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KATHERINE C. PHILLIPS, HEMI H. GANDHI, ERIC MAZUR, AND
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1. INTRODUCTION

Ultrafast lasers have been developed over half a century and are becoming more
user-friendly and less costly every year. As laser researchers continue to advance be-
yond the attosecond (1 as � 10−18 s) regime [1], the lasers in the femtosecond
(1 fs � 10−15 s), picosecond (1 ps � 10−12 s), and nanosecond (1 ns � 10−9 s) time
regimes have been used to interact with and characterize hosts of different materials.
Compared with longer pulse widths, ultrafast pulses are unique in that they are char-
acterized by incredibly high peak intensities and interact with materials on a timescale
faster than lattice disorder and heat diffusion do. These two features allow ultrafast
lasers to very precisely control and manipulate the states of materials.

Over the past few decades, several factors have increased interest in applications of
ultrafast processing of semiconductors [2]. Across industries, feature sizes are becom-
ing smaller, and components are becoming more densely packed, which requires ultra-
fast lasers to precisely machine and manipulate. Along with smaller devices, several
applications employing ultrafast lasers have been established that have given more
attention to ultrafast laser processing, including automobile machining and photomask
repair [3]. Last, with the development of turnkey ultrafast systems that are easier to
use, more research with ultrafast laser–matter interactions is occurring across disci-
plines, while industrial users are exploring more avenues for ultrafast application
processing.

In this review, we will first briefly introduce the history of ultrafast laser processing
of materials, particularly semiconductors. Next, we will present an overview of the
fundamental physical processes that occur in ultrafast light–matter interactions. Then,
we will discuss various surface modification, bulk modification, and deposition
applications of ultrafast laser processing.

1.1. Femtosecond Laser History
Early laser processing of materials [4] used excimer lasers, which emit pulses of
light in the ultraviolet (UV) spectral range. They were used for lithography in
the early 1980s. The creation of mode-locking, i.e., fixing the phase between the
longitudinal modes in a laser cavity, transformed the laser industry in 1964 and made
the generation of picosecond pulses possible for the first time [5,6]. Shorter pico-
second pulses brought higher peak intensities, and these new picosecond pulses
brought intensities on the order of 109 W∕cm2. To amplify picosecond pulses
and extract these higher energies, the nonlinear effects that occur at such high powers
first need to be taken into account [7]. As the intensity is spatially dependent, the
nonlinear phase also changes over the length of the pulse. For a Gaussian-shaped
pulse, the nonlinear phase will be the largest in the center of the pulse where the
intensity is the highest. This phase results in a spatially dependent nonlinear refrac-
tive index. With a larger index in the center, the pulse acts like a lens and self-
focuses. The process of self-focusing damages the lasing crystal at high enough
intensities.
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Chirped pulse amplification was developed to amplify the pulses while keeping the
nonlinear effects from destroying the crystal [8]. This amplification process consists of
three steps: pulse spreading, amplification, and pulse compression (Fig. 1) [9]. By
spreading the pulse orders of magnitude (usually about 104–108 times), the pulse
can be amplified in the crystal without approaching the damage threshold or having
intensities, where nonlinear effects come into play [10]. With a spread pulse, the
fluence remains the same, but the power measured at any one frequency is much
lower. After amplification, the pulse is then compressed.

The process of spreading and compressing the pulse can be achieved with many con-
figurations, such as gratings, prisms, or lenses. The first spreader was designed in
1985 using an optical fiber for spreading with parallel gratings for compression
and was improved upon by perfectly matching the spreader and compressor in
1987 [10,11]. With shorter incoming pulses come pulses with very large bandwidths.
By dispersing the pulse with the spreader, the pulse becomes chirped, meaning that the
many frequencies in the bandwidth are separated in time. The chirp is developed by a
combination of self-phase modulation and group velocity dispersion. Through the
development of chirped pulse amplification, ultrafast lasers have moved to higher
repetition rates, higher powers, and shorter pulse lengths.

A fiber chirped pulse amplified (FCPA) laser system can operate at high levels of the
nonlinear phase shift and still provide high-peak-power, high-quality pulses [12,13].
The fiber lasers are based on passively mode-locked fiber oscillators that are then
amplified in several stages to reach the desired output pulse energies. Commercially
available rare-earth (e.g., Er and Yb) fiber lasers emit in the 1.55 and 1.05 μm wave-
length ranges, respectively. With fiber-laser-pumped parametric amplifiers with a
peak power over ∼10 GW being developed, these systems will become increasingly
used for micromachining, imaging, and frequency comb applications [14].

Figure 1

Schematic of beam stretching, amplifying, and compressing system used in chirped
pulse amplification. This process is one of the breakthroughs that enabled the creation
of ultrafast lasers. Adapted from [9] with permission from Lawrence Livermore
National Laboratory.
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2. PHYSICAL PROCESSES IN LASER IRRADIATION

The fs-pulse lengths dictate the kinetics of melting and resolidification of materials.
A more detailed review of the fundamental dynamics for semiconductors is available
in Ref. [15]. Upon fs-pulse irradiation, the semiconductor experiences several re-
gimes of excitation and relaxation, before returning to its original equilibrium state.
The four regimes are 1) carrier excitation, 2) thermalization, 3) carrier removal, and
4) thermal and structural effects as detailed in Fig. 2 [15]. Due to the nature of ultra-
fast pulses, we also describe the resulting differences when compared to shorter, ns-
laser pulses. The fs-laser pulses generate large peak electric fields, which are orders
of magnitude larger than the 109 V∕m Coulomb fields that bind electrons to atoms
[16]. Large peak pulse energies cause nonlinear absorption in short absorption
depths from the irradiated surface, which limits the focal volume where laser energy
is deposited.

