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Preface

Lasers enable the modification of living and non-living matter with submicron
precision in a contact-free manner. They are wonderful devices with enormous appli-
cation potential in medicine and industry. This book presents the latest research in
laser technology.

Terahertz quantum cascade lasers (THz-QCLs) have attracted tremendous interest in
recent years due to their coherent and compact wave features. They can be developed
using semiconductor quantum structures and the THz radiation obtained is attrib-
uted to inter-sub-band transitions, which rely on quantum transport between discrete
sub-bands. Electron injection plays a significant role to achieve population inversion
in a QCL. Chapter 1 investigates the effect of an indirect injection scheme in terahertz
QCL designs. For the scattering-assisted (SA) injection method-based QCLs with two
wells, it is found that the population inversion increases when additional high-lying
sub-bands are included, owing to the activation of more depopulation channels.
However, an increase in the optical gain does not correspondingly occur if the lasing
frequency exceeds 3 THz; instead, the peak gain undergoes a significant decrease.
This finding indicates that the high-lying sub-bands play an important role in the
development of an efficient SA-QCL design. THz-QCLSs can be used for many medical
applications including imaging, biochemical label-free sensing, pharmacology, and
more.

The continuous wave (CW) laser has been around since 1960 and, as its name
suggests, it emits a constant laser beam. The advancement in the laser technology
has given birth to pulsed lasers, which emit short ‘pulses’ of light at regular intervals,
rather than continuously. For instance, femtosecond lasers release extremely brief
pulses of light at time periods on the order of one quadrillionth of a second. One of
the key advantages of femtosecond lasers is that they can generate huge amounts

of peak power, while also massively reducing the heat produced during this process.
Chapter 2 describes the basic principles of a femtosecond laser and its application

in ophthalmology. Since femtosecond lasers produce lower levels of heat compared
to CW or other longer pulsed lasers, they are suitable for implementing various
ophthalmic procedures, such as corneal surgery, laser eye or ‘refractive’ surgery, and
operations to remove cataracts from the eye. This is because minimal heat is especially
important when operating on sensitive areas like the eye to prevent damage to the
surrounding tissue. Femtosecond lasers promote safe surgery and fast healing times
during ophthalmic procedures because they can process tissue materials within a

3D volume without altering its surface.

Pulsed lasers can also be used in other medical applications such as photo-thermal
therapy for cancer treatment. A short-pulsed laser is generally used in laser-based
photo-thermal therapy to destroy cancerous cells. The major challenge in this therapy
is to destroy the cancerous cells without damaging the surrounding healthy tissue.
Thus, it is essential to understand the thermal characteristics of the laser-irradiated



biological tissue to improve the efficacy of laser-based photo-thermal therapy.
Chapter 3 discusses the modelling of laser-irradiated biological tissue to understand
its thermal behavior, which may help to improve the efficacy of laser-based photo-
thermal therapy. In this study, the light propagation through the biological tissue

is mathematically modelled using the heat transfer equation (RTE). RTE is solved
using the discrete ordinate method (DOM) to determine the intensity inside the
laser-irradiated biological tissue. Consequently, the absorbed photon energy acts as
the source term in the Fourier/non-Fourier model-based bio-heat transfer equation
to determine the temperature distribution inside the biological tissue subjected to
short-pulse laser irradiation.

Laser surface texturing is a top-down method for generating surface patterns on
polymers, metals, ceramics, glasses, and alloys. This technique allows large-scale
surface patterning. Chapter 4 describes the use of a femtosecond laser in micro-/
nano-texturing for fabricating coated and surface-treated dies with tailored textures.
Through the femtosecond laser micro-/nano-texturing and CNC-imprinting, the
metal, polymer, and glass product surfaces were optically decorated to have color
grading and plasmonic brilliance and functionally controlled to be hydrophobic.

The proposed approach can be used for micro-/nano-texturing of various industrial
and medical products.

The interactions of concentrated energy fluxes such as femtosecond lasers and high-
energy electron beams with absorbing substances have facilitated new discoveries and
excitement in various scientific and technological areas. For instance, femtosecond
laser ablation is an effective technique to functionalize surfaces. Due to the ultrashort
pulse width and high light intensity (1012 W/cm?2), it is possible for the laser to ablate
or irreversibly modify the materials with negligible damage outside the focal volume,
thereby allowing treatment of biological samples like live cells, membranes, and
removal of thin films as well as bulk materials for many applications in diverse fields
including micro-optics, electronics, and even biology under extremely high precision.
Chapter 5 discusses the ablation of materials using femtosecond lasers and electron
beams. Both femtosecond laser and e-beam ablations are being investigated for a
range of medical applications.

This book is written by experts in the field and is a useful resource for researchers,
engineers, and advanced students in the field of photonics, lasers, ultrafast optics,
material processing, and medical physics.

