections [251]. Instability of the donor
substrate after a pulse therefore may impose a limitation on throughput. When maximizing
throughput, a balance must be found between the scanning speed and the laser repetition
rate to prevent jet-jet interactions. High-speed LIFT printing of silver lines reaches tens of
m/s when optimized [253,254].
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Recent work to further improve scanning speeds includes acousto-optical deflectors
that are not limited by scanning mirror inertia, as incorporated in a hybrid system in [255].
Such systems, although more complicated, may fulfill industrial needs if quality consistency
can be maintained.

5.2.2. Microlens Array

An alternative approach to increasing throughput is parallelization, which uses mul-
tiple focal spots to simultaneously fabricate identical structures in multiplicities. A laser
beam can be passed through a microlens array (MLA) to produce multiple beams and focal
points to fabricate an array of 3D objects by MPL [256,257]. This simultaneous processing
is a straightforward way to increase throughput manyfold, but is limited by beam size,
intensity, and the homogeneity of the intensity profile.

5.2.3. Diffractive Optical Elements

Diffractive optical elements (DOE) alter the structure of the laser beam by relying
on diffraction and interference through an optic. Diffractive beam splitters have been
implemented for parallelization of MPL [258]. Ref. [259] fabricated cell scaffold arrays
using a DOE (9 beamlets) while maintaining sub-micron resolution. These methods excel
at fabricating multiplicities of periodic structures.

A derivative technique of LIFT, called laser-induced dot transfer (LIDT), can deposit
an array of submicron particles in a single shot [172]. A top-hat beam that passes through
a photo-mask will result in a grid-like projection onto the donor substrate, and cause a
corresponding grid-like ejection [260]. This greatly increases throughput compared to
single-shot single-deposition techniques. Recently, a femtosecond laser source was passed
through a DOE to separate it into four beams, which were recombined to produce an inter-
ference pattern at the donor substrate, composing the grid-like projection (Figure 27) [261].
The diameter of the deposited dots is in the hundreds of nanometres, the number of which
depends on the laser parameters.
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Figure 27. (Top): LIDT technique whereby a DOE separates the fs laser source into 4 beams, which
are recombined to produce an interference pattern at the donor film; (Bottom): resultant drop array.
Adapted from [261].

5.2.4. Spatial Light Modulators

SLM devices also modulate the laser beam intensity or phase to project a desired
profile, but by different methods. Devices such as liquid crystal on silicon (LCoS) alter the
phase upon reflection, whereas digital micromirror devices (DMDs) individually tilt mirrors
in an array to turn pixels on or off. Laser beam spatial modulation by digital micromirror
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devices (DMDs) is of current interest in MPL [262,263]. Computer-generated holograms are
leveraged to construct a variety of patterns, including multi-foci patterns that have been
implemented in MPL [264]. Advances and research in hologram generation algorithms for
SLMs is ongoing, as the quality and versatility of the parallel processing depends upon
it [265-267]. Both SLMs and DOEs are proficient at parallelization by producing multiple
beams, but such methods are restricted to producing periodic structures. Producing
arbitrary structures at faster rates is also desirable but challenging.

Saha et al. [268] utilized a DMD to project femtosecond laser light sheets of arbitrary 2D
patterns and demonstrated significant versatility in polymerized structures that maintained
submicron resolution (Figure 28). This areal method permits a projection area of up
to 165 um x 165 pm with approximately 1 million pixels per exposure. Layers can be
fabricated at thicknesses between 1 and 4 um, which corresponds to volumetric 3D printing
rates between 5 and 20 mm?3/h. Geng et al. [269] combined a DMD setup and binary
holographic methods to generate laser foci for parallel nanofabrication, but demonstrated
an ability to develop arbitrary structures at a writing speed of up to 5 mm/s and axial
resolution of 1.6 um (Figure 29).

Digital masks to

Printed structure

Cc |

N )
Wb
t

Stretched pulse
Pulse shortest
- "' S E = at focal plane
X-Y-Z stage

(a) (b)

Mirror

<

Figure 28. (a)—A Digital masks generated by DMD and the lattice structure produced with them;
(a)—B MPL setup with DMD array, showing beam dispersion; (a)—C Temporal focusing diagram,
the greatest-intensity localization is achieved at the objective focal plane [268]. (b) Various structures
produced by the high throughput method by Saha et al. [268], demonstrating the relative geometric
freedom obtained by DMD spatiotemporal focusing.