The dynamics of sub-ps-pulse interactions with semiconductors are unique in two
ways. First, the pulse delivers energy to the material on a timescale shorter than
the electron–phonon coupling relaxation time. The incident pulse only delivers energy
to the electrons, leaving the ions completely “cold.” Thermal energy transfer to the
lattice only takes place once the pulse is turned off. Thus, decoupled optical
absorption and lattice thermalization processes uniquely characterize sub-ps-pulse–
semiconductor interactions. Second, extremely short pulse widths in time translate
to very high peak intensities that can drive nonlinear and multiphoton absorption
processes.

During multiphoton absorption, bonds between electrons in the irradiated sample are
directly broken. This is a nonthermal process with no or minimal heating of the sam-
ple. Such cold ablation can be attained with laser (not ultrafast) pulses, but only by
employing a deep UV wavelength [17]. Multiphoton absorption facilitates absorption
in materials with low linear, optical absorption (i.e., wide bandgap semiconductors)
that are difficult to machine with traditional ns lasers [17]. The sample surface absorbs
the front part of the fs-laser pulse. The extreme electronic excitation creates a dense

Figure 2

Timescales of four electron and lattice excitation regimes following ultrafast laser
semiconductor interaction [15]. For each process, the green bars represent a range
of time durations for carrier densities varying from 1017 to 1022 cm−3.
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electron-hole plasma, which is responsible for the absorption and partial reflection of
the remaining pulse [18–20]. The plasma then delivers energy to the lattice. Surface
interatomic bonds are weakened due to the high degree of electronic excitation,
and the lattice is disordered through cold atomic motion. The sample enters an
extreme nonequilibrium state with a several thousand kelvin electron gas inside a
room-temperature lattice [16]. What happens post-absorption can vary dramatically,
depending on the target material’s relationship with pulse wavelength and energy [16].
Three resulting regimes are possible: 1) nonthermal melting through an ultrafast phase
transition, 2) thermal phase melting, and 3) ablation:

1) Nonthermal melting: A pulse energy large enough to rip 10%–15% bonded
valence electrons and achieve a critical density of conduction band electrons
(1022 cm−3) will induce a nonthermal ultrafast phase transition [16].

2) Thermal phase melting: If the pulse energy does not cause such sudden dis-
ordering of the lattice, the plasma energy will spread via electron–phonon
coupling to the lattice over several picoseconds [15]. This heat from the ex-
cited surface diffuses inward, raising the local lattice temperature. If the solid
temperature exceeds its melting temperature, a thin layer near the surface tran-
sitions to a liquid state, called the melt. The melt depth increases with laser
energy.

3) Ablation: Large pulse energies cause boiling at the melt surface. The resulting
superheating of the liquid phase and high nucleation rates of the gas phase eject
material from the surface in a process known as ablation.

Specific experimental parameters, primarily laser wavelength and pulse length, deter-
mine the fluence thresholds for melting and ablation for a given material system.

2.1. Melting and Resolidification
After irradiation, a thin molten layer forms atop the substrate at room temperature. The
corresponding thermal gradient drives the heat away from the molten layer and ini-
tiates a fast moving resolidification front, which advances from the substrate toward
the top surface. The time interval between irradiation and resolidification is several
nanoseconds [15].

The resolidification-front speed determines the chemistry, crystallinity, and morphol-
ogy of the resolidified layer. For silicon, a front speed faster than the liquid to crystal
relaxation rate (∼15 m∕s) will deprive atoms enough time to find their equilibrium
positions, yielding an amorphous material. A slower resolidification front will cause a
longer lasting molten phase and epitaxial regrowth with a crystalline resolidified
layer [21].

Higher laser fluences lead to longer melt durations and slower resolidification fronts.
Laser pulse exposure just above the melting threshold causes the material to resolidify
as an amorphous solid. At higher fluence thresholds, melting is typically followed by
growth of crystalline structures.

2.2. Ablation
The process of ablation occurs when the fluence of the laser light exceeds that of the
ablation threshold. For fs-laser–matter interaction, the laser pulse duration is much
shorter than the electron-cooling rate, which has been shown to be on the order of
1 ps [22]. With high laser fluences, energy from the surface of the material causes
some of the surface melt to evaporate in the form of an ablation plume. Research
into the ablation process has shed light on the mechanism. By modeling the fluidic
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movements of the melt, it has been shown that the ablation occurs from fragmentation
of a supercritical volume expansion in a short time frame [23].

When the laser fluence exceeds that of the ablation threshold, we can achieve laser-
induced periodic surface structures (LIPSS) [24]. For fs-laser texturing, the LIPSS
formed consist of semi-periodic nanometer- and micrometer-scale structures [25–27].
The LIPSS are independent of the crystal orientation and exhibit a wide range of
feature sizes and shapes. The formation of LIPSS in the shape of ripples occurs when
surface waves in the melt develop as the incoming light interferes with the scattered
light off of the material. As more pulses impinge on the ripples, self-focusing occurs in
the valleys and can result in larger structures that go deeper into the material. For this
process, LIPSS are created that are dependent on the wavelength and polarization of
the incoming fs-laser pulse and the index of refraction of the host material that is being
textured [28].

Derrien et al. have investigated the mechanisms of LIPSS formation under fs-laser
irradiation of silicon in air and silicon in water [29]. In air, the authors have observed
low-spatial-frequency LIPSS (LSFL) with periods somewhat smaller than the laser
wavelength (ΛLSFL∼0.7 × λ0) and an orientation perpendicular to the laser polariza-
tion. Surface plasmon polaritons (SPPs) have been proposed as a mechanism to ex-
plain the formation of the near-wavelength ripples that occur when a small number of
intense pulses irradiate materials at intense and reduced numbers of pulses in various
materials. In the case of metal, the ripple formation mechanism has been linked with
the excitation of surface plasmons. But in the case of semiconductors or dielectrics,
transitory metallic states follow plasma dynamics of the free-carrier gas, and nano-
metric defects (e.g., bubbles and nanoparticles) correspond to localized surface plas-
mon (LSP) excitation. Under the SPP excitation, electron-hole pairs are generated
along with thermal effects. The results of Derrien et al. [30] show that the SPPs
can be excited by using a fs laser with 800 nm wavelength, 100 fs pulse duration,
and laser fluences larger than 0.7 J∕cm2. A comparison of the calculated SPP perio-
dicities and experimentally measured ripple periodicities confirms that the formation
of periodic structures with a reduced number of laser pulses is due to the excitation of
SPPs at the Si surface.