Sulaiman Wadi Harun

Department of Electrical Engineering,
University of Malaya,

Kuala Lumpur, Malaysia

XII



Chapter 1

High-Lying Confined Subbands
in Terahertz Quantum Cascade
Lasers

Li Wang

Abstract

In designing the terahertz quantum cascade lasers, electron injection manner
indeed plays a significant role to achieve the population inversion. The resonant
tunneling process is commonly employed for this injection process but waste more
than 50% fraction of populations out of the active region owing to resonance
alignment, and the injection efficiency is obviously degraded due to thermal incoher-
ence. An alternative approach is to consider the phonon-assisted injection process that
basically contributes to most of the populations to the upper lasing level. However,
this manner is still not realized in experiments if a short-period design only containing
two quantum wells is used. In this work, it is found in this design that the population
inversion is indeed well improved; however, the optical gain is inherently low even at
a low temperature. Those two opposite trends are ascribed to a strong parasitic
absorption overlapping the gain. The magnitude of this overlap is closely related to the
lasing frequency, where frequencies below 3 THz suffer from fewer effects.

Keywords: intersubband transition, terahertz, quantum cascade lasers, parasitic
channels, optical gain

1. Introduction

Thus far, the profusion of terahertz wave applications, including high-speed com-
munications, industrial quality control, non-destructive cross-sectional imaging, gas
and pollution sensing, biochemical label-free sensing, pharmacology, and security
screening, has been demonstrated [1-3]. Moreover, the development of terahertz
quantum cascade lasers (THz-QCLs) based on semiconductor quantum structures
affords an attractive THz radiation source with coherent and compact wave features
[4]. The basic radiation mechanism in this type of laser is intersubband transitions
relying on quantum transport between discrete subbands. This method prevents the
semiconductor bandgap limit at significantly low THz photon energies. The subbands
can be freely tailored via engineering the thickness of quantum layers; therefore, the
THz radiation frequency coverage is broad. However, THz-QCLs always suffer from
temperature-triggered lasing quenching; consequently, the maximum operating tem-
perature (Tp,ay) is still limited to below room temperature and thus requires additional
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cooling. Notably, despite stable progress since the first reported THz-QCL operating
at 50 K (4.4 THz, pulsed mode) [5], T'nax has been stalled since 2012 (199.5 K) [6]. A
recent breakthrough, achieving 250 K operation [7], indeed soothes the uncertainties
regarding whether a 300-K-operation is prevented by any physical limit. The result
has since spurred further efforts to achieve room-temperature operation.

With regard to the high-temperature THz-QCLs designs, different theoretical
models, including density matrix formalism [8-10], non-equilibrium Green’s function
(NEGF) [11-13], and Monte Carlo techniques [14, 15], have been proposed to under-
stand the effects of temperature on quantum transport, that is, the loss of coherence,
parasitic tunneling channels, and non-radiative processes with an increase in temper-
ature. Numerous designs have been proposed, for example, by using diagonal radia-
tive transitions [3] to suppress the thermally activated non-radiation channels (that
triggers longitudinal optical (LO)-phonon emission instead of photon emission)
between the upper and lower laser subbands, by using phonon resonance to depopu-
late the lower laser subband [6] yielding higher population inversion and partially
relaxing the thermal backfilling, or by using clean subband systems [7] to avoid
perturbation from high-lying subbands. Most of these designs use the resonant
tunneling (RT) injection mechanism to populate the upper laser subband. In fact, the
core feature of QCL design is electrons cascading across hundreds of stacked radiation
periods. Therefore, a critical innovation in QCL design is the development of an
injector region to maintain stable electrical bias in operations, enabling the first
successfully operation of QCLs in the mid-infrared range [4].

However, RT injection in THz-QCLs has several drawbacks, which are illustrated in
Figure 1a. 1) Resonance alignment between the injector and upper laser subbands. Elec-
trons always wait for resonance before being injected into the upper laser subband
(i — u). Ideally, in the coherent transport regime, the upper laser subband # holds as
many carriers as the injector subband i, which is half of the total available electrons
(that means a maximum of 50% share in the upper laser subband). In reality, with a
thick injector barrier and the presence of multiple scattering channels, the population
inversion generally falls below 50% at low temperatures. 2) Thermal backfilling. More-
over, as the injector subband i is already mostly populated, thermal backfilling to the
lower laser subband / cannot be neglected at high temperatures [16, 17]. This process
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(a) RT injection (b) Direct-phonon injection
Figure 1.

Hllustration of resonant tunneling (RT) injection (a) and phonon assisted injection (direct-phonon injection) (b).
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introduces twice the adverse impacts, reducing the population inversion by decreasing
the injected population and refilling the lower laser subband / simultaneously. Given
that the population inversion is defined as the difference between the upper and lower
laser subband populations, the inversion will undergo significant degradation. 3) Selec-
tive injection issue. Owing to the small subband energy separation, THz-QCLs face
difficulty in selectively injecting electrons into the upper laser subband, while avoiding
incorrect injection into the lower laser subband. To enhance this selectivity, the injec-
tor barrier (Figure 1a) should be chosen meticulously, on one hand, the barrier needs
to be sufficiently thick to suppress incorrect injection and reduce the negative differ-
ential resistance (NDR) during parasitic alignment bias (i.e. the injector subband i and
lower laser subband [ will first align (i) before reaching the operational bias).
However, on the other hand, this barrier must also be sufficiently thin to increase the
dynamic range of the laser current density. It is important to note that, owing to the
close energy spacing between subbands # and [, the subband alignments i<« and i/
occur with similar electric fields. The constraint on the injector barrier worsens when
the device lasing frequency approaches small. All the aforementioned RT-QCL issues
result in significant challenges in terms of maintaining the population inversion when
the operating temperature approaches 300 K, thus impelling designers to develop
novel approaches to overcome the bottlenecks associated with RT injection.