Figure 29. Fabrication of the London Bridge at high-speed using DMD and holography to demon-
strate arbitrary structures. (a) CAD model, (b) photo of fabricated device. Scale bar is 10 um.
Reproduced from [269].

The use of SLMs for faster build rates is not limited to MPL. In the typical imple-
mentation of LIFT, the laser beam is serially scanned across the donor substrate, each
pulse ejecting a single droplet. By DMD modulation, the single-shot pattern transfer of a
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solid phase polymer material, poly(methyl methacrylate)/PMMA was achieved in [270].
Two-dimensional deposits up to 100 pm x 100 pm with minimum feature size of 10 pm
could be made with a single pulse. Further research is necessary to optimize fabrication
speeds by increasing pulse repetition rates, laser power, DMD size, and switching rates.
A direct comparison of volumetric 3D printing rates to alternative fabrication methods
should also be made [271].

5.3. Hybrid Manufacturing

Lasers are unique manufacturing tools. Localized energy input is easily controlled by
the laser parameters, and the target material is made to undergo desired physical changes,
such as melting or ablation. Melting and resolidification enable additive manufacturing,
while evaporation and ablation primarily enable subtractive manufacturing. Thus, it is
possible for modern ultrafast lasers with broad tunability (wavelength, pulse duration,
repetition rate) to switch between additive and subtractive manufacturing modes. The
prospect of hybrid, all-in-one manufacturing devices with a lower capital cost is attractive,
and the use of multiple laser techniques has been demonstrated.

Microfluidic device fabrication can benefit from such hybridization. Ultrafast sub-
tractive manufacturing of microfluidics can be performed via femtosecond laser induced
chemical etching (FLICE) [272,273]. Focused ultrafast laser radiation focused inside trans-
parent fused silica causes a localized transition that is preferentially etched by exposure to
compounds such as hydrofluoric acid or potassium hydroxide. In this way, microchannels
with diameters less than 60 um and 1 cm size can be created inside of the bulk material [274].
Wu et al. [275] combined this subtractive ultrashort pulse laser micro-processing method
with multiphoton polymerization to create customizable glass microfluidic devices with in-
tegrated polymeric microstructures (Figure 30). A single Er-fiber laser operating with 360 fs
pulse duration and 200 kHz repetition rate was used for both FLICE (5 mW, NA = 0.46) and
MPP (0.1 mW, NA =1.4). FLICE resolution is limited to ~10 um by the chemical wet etching
process, which is far surpassed by multiphoton DLW. The hybrid devices benefit from
FLICE due to the favorable mechanical and chemical properties of glass for microfluidic
applications as well as the quicker process times for mesoscale structures, and incorporate
the benefits of superior resolution, geometric versatility, and photoresist functionalities
from MPL.
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Figure 30. (a) Schematic of hybrid FLICE-MPL process; (b—e) Y-channel after scanning, etching,
annealing, and MPL steps; (f) controllable cross-section of microfluidic channels. Right: Array of
images displaying complex morphologies and lattice structures. Adapted from [275].
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Hybrid subtractive-additive fabrication of microfluidic devices can also be achieved
without the implementation of FLICE, but instead with femtosecond laser ablation [276].
In this case, ablated microchannels on the surface of a borosilicate glass microscope slide
removed the need for a chemical etching setup and process. Microfilters (~6 um pore
size) of various geometries were integrated directly into ablated microchannels by MPL,
and a cover glass side was femtosecond laser welded on top of the carved channels to
form a seal (Figure 31). All three manufacturing processes were performed by a single
Yb:KGW femtosecond laser. Ablation and welding were carried out at the fundamental
1030 nm wavelength (25 KHz and 196 TW /cm? for ablation, 12.5 TW/cm? and 200 kHz for
welding), and polymerization at the 515 nm second harmonic (200 kHz, 0.525 TW /cm?).
Sealing could also be achieved by use of a special polymer binder and additional MPP and
development stages [277].

200 ym 20 ym 100 ym

Figure 31. SEM images of integrated filters. (a) Perpendicular channel; (b) chevron geometry;
(c) filter side view; (d) magnification demonstrating pore size; (e) multiple filters in single channel;
(f) magnification of filter in (e) [276].