In the case of laser processing in water [29], a reduced ablation threshold and LIPSS
with approximately five times smaller periods ΛLIPSS∼0.15 × λ0 have been observed
in the same direction as in air. The authors have used the experiments using
100 fs-laser (790 nm) pulses per spot and showed that the LIPSS in water are formed
at smaller fluence values, as the ablation threshold in water is reduced by several tens
of percent due to absorbed fluence in the sample. Therefore, the LIPSS periods
are significantly reduced, typically by a factor of five reaching periods between
80 and 130 nm. This behavior originates from the SPP excitation in the presence
of a 10–20 nm thick silicon oxide layer and the optical excitation of water.

When it comes to ablation, we see that femtosecond lasers can damage even the hard-
est known materials [31]. Because ablation is such a destructive process for the ir-
radiated material, we can use ablation to our own advantage across industries.
Ablation is one of the easiest ways to cut and scribe hard materials. Fs-laser ablation
also leads to self-organized nanostructures in fluoride crystals [32]; e.g., spherical
nanoparticles of ∼100 nm diameter can be formed using circular polarization. The
ablation results in a transient perturbation of the material to a state far from equilib-
rium. Upon ultrafast relaxation in a few picoseconds, self-organized surface patterns
of feature size ≤100 nm can develop, depending on the deposited energy dose and
the polarization of the incident light [33]. Recent results on fs LIPSS on silicon
demonstrate the LIPSS formation via irradiation with a fs white light continuum
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and the dose dependence of pattern evolution at about threshold fluence of the
material. Reif et al. [34] have proposed a dynamic model to explain the self-
organization process. One can describe the irradiation-dose-dependent evolution of
corrugation height h:

∂
∂t
h�x; y; t� � −ν�φ; θ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� �∇h�2

q
;

where v is the ablation velocity that depends on the laser fluence. Due to several com-
peting processes, the system will behave nonlinearly with increasing excitation. One
can use the Kuramoto–Sivashinsky type of equation to describe the corrugation
evolution:

∂h
∂t

� νo � νΔh� λ�∇h�2 − KΔ2h� η;

where vo is the ablation velocity. The second term denotes the linear dependence of the
ablation rate on the surface corrugation. The third term denotes the nonlinear contri-
butions to erosion at increasing corrugation. The fourth term stands for the loss of
corrugation depth by diffusion. The last term denotes the initial surface roughness.
The experimental results compare well with the prediction of the model.

Since fs-laser ablation acts on a faster timescale than the time it takes for the thermal
energy to diffuse into other areas of a material, we can use ablation to remove material
in very precise ways in three dimensions. These dynamics are illustrated in Fig. 3 [35].
We will discuss the positive attributes of fs-laser ablation in many applications in the
section below.

3. COMPARISON WITH THE NANOSECOND REGIME

Nanosecond pulses excite electrons in a distinctly different process as compared to the
fs excitation. When a ns pulse delivers energy to a material, excited electrons transfer
energy to the lattice during the time of the electron excitation. Electrons and the lattice
thus remain in equilibrium throughout the excitation process. The ns laser heats the
solid to its melting temperature during the length of the laser pulse [15]. The ns-
absorption processes are linear with a much larger absorption length than fs absorp-
tion. Linear absorption can lead to deeper melt depths. Compared to the fs-laser case,
the ns-induced temperature gradient between the molten layer and the solid substrate
is smaller and distributed over a longer distance. Consequently, the melt duration is
longer, and the resolidification-front speed is slower, which for silicon typically yields
a crystalline structure. If the laser wavelength is transparent to the material, absorption
is induced by multiphoton absorption for both ultrafast and ns lasers. Then the ns laser
will have a longer penetration depth due to a smaller absorption cross section as com-
pared with an ultrafast laser. In contrast, for the opaque materials, the penetration
depth is determined by the absorption coefficient due to single-photon absorption
for both lasers. In the case of a small absorption coefficient, a shorter penetration depth
of the ultrafast laser may be obtained due to a combination of linear and nonlinear
absorption.

The longer ns-pulse widths translate to lower peak powers compared to fs lasers.
Operating at lower peak powers, ns lasers ablate materials by a thermal process
[17]. This thermal ablation (Fig. 3) causes a large heat-affected zone that may induce
melt redeposition and shockwaves, leaving behind thermally induced defects such as
cracks and chipping [36,37].
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4. APPLICATIONS

There are a wide variety of applications when it comes to fs-laser processing of ma-
terials. In this paper, we will explore three types of applications: 1) surface modifi-
cation, 2) bulk modification, and 3) deposition techniques. We will focus on electrical
and energy applications and not touch on the bioapplications due to the breadth of the
disciplines covered [38]. Fs lasers are also used as material characterization tools,
and many other studies detail their uses in fs pump-probe spectroscopy [39,40],
laser-induced breakdown spectroscopy (LIBS) [41], and surface-enhanced Raman
spectroscopy (SERS) [42].

4.1. Surface Modification
One of the main applications of fs lasers is surface modification. In this section, we
first discuss texturing the surface for applications including light trapping and hydro-
phobicity. Next we discuss machining applications in which the laser is employed to
scribe and drill through semiconductors. Last, we will discuss the use of fs lasers to
hyperdope, that is, dope beyond a material’s equilibrium solubility limit.