An indirect injection scheme (scattering-assited (SA) injection), by designing the
injector subband i to lie one LO-phonon energy above the upper laser subband %
(Figure 1b), has also been reported [16, 18-20]. SA injection can be traced back as early as
2001 by Scamarcio et al. [21], where the method was successfully employed in mid-
infrared QCLs [17] to inject electrons into the upper laser subband by resonantly emitting
phonons from the injector subband (i — #). In this case, by combining a diagonal
radiative transition, the parasitic off-resonant tunneling from the injector subband i to the
lower laser subband [ also can be suppressed. Therefore, this scheme may offer a venue
for realizing higher population inversion, even at 300 K. Previous reports [16, 17, 19, 21]
provide comprehensive discussions on how SA-QCL designs address the shortcomings of
RT-QCLs. However, only three-well [22], four-well [16], and five-well [19] SA-QCL
designs have been studied. Moreover, in high-temperature THz-QCLs designs, it is found
that a higher Ty« also results from a shorter period length by decreasing the number of
desired subbands (seven-well [23], four-well [24], three-well [6], and two-well [25]). In
this work, we attempt to study the SA injection in THz-QCL designs based on a short
period length that contains only two wells. The result demonstrates a strong deviation
between the optical gain and population inversion. In other words, although high popula-
tion inversion can remain in such designs, when the lasing frequency exceeds 3 THz, the
peak gain is considerably small even at low temperatures. This phenomenon is ascribed to
the emergence of specific parasitic absorption, which can closely overlap with the optical
gain. However, this limitation can be avoided in low-frequency lasing. This implies that
specific strategies are required to alleviate the shortcomings of different lasing frequencies
when introducing short-period SA injection designs; here in the final part of this work, we
also study the feasibility in using step well quantum structures to suppress the absorption
effects on the gain.

2. Non-equilibrium Green’s function method

The most fundamental tool in the design of THz-QCLs structures and analysis is a
numerical package to calculate subband wavefunctions and energies. Because the
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subband energy position is critical for the discussion of the parasitic absorption in this
work, it needs to estimate the high-lying energy position more precisely. Here, two
factors effecting the energy separation between subbands are considered, a. In THz-
QCLs, the quantum structure contains the layers with thickness of only several nano-
meters; the non-parabolicity can largely effect on the energy of confined subbands,
especially on HCS as it is lifted further away from the bottom of the conduction band;
and the high-electric filed operation of THz-QCLs will worse this issue. Here, the band
structures are based on three-band Hamiltonian that accounts for the conduction (c),

light-hole (I), and split-off (so) bands, as follows:

212
Ec(z)+S(z)§7kZ i %P(z)kz i %P(z)kz
0
2 n2k?
H=| - gP(z)kZ Elh(z)—&-(l—i-L(z))ﬁ; 0 (1)
1 n2k?
i\ [5Pk. 0 Eol®) +(1+L() 57 @)

where P is the interband momentum matrix element related to the Kane energy E,

through: P(z) = \/—=2=. By comparing the three-band and one-band models for
hrough 05 By comparing the three-band and one-band models f

calculating the high-lying subband energy, it finds an approximate 2 meV difference.
b. the alignment of subbands and also the energy position is also very sensitive to the
conduction band offset (CBO) values, especially in short period with tall barriers
(here, AlAs% of AlGaAs barrier is 0.3). We follow the latest calibration of CBO based
on a machine learning method reported in Ref. [7]. The exact numbers of subbands
participating in the transports were controlled by the axial cut-off energy. These
subbands were transformed into localized basis modes (reduced real space basis) and
used in the NEGF algorithm [26, 27]. The subband energy broadening can play
significant roles for estimating the tunneling current (increase the dephasing) and the
optical gain (widen the radiation linewidth), especially for THz-QCL studied in this
work, as this subband energy broadening (~10 meV) is similar as the photon energy
(15 meV). In THz-QCLs, this broadening originates from multiple scattering cou-
plings. Here, the self-energy terms are calculated for all scatterings, including the
optical phonons, acoustic phonons, charged impurities, interface roughness, alloy
disorder, and electron-electron interactions [28-32]. The critical part of the model is a
self-consistent NEGF solver that starts from an initial guess of the Green’s functions,
the self-energies are then presented roughly, and the Green’s functions are again
calculated iteratively. Simultaneously, the mean field electrostatic potential is calcu-
lated self-consistently (Poisson’s equation). Such iterations are performed until con-
vergence is reached. The current density as well as the carrier density distribution is
finally displayed. The optical gain or absorption in pairs of intersubband transitions
follows linear response theory.