Many combinations of laser manufacturing techniques are possible. Two-photon
polymerization (Ti:Sapphire, 120 fs, 80 MHz, 780 nm) of PEG was used to fabricate a
hexagonal cell scaffold (Figure 32, top) with cylindrical pores for growing ovine vascular
smooth muscle-like cells (vSMC) and endothelial cells (EC) on the same structure but
localized to the outer and inner area of the scaffold, respectively [278]. LIFT was then used
to selectively seed the scaffold with the two cell types (Figure 32, bottom). A gold layer
absorbed the pulse and locally expanded to eject the cell compound onto the hexagonal
scaffold without significantly damaging the organic material.

Wang et al. [279] used a single ultrafast laser micromachining setup to perform three
processes: LIFT of Ag paste, laser sintering of the LIFT-deposited Ag paste, and LIFT
of graphene oxide suspension (Figure 33). The interdigital electrode device acted as a
humidity microsensor fabricated in an all-in-one setup. The sintering step improved the
electrical conductivity, which demonstrated the feasibility of laser sintering as another
process for hybrid ultrashort pulse laser manufacturing methods.
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Figure 32. (Top): Scaffold design in CAD (a,b) and SEM image of MPL-fabricated structure (c);
(Bottom): (a) dark-field image, white border demarcates the two regions that were seeded with
vSMCs (a) and ECs (b). (b) Fluorescence imaging. (c) magnified images of border [278].
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Figure 33. (A) Microsensor fabrication schematic. LIFT of Ag paste to sintering of Ag paste to LIFT
of GO. (B) Fabricated IDE structure. (C) Testing the sensitivity of the humidity microsensor [279].

Ultrafast laser ablation should also be possible for devices that utilize LIFT. In par-
ticular, nanoscale or microscale patterning of LIFT-deposited metals with laser-induced
periodic surface structures (LIPSS) may provide additional functionality in terms of wet-
tability, antibacterial properties, and tribological performance [280-282]. Along the same
vein, post-processing of conventional metallic AM by ultrafast micromachining can re-
duce surface roughness, produce nanogratings, alter wettability, and improve biomedical
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implants [5,283,284]. Structures fabricated by ultrashort pulse SLM/SLS could be immedi-
ately post-processed with the same laser simply by changing the operating parameters and
having their surface qualities enhanced or new functions imparted.

6. Conclusions

Several additive manufacturing techniques and applications were discussed in which
ultrafast lasers provide or have future potential to provide a distinct advantage over
alternative tools and methods. The processability of high melting point, low optical
absorption materials in a selective laser melting/sintering process by ultrafast laser has
been confirmed. In other cases, ultrafast lasers possess a significant share of the micro- and
nano-fabrication domain. The precision afforded by non-linear absorption phenomena and
improvements in throughput underpin the future utility of ultrafast lasers from nanoscale
to mesoscale. Sub-micron resolution MPL delivers the freedom to fabricate complex 3D
nanostructures on-demand, but is limited to materials that can be integrated into photoresist
solutions. In particular, metals and ceramics are difficult to fabricate, though progress is
ongoing. On the other hand, LIFT presents little material constraint, but further efforts
are needed to provide the same degree of resolution and geometric freedom as MPL. The
diversity in not just the material, but the material phase (solid, liquid, high- or low-viscosity
paste) presents an enormous challenge in understanding the underlying LIFT processes as
well as their optimization. PLD, while it can see improvements by incorporating ultrafast
lasers, is restricted mostly to uniform film growth.

The success of a manufacturing technology can be measured by its utilization in
industry. Commercial MPL systems are already available through companies such as
Microlight 3D and Multiphoton Optics GmbH, and Femtika offers a hybrid MPL, selective
laser etching, and ablation “nanofactory”. Greater adoption of ultrashort pulse systems by
industry will be accelerated by consistent build quality by in situ process monitoring and
control, increased throughput, and greater return on investment by greater versatility in
product features.

The leveraging of a single ultrafast laser source for (1) precise subtractive manufac-
turing, (2) bespoke high resolution 3D printing, and (3) precise welding of an arbitrary
material is an exciting prospect. Recent research suggests that we have moved closer to the
reality of such next generation, all-in-one manufacturing systems.
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