4.1a. Surface Texturing

The surface structures made from fs-laser texturing of semiconductors can be applied
to a variety of applications, including light trapping and hydrophobicity. Femtosecond
lasers have been used to produce a wide variety of surface structures including conical
peaks [16,43], periodic gratings [44,45], and ripples [46,47]. Light trapping is the
most important when absorption is the main application, such as in a solar cell or
photodetector. For this reason, light trapping has been studied mostly in silicon,
as it constitutes the vast majority of solar cells and photodetectors produced. In order
to maximize the light absorption for a device, light trapping takes advantage of the
photons that are energetic enough (above bandgap) for the host material to absorb but
have scattered from the surface and hence are unusable. The common solution to light
trapping is to use an antireflective coating, usually silicon nitride, but that still leaves
about 10% unabsorbed light [48]. It is for this reason that using fs-laser texturing of
silicon has become an important field of study. The texturization produces a polycrys-
talline layer approximately 100 nm thick near the surface, which exhibits a low minor-
ity carrier lifetime. By removing this layer, the efficiency of a photovoltaic device can
be improved [49]. Ns lasers have also been used to create structures in Si for light

Figure 3

Comparison of the ns-ablation (left) [37] and the fs-ablation (right) [35] processes.
In machining or surgery applications, the thermal effects in ns ablation can lead
to a larger heat-affected zone, more collateral damage, and less precise machining
compared to fs ablation. Each figure used with permission from Clark-MXR, Inc.
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trapping. Due to the slower resolidification-front velocity, no polycrystalline layer is
observed on the surface [50].

By comparing many different types of texturing on silicon, research has shown that fs-
laser-textured silicon has less overall scattering than chemically textured silicon with
silicon nitride [43,51,52]. However, the internal quantum efficiency (IQE) of the
chemical texturing plus silicon nitride is still higher than the laser-textured sample,
which shows that the texturing aids light trapping but also hurts the overall efficiency.
A device optimization study has shown that laser-texturing silicon in SF6 allows for
the creation of thin-film solar cells because more photons can be absorbed with a
thinner absorption layer (∼20 μm) [52]. The study also found that the absorption from
laser texturing approaches the theoretical limit for solar cell absorption, or the
Yablonovitch limit, and has worked on making a solar cell with laser texturing as
a basis for the solar cell’s light trapping [52,53].

In addition to light trapping, the same laser-irradiated silicon surfaces have been
shown to be hydrophobic, with applications in biology and materials science.
Femtosecond-laser texturing of silicon in SF6 yields micrometer-sized spikes, which
many groups have used to increase the contact angle, which is the angle formed by a
liquid placed on the surface of a material. Studies first showed that by varying the laser
fluence, it was possible to control the resulting contact angle and hence the hydro-
phobic properties of the underlying silicon [54]. Through subsequently layering
molecules, such as fluoroalkylsilane, on the laser-textured silicon surface, it was later
shown that the surface molecules increased the contact angle further, making the
surface even more hydrophobic [55]. With both light trapping and hydrophobic
properties, laser-textured silicon yields a surface that can be used in a variety of
applications—many of which remain unexplored.

4.1b. Machining

Ultrafast lasers are among the highest performing tools to perform surface modification
machining. Micromachining refers to the creation of micrometer-scale features such as
holes, lines, and grooves within and on the surfaces of materials. Ideally, these features are
produced with minimal peripheral damage. Historically, laser micromachining in semi-
conductors has been carried out with diode-pumped solid-state or excimer lasers with ns-
pulse durations [2,17]. However, the effects of thermal diffusion that stems from ns-laser
machining place a lower limit on the length scales that can be machined. Furthermore,
thermal diffusion can lead to poor machining quality and a large heat-affected zone, which
can induce detrimental stresses, cracks, molten layer recast, and slag [2].

Femtosecond lasers offer a new paradigm in machining quality with high spatial
resolution and minimal thermal damage. With their ultrashort pulse lengths, fs lasers
can deposit energy to a material in a controllable manner on a timescale faster than
ps-electron–phonon coupling processes [56]. Heat diffusion into the machined-area
periphery is minimal and leaves behind a small amount of molten material [36]. This
small heat-affected zone contains a low level of thermal defects, which are common in
ns-laser processing, such as cracking and chipping.

Compared to traditional Q-switched solid-state lasers and nanosecond lasers, fs lasers
have an overall higher cost of ownership. As such, industrial adoption of fs lasers has
been limited to high value-added applications where high precision is required [2].
Picosecond lasers land in the middle, delivering a machining quality that is less precise
than fs lasers but suitable nonetheless for many applications [2]. Their lower cost of
ownership has made ps lasers a preferred candidate for most commercial applications.
In this section, we will discuss three main aspects of machining that are used in
industrial applications: scribing, drilling, and dicing.
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Scribing. Laser scribing is the process in which a focused laser is scanned across a
material surface to form a continuous line or groove, without completely vaporizing
through the material. Laser scribing is used to shape a variety of brittle semiconduc-
tors across industries. Here we discuss two applications in the photovoltaic industry:
scribing of thin-film photovoltaic modules to achieve series interconnections and
edge isolation of crystalline silicon modules to remove shunt paths.

Scribing thin-film solar photovoltaic modules is one particular application that can
benefit from the small heat-affected zones associated with fs-laser ablation. A
thin-film solar module consists of hundreds of series-connected cells, or mini-mod-
ules, atop a glass substrate, as shown in Fig. 4 [57,58]. Mini-modules limit module
ohmic losses and are interconnected by multiple steps of depositing and scribing an
individual thin material layer [58]. Directly after each material layer is deposited, it is
scribed before the next layer is deposited. The complete scribing process is shown in
Fig. 5 [59]. This scribing process series connects the mini-modules as desired, but
it also forms detrimental electrically inactive dead zones between adjacent mini-
modules. Reducing the dead zone size, which is fundamentally limited by the area
of each scribe, is critical to increasing the overall module efficiency [58].