3. Results

A direct comparison of the population residual at individual desired subbands
under different injection methods (RT and SA injections) is presented in Figure 2. For
simplicity, both the designs are based on the two-well quantum structure with a lasing
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Design structuves with RT injection (a) and SA injection (b). The designs ave based on simple quantum structures
containing only two wells (three desired subbands). The population shaves of the injector subband and the upper
laser subband at both low/high temperatures ((c) 50 K and (d) 300 K) ave shown to illustrate the advantage of
SA injection under the diffevent applied biases (the black dash lines represent the operational bias condition).

frequency of 3.8 THz. The RT-QCL design in Figure 2a precisely follows the previ-
ously used scheme for Ty,.x > 200 K [7, 25]. The design in Figure 2b, i.e. the scheme
designed in this study, employs SA injection. In the former design, electrons are
pumped from the injector subband i into the upper laser subband # via RT process.
Subsequently, diagonal radiation transition occurs between the laser subbands # and i.
Electrons are then depopulated via intrawell LO phonon (direct-phonon) resonance
and moved into the next injector subband to repeat the previous steps. In the latter
design, electrons are injected from subband i following direct-phonon resonance
(phonon emission in a vertical manner) and then perform diagonal transition
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radiation, after which the depopulation of subband / follows an RT process. It is clear
from Figure 2c and d that, for RT injection, because the bias is applied until it reaches
the operational bias (dashed line labeled in Figure 2¢ and d), most of the electrons are
residual at injector subband i. Under the operational bias, the injector subband i
population ratios are 56%/60% at 50 K/300 K. By contrast, the upper laser subband u
only maintains 33%/22% at 50 K/300 K. For SA injection, most of the population is
injected into the upper laser subband « (72%/58% at 50 K/300 K under the operational
bias). Here, the total electrons population in each period is normalized as 100%.

The two-well SA-QCL designs are shown in Figure 3 with the different lasing
frequencies of 2.2 THz (a, b) and 3.8 THz (c, d). To study the effect of high-lying
subbands, the number of confined subbands in each period is controlled by tuning the
axial cut-off energy range, that is, the narrow range in Figure 3a and ¢ which only
contains three desired subbands (i, #, and /), and the large range in Figure 3b and d
which contains one more high-lying subband together with the desired subbands (i, «,
I, and k). To further enhance injection selectivity, the lasing barrier positioned
between the upper and lower subbands is relatively thick. As a result, the designs in
this study feature a reduced oscillator strength, that is, the oscillator strength for 2.2
THz, 3 THz, and 3.8 THz lasers are 0.15, 0.2, and 0.24, respectively. To compensate
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Figure 3.
Conduction band profile with the modulus square of the Wannier-Stark subbands under the operational bias, for
the 2.2 THz design (a, b) and 3.8 THz design (c, d) including/excluding the high-lying subband h.
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for such low oscillator strength, the doping level is correspondingly increased. Mean-
while, to avoid too strong Coulomb scattering effects, the periodic doping levels are
balanced at 5.5 x 10 cm ™2, 5 x 10'° cm 2, and 4.7 x 10° cm 2 (sheet doping
density) for the 2.2 THz, 3 THz, and 3.8 THz designs, respectively.

Figure 4 shows the changes in population inversion (Azn = n,—#;) and the optical
gain peak as functions of the lattice temperature, the plots are shown with the inclusion
or exclusion of the high-lying subband  during modeling. 1) Population inversion.
Regardless of the frequencies and lattice temperatures, the population inversion Az
increases when the subband / is included (Figure 4-al, b1 and c1). This differs from
RT-QCLs in that the high-lying subbands are always treated as thermally activated
electron leakage channels to reduce population inversion. In order to quantitatively
estimate the changes, Table 1 enumerates the magnitude of the changes in population
inversion An. The table shows a 0.7% and 2.5% increasing share in Ax after including
the subband / for the 2.2 THz and 3.8 THz designs at 300 K, respectively. The more
increasing trend at 3.8THz can be explained by the quantum structures in Figure 3, that
is, the upper well is positioned to encourage LO-phonon emission. Hence, the thickness
of this well should be the largest. Likewise, the lower well should also be sufficiently
wide to move down the lower laser subband / and satisfy the required THz radiation
frequencies. Therefore, the injector subband 7 (the second excited subband in the
upper well) and high-lying subband % (the second excited subband in the lower well)

:Z N, (a1) 2.2THZ (b1) 3THz
45{
404 |
35
30
25
20
15

(bu i) |
see (iudh)

Population inversion [share %]
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(=
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Figure 4.

Changes in population inversion (a1, b1, and c1) and real peak gain (a2, b2, and c2) in three different lasing
frequencies SA-QCL designs (2.2 THz, 3 THz, and 3.8 THz). The x-axis corresponds to the lattice temperature,
ranging from 50 Kto 300 K.

7



Terahertz, Ultrafast Lasers and Their Medical and Industrial Applications

Frequency Subbands ny, n; n, n An,,; Bl Gp' G,
(temperature) number (nm) (ecm™) (ecm™?)
2.2 THz (300 K) (i, u,l) — 145% 52% 33.6% 18.4% 2.4 21.5 21.5
(G, u,l,h) 1.5% 13.6% 52.3% 32.6% 19.7% 2.38 22.6 20.5
(0.7% 1) i) @)
3.8 THz (300 K) G, u, D) —  14.6% 54% 31.4%  22.6% 295 25 25
(G, u,l, h) 2.6% 11.7% 55.4% 30.3% 25.1% 2.89 26.6 —38
(2.5%1) (1.61) (634)

Table 1.

Population shares at individual subbands (n;, n,, ny, ny,) in the 2.2 THz and 3.8 THz designs, with the
corresponding population inversions (An,). The total electrons population in each period is normalized as 100%.
The dipole matrix elements for radiation transition between upper and lower laser subbands 2, is also shown.
A “normal” peak gain G, is estimated based on the change in population inversion compared with the cases
of (i, u, and 1) and (i, u, I, and h), setting the value of (i, u, and 1) as a standard. The peak gain Gy is the
“real” value.

are close to each other. Especially for high lasing frequencies, the energy separation
between those two subbands decreases more (29.5 meV for 2.2 THz and 18.5 meV for
3.8 THz in Figure 2-b, d). Meanwhile, the barrier between them cannot be excessively
thick, as this barrier plays a role in tuning the oscillator strength between the laser
subbands # and . As a result, parasitic coupling is formed between 7 and I. The
magnitude of this coupling can be quantified by the energy splitting between them
(21€2,). The splitting energy is 3 meV and 10.5 meV in the 2.2 THz and 3.8 THz
designs, respectively. Therefore, the high-lying subband % can act as an additional
depopulation channel for the lower laser subband / in upstream period (noted that
subbands i and / in neighboring periods are with full resonance alignment), this further
depopulation can increase the population inversion. For higher lasing frequencies, this
channel will be stronger owing to the enhanced coupling, leading to more increase in
inversion share (i.e. 2.5% for the 3.8 THz designs). In addition, from Table 1, it can be
observed that the non-equilibrium occupation of the high-lying subband /% at 300 K is
considerably low, that is, 7;, = 1.5%/2.6% at 2.2 THz/3.8 THz. This demonstrates that the
role of subband % is to act as a channel to partly redistribute the populations among the
desired subbands, rather than itself storing a high share of population. 2) Optical gain.
As shown in Figure 4-a2, b2 and c2, after the inclusion of the high-lying subband %, the
changes in the peaks of optical gain are inconsistent with the population inversion. In
the 2.2 THz design, the peak gain is almost the same in the cases of (i, %, and /) and (7, u,
I, and 1), regardless of the temperature. However, when the lasing frequency is higher,
the peak gain is strongly reduced and surprisingly even negative in the 3.8 THz designs,
despite temperatures even as low as 115 K (Figure 4-c2). It should be noted that the
inclusion or exclusion of the high-lying subband %, the dipole matrix elements z,,;, and
the radiation transition linewidth I',; remain almost unchanged. Therefore, following
the semiclassical manner to predict optical gain, G, ~ Anz,,*IT,,;, after the inclusion of
high-lying subband %, an increased population inversion should improve the peak gain
in the 3.8 THz design. Table 1 presents the “nominal” gain peak G,* for (i, u, [, and &)
case at 300 K, which is estimated based on the changes in population inversion. In the
3.8 THz design, G,* is 26.6 cm %, representing a 1.6 cmincrease over the (i, u, and [)
case, whereas the “real” peak gain G, is only —38 cm ™", showing a sharp decrease of
63 cm ™' when compared with G,*.
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To study the inconsistency of the changes in population inversion Az and the
“real” optical gain G,, additional data are extracted from the optical gain mappings
and spectra. Figure 5 shows the optical gain spectra for the 2.2 and 3.8 THz designs at
both low/high temperatures (50 K/300 K). The black and colored solid curves repre-
sent the gain spectra for (i, #, and [) and (7, u, [, and &) cases, respectively. It is clear
that the appearance of high-lying subbands % introduces strong parasitic absorption,
as labeled by arrows a*/b* in both the 2.2 THz and 3.8 THz designs. The arrows a/b
indicate the peak gain at the designed lasing frequencies. At both 50 K and 300 K,
for the 2.2 THz design, the peak gain area is separated from this absorption, as a
result, the net gain peak is not significantly different when comparing (4, #, and I) and
(i, u, I, and k). By contrast, for the 3.8 THz design, this absorption can overlap with
the peak gain area and induce a dramatic reduction in the net gain, regardless of the
temperature. Considering the pairs of subbands, this absorption originates from the
coupling between the injector subband i and high-lying subband %, where the energy
separation is 29.5 meV in the 2.2 THz design and 18.5 meV in the 3.8 THz design.

In particular, at high temperatures, electrons from the upper laser subband u

(which shares most of the population in SA-QCL) will be thermally back to the
injector subband 7, thus enhancing this parasitic absorption. For the 3.8 THz design, as
shown in Figure 4-c2 labeled by the double-sided black arrows, the deviation of the
peak gain between (i, #, and [) and (i, u, [, and %) is 45 cm tat50 K, and 63 cm ' at
300 K, respectively.

Figure 6 shows the gain mappings resolved based on the spatial position and lasing
frequencies. Clearly, the emergence of parasitic absorption between the subbands i
and 2 (Figure 6b and d) overlaps the gain in the 3.8 THz design (Figure 6-d1 and d2).
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Figure 5.

Optical gain spectra of the 2.2 THz and( 3.8 THz designs at 50 (a) and 300 K (b) under operational bias. Arrows
a/b denote the peak gain, and arrows a /b represent the pavasitic absorption peak.
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Spatial and energy resolved gain mappings of the 2.2 THz design (a1, b1 at 50 K; a2, b2 at 300 K) and 3.8 THz
design (c1, d1 at 50 K; c2, d2 at 300 K) under operational bias.

In general, 3-4 THz is the frequency band desired to achieve high-temperature oper-
ation [7, 25]. Therefore, this significant reduction in the optical gain reinforces the
need for specific strategies to suppress this parasitic absorption, for example, by
engineering the high-lying subband 4.