Due to their precision, repeatability, and small heat-affected zones, pulsed lasers are well
suited to achieve effective scribing and minimum dead zone size. Today most thin-film
photovoltaics manufacturers use ns lasers for their scribing processes [58]. In the last
decade, many groups have demonstrated that ultrafast lasers deliver better scribing per-
formance than ns lasers for thin-film material layers, including copper indium gallium
selenide (CIGS) [60–62], cadmium telluride (CdTe) [57], and indium-tin oxide (ITO)
[63]. Ultrafast scribing inflicts smaller thermal effects, which minimizes dead zone size,
laser-induced defects, and unwanted ablation-induced redeposition on the scribed chan-
nel walls that leads to electrical shunts. While ultrafast scribing has shown superior
performance to ns scribing, industry adoption has been limited by the ultrafast laser’s
higher cost, lower output frequency (reducing throughput), and Gaussian profile (which
can lead to nonuniform ablation relative to a top hat profile) [58,64].

Another photovoltaic application of scribing is edge isolation. Most crystalline silicon
photovoltaic manufacturers form cell p-n junctions by coating a p-doped silicon wafer
with an outer n-doped layer via phosphorous diffusion. The edge surface n-doped
layer may form an unwanted electrical connection between the front and back contacts

Figure 4

A thin-film module is composed of many series-connected mini cells (i.e., mini
modules) in order to limit overall module ohmic losses (which are proportional to
the square of the current flowing through one module segment) and provide large
overall module voltage output. Reproduced, with permission, from [58].
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of the device. This shunt short-circuit path allows the flow of an internal current, rob-
bing photo-generated current from an external load. Edge isolation, shown in Fig. 6, is
the process of forming a continuous groove through the n-edge layer that electrically
isolates the shunt path [65].

Figure 6

In photovoltaic module processing, an edge isolation cut eliminates the potential shunt
path between the p-type wafer and n-type coating that forms an emitter layer. A high-
precision cut via an ultrafast laser preserves more electrically active module area,
facilitates higher module-processing yields, and promotes a longer module lifetime.
Reproduced, with permission, from ROFIN [65].

Figure 5

Typical three pattern scribing step sequence employed in thin-film module production.
After each layer is deposited on a substrate, it is subsequently scribed; after this, the
next layer is deposited. Completion of the third pattern, P3, step results in the
formation and series connection (shown in light gray) of many mini modules on a
single module. Reprinted with permission from R. Bartlome et al., Appl. Phys. B
100, 427–436 (2010) [59]. Copyright 2010, AIP Publishing LLC.
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Various methods, including lasers, plasma etching, chemical etching, are used to
achieve edge isolation [66]. Photovoltaic manufacturers employing laser grooving
typically use green or UV ns lasers, but scribing with ultrafast lasers offers several
advantages [58,66]. The narrower and closer to the edge a groove is, the more
cell-active area will be preserved, leading to higher overall device efficiency [17].
Furthermore, precisely forming the groove without unwanted effects, such as edge
surface roughness or microcracking, gives rise to higher processing yields and
long-lasting module lamination and reliability. Several studies of edge isolation using
high-power ps lasers have shown cleaner isolation grooves compared to traditional ns
processing [67–71]. Simulations also suggest that such ps processing can be scaled up
to industry levels at throughputs faster than current industry standards [67].

Drilling. Another application of fs-laser machining is drilling or milling of materi-
als for industrial applications. After the formation of LIPSS within the laser focal
volume, as shown in Fig. 7, we see that the introduction of more pulses, on the
order of thousands, leads to drilling a hole with relatively vertical sidewalls [22].
Although most work in this field has been done on metals, the method can easily
be extended to semiconductors [72]. Due to fs-laser ablation not involving thermal
effects, we can achieve much better micromachining characteristics than with
other methods. In comparison to nanosecond lasers, fs-laser drilling yields much
more precise holes with less residual damage or redeposited material [73].

This circular ablation can be performed on a wide variety of materials, including silicon
and titanium nitride (TiN). In silicon, we see that it is the lack of a liquid phase created
with fs lasers that leads to much better hole creation. For ns lasers, a liquid phase
is created and leads to unstable drilling and ultimately produces a poorer quality

Figure 7

Hole drilling from Ref. [22], showing drilling hole formation via laser ablation of a
silicon target with (a) 10, (b) 100, (c) 5000, and (d) 10,000 pulses. Reprinted with
permission from N. Chichkov et al., Appl. Phys. A 63, 109–115 (1996) [22].
Copyright 1996, AIP Publishing LLC.
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material [22]. In TiN evaporated and deposited on silicon, TiN can be drilled efficiently
with the fs laser. With additional pulses, the underlying silicon can also be structured
[71]. It is interesting to note that the drilling can work with a power just above the
ablation threshold and that the depth of the hole is linearly dependent on the number
of pulses applied [71]. This linear dependence shows that it is the overall number of
pulses applied that determines the overall hole depth, and that it does not take large peak
powers for drilling in semiconductors to occur. Because the underlying silicon was
structured as the number of pulses (and hence the depth of the hole) increased, this
method shows that multiple materials in a stack can be drilled with a fs laser.

Dicing. Ultrafast lasers are not only used to machine grooves or holes in semi-
conductors, but can also cut, or dice, straight through these materials. In the
microelectronics industry, dicing is used to separate the many individual integrated
circuit chips that are written on a lithographically processed wafer. An image of a
wafer with many dies in depicted in Fig. 8 [36]. Historically, the microelectronics
industry has used thick wafers (i.e., greater than 150 μm) that could be effectively
diced with diamond-coated wire blades that cut via mechanical abrasion. Now the
industry demands 50 μm or thinner wafers that could crack, chip, or delaminate
in response to mechanical stress from wire dicing. Noncontact laser dicing, how-
ever, can effectively dice these thin wafers with higher precision and throughput.
Laser dicing offers additional benefits such as reduced dice tool ware, reduced
dice contamination, and the ability to curvilinearly form rounded corners on indi-
vidual dies, which increase die mechanical strength [74].

Studies have found that laser dicing cut quality is dependent on pulse width [74].
Poor-cut quality is largely due to thermal melting and molten layer redeposition
for pulse widths larger than 1 ns. Recognizing the minimal thermal effects of ultrafast
processing, many groups have investigated high-quality dicing with fs lasers [75–77].
Furthermore, small cut lines from ultrafast dicing are advantageous in that they allow
for more circuit chips to be placed on a lithographically processed wafer (produced at
a fixed cost), reducing the average cost per chip. Different fabrication procedures such
as the use of line foci or employing double pulses have been explored to find optimal
conditions that minimize cut widths and maximize cutting speed [76,78,79].
Currently, the major barrier to wider industrial adoption of fs dicing is concern about
low fs-laser repetition rates and dicing throughput [74].

Figure 8

Schematic of a lithographically processed wafer with individual dies electrically iso-
lated from one another by street widths. Each die contains an integrated circuit or
device. The overall wafer must be diced to physically separate the dies. Reproduced,
with permission, from [36].
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4.1c. Hyperdoping

One unique application of fs-laser processing of semiconductors is the ability to hy-
perdope target materials. Hyperdoping refers to doping semiconductors at concentra-
tions beyond their equilibrium solubility limit without forming compounds or
secondary phases [80]. Doping can be achieved through the introduction of dopants,
either in the gaseous environment or as an evaporated thin film, while target semi-
conductors are laser-processed as described above. The fundamental mechanism be-
hind hyperdoping is that molten liquid phases can host more dopants than equilibrium
solid phases. Hyperdoping has also been achieved by ion implanting samples and
subsequently using a nanosecond laser to remelt the sample and recrystallize the lat-
tice [80,81]. The hyperdoping process was originally developed by irradiating silicon
with a train of amplified fs-laser pulses in the presence of a wide variety of dopant
precursors [82,83,84]. It has been shown that silicon can be hyperdoped to more than
1 at. % sulfur in a 300 nm thin layer [81]. In addition, the process produces semi-
periodic surface textures that have excellent antireflection and light-trapping proper-
ties as shown in Fig. 9(a) [85]. At a high chalcogen (S, Se, Te) doping concentration,
fs-laser-doped silicon exhibits near-unity light absorptance from the ultraviolet to the
near infrared, which is far beyond silicon’s bandgap of 1.1 μm [Fig. 9(b)] [85].

Using fs-laser fabrication, research has shown the ability to incorporate dopants at
concentrations thousands of times above the solid solubility limit [84]. Fs-laser hyper-
doping achieves this through a process called solute trapping [16,86]. Laser pulses that
have energies greater than the melting threshold transform the surface into a molten
layer, which enables dopants to diffuse in. As the deposited energy diffuses into the
substrate, the molten layer resolidifies with a speed greater than the dopants can dif-
fuse out (>1 m∕s), which traps the dopants in, thus resulting in supersaturated con-
centrations [87]. Such high dopant concentrations should yield an intermediate band
in the semiconductor bandgap [88]. In addition to doping, the creation of conical sur-
face structures as discussed previously aids in light trapping for the hyperdoped ma-
terials, and work in silicon has recently identified laser parameters for independently
tuning the hyperdoping and texturing processes [16].

The work with ion implantation and subsequent ns-laser melting has been extended to
a variety of transition metals, where an infrared silicon photodetector hyperdoped with
gold has been successfully achieved [89]. This ns-hyperdoping method produces
hyperdoped layers with better crystallinity versus fs-produced hyperdoped layers,
albeit at lower dopant concentrations with less sub-bandgap absorption. The method

Figure 9

(a) Spiky, high-aspect-ratio, laser-induced periodic structures in silicon upon
exposure to SF6 and fs-laser irradiation [85]. (b) Absorption enhancement due to
black silicon light-trapping conical tips and hyperdoping. Hyperdoping leads to strong
sub-bandgap absorption, and texturing leads to increased absorption across the
spectrum [85].
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has been used to produce silicon-based photodiodes with a large response to photon
energies down to 0.7 eV, which is below that of commercially available silicon-based
photodiodes, which are limited by silicon’s 1.1 eV bandgap [90]. Figure 10 shows the
microstructure of the Si surface produced by a ns laser, which shows spikes with
somewhat rounded tips. The surface layer contains about 1 at. % of sulfur, which
acts as a dopant in the laser-etched layer. Hall measurements of this layer show a
higher electron concentration than the substrate and electron mobility on the order
of 100 cm2 V−1 s−1. The ns-laser irradiation creates an n∕n� heterojunction between
the undisturbed crystalline substrate and the disordered surface layer [90]. SiOnyx,
Inc., is currently commercializing infrared photodetectors for military and consumer
electronic applications utilizing piscosecond texturing of silicon [91].

Fs hyperdoping has also recently been demonstrated in larger bandgap oxide semi-
conductors titania (TiO2) and zinc oxide (ZnO). Both demonstrations have shown the
incorporation of defect atoms into the oxide lattice and glassy materials [92–94]. In
the case of ZnO, antimony (Sb) was even incorporated in a single crystal portion of the
laser-modified surface region as shown in Fig. 11 [94]. By utilizing both the hyper-
doping and surface texturing process of fs-laser processing, many new fields can be
explored across many material platforms.

4.2. Bulk Modification
After discussing many applications in surface modification, we now will move onto
techniques using fs lasers to modify the bulk materials. The two applications we will
discuss in the next section are 1) annealing to crystallize the lattice and 2) direct pat-
terning. As with the surface modification, many different groups use fs lasers to fun-
damentally change the bulk properties of a material and ultimately create states or
substances that cannot be produced using other known methods.

4.2a. Ultrafast Bulk Annealing

Semiconductor annealing refers to heat-treating a material to alter its crystallinity and
resultant physical properties. Annealing traditionally refers to a series of equilibrium
kinetics processes that heat a material beyond its melting temperature, maintain the
temperature, and subsequently cool the material. Here we focus on highly nonequili-
brium ultrafast annealing used to improve crystallinity and material performance.