Here, we study the feasibility of using step well to engineer the subband /. As
shown in Figure 7, the use of AlGaAs in upper well (instead of GaAs) is proposed, and
the Al composition in this ternary alloy can be controlled to tune the energy of
parasitic absorption between subbands i and /. The upper well is set to make both the
injector and upper laser subbands high in energy; meanwhile, the depopulation effi-
ciency between them remains by keeping an energy separation same as the design in
Figure 3. Consequently, the lower well can be narrowed correspondingly to satisfy the
THz radiation frequencies. By doing this, the high-lying subband in the lower well is
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Parasitic absorption energy between injector and high-lying subbands (i, h) as functions of the Al composition
in upper well AlGaAs (a). Design structure (band profile and subbands) with Al% of 3% in upper well
AlGaAs (b).

significantly upward. The parasitic absorption energy can be enlarged from 18.5 meV
with AlGaAs (Al% = 0) to 170 meV with AlGaAs (Al% = 7%) (Figure 7a). A repre-
hensive design structure with Al% of 3% is shown in Figure 7b. Those strategies show
possible pathway to guide the experiments, and the initial results [33] are convinced
this strategy.

4, Conclusions

In summary, to estimate the optical gain in the SA-QCL design, the high-lying
subbands need to be included, and the optical gain and absorption arising from any
coupled pairs of subbands should be calculated, especially when the SA-QCL design is
based on a simple quantum structure. Notably, as shown in this work, for SA-QCLs
with two wells, population inversion increases when additional high-lying subbands
are included, owing to the activation of more depopulation channels. However, an
increase in the optical gain does not correspondingly occur if the lasing frequency
exceeds 3 THz; instead, the peak gain undergoes a significant decrease, even below
zero. The strong decoupling between population inversion and optical gain is ascribed
to the emergence of parasitic absorption, which is caused by transitions between the
desired subband and high-lying subband. Owing to the engineering limit permitted in
the simple quantum structure, this parasitic absorption unavoidably overlaps with the
optical gain, resulting in a reduction in the peak gain intensity. This overlap is more
severe when the lasing frequency exceeds 3 THz. This finding reinforces the need for
engineering the specific high-lying subbands to suppress the overlaps, thus realizing
the two-well SA-QCL design experimentally. Here in the final part of this work, the
feasibility by employing AlGaAs ternary alloys instead of GaAs for upper well is
shown, and the small Al composition can dramatically enlarge the energy of parasitic
absorption, thus almost removing the overlaps.
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Chapter?2

Fundamentals of Femtosecond
Laser and Its Application in

Ophthalmology

Sana Niazi and Farideh Doroodgar

Abstract

Modern advancement in lithographic technology, injection molding, and
nano-imprinting has improved the patterning of small structures, resolution,
productivity, and materials. Ultrafast laser micro/nano-manufacturing technologies,
including nano- and femtosecond lasers, have the advantage of high precision as a
result of suppressed heat diffusion to the surroundings. This precision imposes strict
requirements on the temporal characteristics of laser pulses. Ultrafast lasers also have
advantages in terms of technique, application, and processing. Femtosecond laser
(FSL) uses photo disruption to form micro-cavitation bubbles within the cutting
plane. The controllable spatiotemporal properties of FSL make it applicable for the
three-dimensional fabrication of transparent materials. Using smart materials to
create 3D microactuators and microrobots is a newfound application of FSL process-
ing, which enables the integration of optical devices with other components and is
practiced in new applications, such as 3D microfluidic, optofluidic, and electro-optic
devices. We discuss mechanisms and methods of FSL (including digital micromirror
devices, different processes, and interferences). Microlens arrays, micro/nanocrys-
tals, photonic crystals, and optical fibers all have applications in the production of
optical devices. Using FSLs, one may create scalable metamaterials with multiscale
diameters from tens of nanometers to centimeters. The huge potential of FSL pro-
cessing in various fields, such as machinery, electronics, biosensors and biomotors,
physics, and chemistry, requires more research.

Keywords: lasers, lasers, solid-state, corneal surgery, laser, ophthalmology, cornea,
optics and photonics

1. Introduction

Ophthalmology has faced substantial changes by the advances in medical technology.
These advances include developments in diagnostic and therapeutic strategies. One of
the important advances of recent years, which has changed the field of ophthalmology,
is the laser. After the development of the early solid-state lasers, FSL was developed as
anear-infrared laser with ultra-short pulse duration, which enabled safety, precision,
and predictability of ophthalmic surgeries and improved the postoperative outcome of
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patients. It has also been used for the fabrication of several optic devices, which helped
to improve the precision of diagnosis and treatment in the field of ophthalmology.

The ongoing advances in FSL technology since its introduction are making the newer
machines with better quality, stability, and fewer complications. Therefore, it is sug-
gested that researchers and clinicians keep themselves updated about the advances in
FSL technology and make use of the updated technologies to benefit from its advantages.

Nano/micro-devices have diverse applications in optics, nanophotonics,
Opto-electronics, and biomedical engineering. As the transparent layers of the eye
do not absorb electromagnetic radiation, light does not alter them, but the light
energy is absorbed by them, causing focal tissue disruption. Laser systems with
different wavelengths have been developed based on these principles with several
applications in ophthalmology. The femtosecond laser (FSL) is a near-infrared
laser with a wavelength of 1053 nm and a diameter of 0.001 mm. The term
“femtosecond” refers to the pulse duration of one billionth of a second, fired in
the nanosecond domain. This ultra-short pulse duration allows for smaller shock
waves, focus to a 3-um spot, no heat development, and less damage to the adjacent
and superficial tissue (collateral damage) [1].