The microelectronics and photovoltaic industries have historically used furnaces for
thermal annealing and rapid thermal annealing to improve the crystallinity of polysi-
licon grown from deposited amorphous silicon [95]. However, because they operate via

Figure 10

SEM of microstructured Si surface using a ns laser [90].
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bulk heating, both methods cannot selectively heat a specific layer within a multilayer
stack, constraining the type of material layers and substrates that can be used. To over-
come these limitations, the microelectronics industry has begun using microsecond
annealing, via flash lamps or continuous wave diode lasers, to achieve selective heating
and to activate shallow dopants following host lattice ion implantation damage [96].

Laser annealing on ultrafast timescales allows for even more precision in selectively
heating a stack of materials. Aside from being confined to a more precise focal vol-
ume, ultrafast crystallization is advantageous in that it can be done while simultane-
ously ablating a surface. This stems from the nonlinear absorption and nonequilibrium
light–matter interaction discussed above.

The low fs-ablation threshold has been exploited to demonstrate simultaneous crys-
tallization and surface texturing of 1.5–2.5 μm thick a-Si films deposited on glass [97].
Further studies have characterized the effect of laser parameters on the resulting spike
formation, absorption, and crystallinity on similarly processed amorphous samples
irradiated in air and water environments [98]. One study reports that the crystallization
forms a blend of hydrogenated nanocrystalline (nc-Si:H) and a-Si:H that improves
material stability in the face of light degradation [98]. The high amount of resulting
structural defects, however, currently limits this technique from being deployed in
photovoltaic applications.

Crystallization with ps lasers has also recently been explored to potentially make
an a-Si:H/nc-Si:H micromorph tandem cell [99]. Such a tandem cell is shown in
Fig. 12(a) [99]. In this process, a deposited a-Si:H layer is partially converted to a
polycrystalline layer via ps-laser annealing as shown in Fig. 12(b) [99]. Such a fab-
rication procedure would simplify and complement the current multistep chemical
vapor deposition (CVD) growth process.

4.2b. Direct Patterning

One of the most transformative fs-laser applications is to utilize the two-photon proc-
ess to micromachine the bulk of the materials yielding structures in three dimensions

Figure 11

This TEM image reveals how fs hyperdoping has introduced antimony in a crystalline
layer of ZnO. Reprinted with permission from A. Schneider et al., J. Appl. Phys. 113,
143512 (2013) [94]. Copyright 2013, AIP Publishing LLC.
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(3D) [100]. Fs-laser processing allows for the direct patterning of a variety of materials
and the creation of large structures in 3D. Micromachining was first developed in
transparent materials, such as SiO2 [101,102]. Due to using two- or multi-photon
processes, most research in micromachining has focused on polymers and soft
materials as well as glasses [103,104].

However, it has been shown that it is possible to pattern TiO2 by irradiating a photo-
sensitive sol-gel TiO2 with below bandgap light. The incoming light initiates a multi-
photon process that is able to break down the resist. The resulting structure can be
quite complex, such as the woodpile shown in Fig. 13 [105]. Silicon has also been
micromachined with fs lasers, which results in a reduced heat-affected zone when
compared to ns lasers, leading to less induced stress [106].

Another use of micromachining in semiconductors makes use of the proliferation of
3D-patterened polymers by coating the resulting polymer 3D structure with semicon-
ductors to form 3D semiconductor patterns. Recently, CVD was used to deposit a thin
silicon layer over an underlying 3D polymer pattern to create a 3D silicon woodpile
photonic crystal structure [107]. By coating semiconductors onto polymer patterns,
we can access a much larger range of materials and structures that are normally too
complex to make from mainstream semiconductor processes.

4.3. Deposition Techniques
Last, we will cover various applications in deposition techniques that make use of fs
lasers to ablate various materials and then redeposit the ablated material onto addi-
tional substrates. By altering the target material and the surrounding environment that
the ablation occurs in, many different types of semiconductors can be formed. Here,
we will discuss 1) nanoparticle formation from the ablated particles, 2) pulsed laser
deposition, which creates films from the ablated particles, and 3) laser-assisted
growth, where the ablated particles are used as seed material to deposit other materials.
In each of these cases, fs-laser ablation helps to create materials that other deposition

Figure 12

(a) a-Si:H/nc-Si:H micromorph tandem cell, currently grown by CVD. (b) Proposed
alternative fabrication method to produce the micromorph tandem cell in fewer
process steps by utilizing ps-laser annealing. Reprinted with permission from I.
Theodorakos et al., J. Appl. Phys. 115, 043108 (2014) [99]. Copyright 2014, AIP
Publishing LLC.
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techniques struggle to make with high precision. Ns lasers have also been used for
deposition processes. For example, Mirza and coworkers [108] have compared the ns-
and fs-pulsed laser-based PLD of silver nanoparticle films of 1–7 nm thickness de-
posited on fused quartz. The ns-PLD nanoparticles are well separated and somewhat
spherical up to ∼3 nm thickness, beyond which the particles coalesce and then result
in a percolated structure at ∼7 nm. In the fs-laser case, the nanoparticles are also well
separated, but the mean particle size and the surface coverage increase with equivalent
thickness. The behavior is attributed to a difference in plasma formation. The ns plume
is almost fully ionized plasma, while the fs laser ablates the material with a small
fraction of particles in plasma state.

4.3a. Nanoparticle Formation

Fs-laser irradiation of semiconductors beyond the ablation threshold produces ablated
particles. We can utilize this material in the form of nanoparticles [109]. In order to
gather the nanoparticles, the setup usually involves positioning a target material at a
45° angle in relation to the incoming laser beam with a collection substrate positioned
parallel to the target material [110].

For silicon, nanoparticles can be formed in a vacuum [111] or in a gaseous atmosphere
containing gases, such as H2 [112]. It has been shown that the ablation of silicon nano-
particles has a large size distribution that clusters into aggregates and webs that are
5–300 nm in size [112]. By changing the atmospheric gas toH2S, the size of the ablation
plume cone also changes. The phase of the formed nanoparticles can be either crystal-
line or amorphous, which is determined by the cooling rate of the ablated silicon in the
liquid phase. When a gaseous atmosphere is present, the gas forces some nanoparticles
to cool through a thermal process and hence not go through a nonthermal phase trans-
formation [112]. For silicon ablated in a vacuum, the nanoparticles cool at a much faster
rate and do not have the gas in the atmosphere to compete with, leading to only nano-
particles and clusters and not the formation of webs. Hence, the resulting nanoparticles
are dependent on many factors in the ablation and subsequent cooling process.

Recent results show that better nanoparticles can be synthesized in different environ-
ments, e.g., ultrafast laser ablation in liquids [113]. By varying the intensity of fs-laser

Figure 13

SEM Images of fs-laser 3D structured TiO2 in a woodpile formation shown from two
different angles. S. Passinger et al., Adv. Mater. 19, 1218–1221 (2007) [105].
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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radiation, the size of nanaoparticles can be controlled. For example, the mean size of
gold nanoparticles can be reduced from 120 to 4 nm by the decrease of laser fluence
down to the threshold values or changing the radiation focusing on the target surface.
In the fs-ablation regime, much less radiation energy is transferred to the cavitation
bubble (15% compared to 80% in the ns-laser pulse regime). This avoids the cavitation
phenomena, leading to uniform fine nanoparticles. Use of biopolymers and oligosac-
charides liquids leads to drastic reduction of the nanoparticle size down to 3 nm with
the size dispersion not exceeding 1.5 nm FWHM as they react with laser-synthesized
gold nanoparticles. This is due to the hydrogen bonding of the—OH groups of these
compounds and the—O- at the gold surface. The OH groups of different biocompat-
ible compounds can efficiently react with the oxidized gold surface, leading to the
reduction of the nanoparticle size. In addition, the ultrapure laser-ablated nanopar-
ticles can be functionalized by a proper chemical modification of chemicals, solving
the toxicity problems associated with these particles.

4.3b. Pulsed Laser Deposition

By extending the process of nanoparticle formation, we can make thin films of
materials through pulsed laser deposition (PLD). Through a similar setup to that for
nanoparticle formation, complex materials can be deposited onto a variety of sub-
strates [114]. The main advantage of PLD over other deposition techniques is its abil-
ity to repeatedly grow thin films with precise and complex stoichiometries.

The most common use of PLD is for deposition of thin films. In order to deposit an
oxide, the fs laser is used to excite plasma on the target material, and then the nano-
particles fly off onto a flat substrate. To deposit tin oxide (SnO2), the amount of back-
ground oxygen gas was instrumental in producing high-quality epitaxially grown
films, even though they started with a target that already contained the correct amount
of oxygen, SnO2 [115]. Another example of thin-film PLD is the creation of cadmium
sulfide (CdS), where it was shown that the substrate used, between silicon and quartz,
determines the quality and grain size of the material deposited [116].

Avariety of photovoltaic absorber materials [e.g., CdTe, zinc sulfide (ZnS)] and trans-
parent conductive electrode materials [zinc oxide (ZnO), ITO] have been produced

Figure 14

ZnO nanowires formed by fs-laser-assisted growth with an inset showing the side of a
nanowire with TEM. Reprinted with permission from Y. Zhang et al., Appl. Phys. Lett.
87, 133115 (2005) [120]. Copyright 2005, AIP Publishing LLC.
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with PLD [59]. There is an especially large amount of activity in using PLD to test
a variety of up-and-coming higher mobility p-type transparent conductive oxide
materials for thin-film photovoltaic and transistor applications [117]. Repeating
these results at larger scale in a low-cost photovoltaic industrial setting is unlikely,
however, due to the low throughput and nanoparticle ejection problems associated
with PLD [117,118].

4.3c. Laser-Assisted Growth

The use of lasers to help start nanowire growth is a relatively new field and has been
applied to a variety of semiconductors. Nanowire growth was first discovered using a
ns laser acting on a Si1−xFex target, where the researchers found a large size distri-
bution of the resulting nanowires [119]. The growth mechanism proposed that the
formation of the nanowires occurs while the ablated nanoclusters are still in the liquid
phase and that the length of the nanowire growth is determined by the time that it takes
for the nanowire to be pushed out of the “hot reaction zone” by the flowing carrier gas
in the chamber [119]. The nanowires created consist of a single crystalline Si core with
a SiOx sheath on the outside and are on the order of tens of nanometers. It has also
been shown that it is possible to extend this method to other materials, such as
germanium (Ge), but unlike the Si nanowires, the Ge nanowires tend to have no
amorphous outer shell and have a nanocluster at the termination end, showing that
nanowire formation is a complicated procedure and is still not completely understood
for all materials.

By moving to fs lasers, researchers found that it was possible to apply this process to
oxides. Using a zinc oxide (ZnO) target, the researchers showed that it was possible to
control the size distribution of the nanowires due to the lack of overall thermal effects
and smaller particulate creation with the nanoparticles flying off of the target. They
were also able to control the photoluminescence properties by changing the ambient
oxygen partial pressure parameters [120]. They used a ZnO target and focused the
laser inside the growth chamber with oxygen flowing. By using a fs laser instead
of the ns laser used prior, there is no real melting in the ablation process, and they
use Coulomb explosion to produce precise nanowires that have a small size distribu-
tion. With the fs lasers, there is less particulate formation, leading to a superior nano-
wire product [120]. The nanowires are shown with a transmission electron microscopy
(TEM) inset showing their crystallinity in Fig. 14 [120]. By applying these methods to
other materials, it should be possible to grow various materials and control their size
and makeup.

5. CONCLUSION

In this paper, we present the various applications of ultrafast (fs–ns time regime) laser
processing of various materials, specifically semiconductors. We show that the fs laser
leads to finer structure formation and more precise machining when compared to the
ns-laser regime, which can be utilized in a variety of applications. Thermal and non-
thermal processes need to be balanced to control the microstructural features. In ad-
dition, we show that ultrafast lasers can be used as the basis for a few deposition
techniques. With advances in how fs lasers operate, we believe that they will be used
even more in the coming years as the applications become more diverse and the lasers
become smaller and more cost-effective.
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