FSL works by the production of a different tissue interaction, known as photodis-
ruption. Within the cutting plane, micro-cavitation bubbles are formed discretely.
Non-linear absorption of laser energy is obtained by using many photons at the same
place and time. This multiphoton effect causes the tissue to absorb energy as high
as it results in optical breakdown. This process of photodisruption creates plasma,
acoustic shockwave, thermal energy, and cavitation bubble, which expands at
supersonic speed, slows down, and then implodes and eventually forms a gas bubble
composed of carbon dioxide, water, nitrogen, and other elements. This will break
the limitations of traditional fabrication methods, which results in two—threefold
better precision than cell surgery using continuous-wave irradiation [2]. In addition,
the quality of fabrication is also improved in FSL, due to the non-equilibrium and
non-thermal absorption phase transitions, resulting in reduced heat-affected zones,
cracks, and recast layers. Furthermore, FSL requires no mask, vacuum, or reactive gas
environment. These characteristics make FSL applicable in different manufacturing
processes, such as telecommunications technology, biotechnology, pharmaceuticals,
aerospace, and environmental industries. The non-linear and material-independent
absorption of femtosecond lasers makes them ideal for creating complex 3D struc-
tures in composite substrates with nanometer-scale precision [3].

Modern laser technology is rapidly improving in terms of resolution, productivity,
and materials. Using smart materials to create three-dimensional (3D) microactua-
tors and microrobots is a newfound application. With femtosecond laser processing,
optical devices can be seamlessly integrated with other components, enabling new
applications such as 3D microfluidic, optofluidic, and electro-optic devices.

We discuss mechanisms and methods for femtosecond laser, including digital
micromirror devices, different processes, and interferences. Microlens arrays, micro/
nanocrystals, photonic crystals, and optical fibers all have applications in the produc-
tion of optical devices. Using femtosecond lasers, one may create scalable metamaterials
with multiscale diameters from tens of nanometers to centimeters. Improved methods
may result from the availability of effective femtosecond laser surgical equipment for
any refractive surgery processes, Photo disruptive ultrasonic lens surgery as a combo
approach in any medium to altering the power of the intraocular lens (IOL) postopera-
tively. The huge potential of femtosecond laser processing in fields such as machinery,
electronics, biosensors and biomotors, physics, and chemistry requires more research.
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2. Historical background for development of femtosecond laser systems
in ophthalmology

Various laser sources were developed and pioneered by solid-state and organic
dye lasers in the 1960s and early 1970s. In 1979, short-pulse lasers at near-infrared
wavelengths were used in ophthalmology for the treatment of posterior capsule
opacification after surgery (by Aron-Rosa). In the 1980s, research continued on
non-linear effects in optical fibers and near-infrared spectral region; in 1982, the
first Titane (Ti): sapphire laser was built by Moutan, which had a wide tuning range
(680-1130 nm), which was based the tunable FSL source. Following the use of the
coupled-cavity mode-locking technique with a Ti: sapphire laser to constitute the
generation of sub-100 fs pulses, a new generation of FSL was generated, which
matched the cavity containing the ‘non-linear element’ with interferometric preci-
sion to the master cavity of the color-center laser oscillator. With peak optical pulse
powers of >5 MW from a Ti: sapphire laser, compared with the dye-laser pulse peak
powers, oscillator-amplifier combinations were no longer required, but for using
the optical Kerr effect, cavity-design parameters were required (Figure 1). In 1984,
FS dye laser was used in oscillator-amplifier configurations, and in 1989, Stern and
colleagues found that reducing the pulse duration of near-infrared laser from the
nanosecond to the picosecond (107") and then FS (107") resulted in higher precision
ablation profiles and less collateral damage. FS belongs to ultra-fast or ultra-short
pulse lasers with a beam diameter of <8 microns in the near-infrared spectral region
and is capable of producing smaller shock waves and cavitation bubbles that affect a
tissue volume about 10° times less than picosecond-duration pulses [1].

The first prototype of the ophthalmic surgical FSL system was developed by Dr.
Jujasz and colleagues and was clinically used by Dr. Kurtz at the University of Michigan
in the early 1990s. The IntraLase Pulsion FSL was approved by the U.S. Food and Drug
Administration (FDA) for lamellar corneal surgery in Jan. 2000, and the first commer-
cial laser was introduced to the market in 2001 for the creation of the corneal flap in
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Figure 1.
The diversity of ultrashort pulse laser oscillators.
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refractive surgery, i.e. laser in situ keratomileuses (LASIK). The advantages of this sys-
tem caused FSL to replace the mechanical cutting devices shortly. In 2002, Advanced
Medical Optics (IntraLase FS, Irvine, California, USA) fired a 10-kHz laser. In 2007,
Ziemer FEMTO LDV™ introduced new low pulse energy with high frequency. The
current IntraLase system has a pulse rate of 60 kHz, which enables shorter flap-cutting
times, less energy to cut the flap, and closer separation of the spots and lines. The fifth
generation of the IntraLase FS system fires at 150 kHz with high-precision computer
control of the parameters, which enables cutting flaps in less than 10 seconds with a
variety of geometric shapes, depths, diameters, wound configurations, energy, spot
sizes, and spot separation, allowing for precise corneal cutting.

FSL has also been used for cataract surgery since 2008; the LensX™ system,
approved for this procedure by FDA in 2009, opened another sector of ophthalmic
FS-laser application. The early version operated at 33 kHz pulse frequency and 6-15 pJ
energies. LensX was then integrated with Alcon, and similar products were launched
by multiple manufacturers. In 2014, the first low pulse energy FSL system was intro-
duced for cataract and cornea surgery, the Ziemer FEMTO LDV Z8™ [4].

Simultaneous with the development of FSL, optical coherence tomography (OCT)
was also described (1988), which provided non-invasive 3D in vivo imaging with fine
resolution (microscopic resolution of 5-20 pm) in both lateral and axial dimensions at
a micrometer level. Several variations have been developed for OCT since its intro-
duction and are currently used with FSL systems in most modern cataract procedures
after docking the laser interface to the eye.

Fourier Domain Optical Coherence Tomography (FD-OCT) employed a fixed
reference arm length but a spectrometer with a linear detector array instead of a single
detector. In this scenario, optical path length variations between interferometer arms
cause periodic interference modulation. By Fourier transformation, the measured
spectrum can yield an A-scan. “Sweep-source” (SS) OCT is an improved frequency-
domain OCT variant. A tunable light source with a “sawtooth” frequency profile over
time is used with a fast single-pixel detector instead of a spectrometer. After docking
the laser interface to the eye, most current cataract fs-lasers do three-dimensional
OCT scans.

Also, a 3D confocal structured illumination is used with the Scheimpflug camera,
which was first described by Theodor Scheimpflug in 1904, and is currently used in
LENSAR™ system. Therefore, the integration of FSL processing with optical devices
enabled new applications in ophthalmology [5]. Considering the day-to-day advance-
ments of FSL, in this chapter, we describe the latest micromachining advancements in
optical systems and devices.

3. Characteristics of femtosecond laser

Before we describe the processing methods, we need to know about the charac-
teristics of FSL. Compared with the conventional laser microfabrication techniques,
which use continuous-wave lasers or long-pulse lasers, the processing of ultrafast
lasers, including nano- and femtosecond lasers, has several advantages. The short
laser pulse (< electron-phonon coupling time of the laser-matter interactions)
makes the laser energy absorbed by electrons and rapidly transferred, which reduces
the thermal effect of ultrafast laser. This characteristic of ultrafast lasers is one
of the fundamental advantages, which results in higher precision that enables the
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Figure 2.
Laser processing of a transparent material by single and multiphoton absorption and their electron excitation
process.

fabrication of fine structures. This characteristic is especially important when the
peak intensity of the laser has to be controlled near the ablation threshold with a low
repetition rate.

The second important advantage of ultrafast lasers is related to the non-linear
electron excitation mechanism that is unique to these lasers and results in the induc-
tion of strong absorption, even in transparent materials. In the conventional linear
single-photon, absorption (long-pulsed or CW lasers) requires photon energies
greater than the material’s band gap for excitation of an electron from the valence
band to the conduction band by absorbing a single photon. Because of the surface
absorption, the transparent materials cannot be internally modified. In ultrafast
lasers, absorption of the extremely high density of photons (multiphoton) enables
the interaction between the laser pulse and a transparent material only near the focal
point (Figure 2). Therefore, no out-of-focus absorption occurs by focusing FSL beam
on transparent bulk material. In the next subtitle, we describe the mechanism of non-
linear and multiphoton absorption processes of FSL in detail.

The combination of the two above-mentioned characteristics (heat-affected zones
suppression and non-linear multiphoton absorption) shapes the third advantage of
ultrafast laser processing, i.e. a resolution far beyond the diffraction limit. This factor
is related to the Gaussian spatial profile of the laser beam intensity, which makes
the effective absorption coefficient for #-photon absorption proportional to the n"
power of the laser intensity that causes a narrower absorbed energy distribution for
multiphoton absorption. The fabrication resolution can be additionally improved
by adjusting the laser intensity at a threshold above which a reaction occurs on
absorption.

The last important characteristic of FSL to be mentioned here is the spatially selec-
tive manner of tuning or altering the physical and chemical properties of a material.
This characteristic, along with the multiphoton effect, is used in 3D femtosecond
laser direct writing for the integration of multiple functions on a single substrate [6].
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4. Mechanisms of femtosecond processing

Understanding the physical mechanisms and processes of FSL is important, as
they differ between FSL fabrication (including phase change and material removal)
and traditional manufacturing methods, which are essentially determined by laser—
electron interactions. Hence, the regulation of laser-electron interactions or electrons
dynamics is critical to the future development of femtosecond laser manufacturing,
which poses a challenge for measuring and controlling at the electron level during
fabrication processes. Hence, the development of theory and observation systems
must be synchronized with the development of laser fabrication methods and appli-
cations. In ophthalmic surgery, laser energy is channeled as efficiently as possible.
The flap thickness is determined by placing a sterile plastic foil between the laser and
the cornea. The computer keeps all corneal cuts suctioned up in a total vacuum time
of <40 seconds. Laser cuts the tissue by two mechanisms; some laser pulses vaporize
small amounts of tissue by photodisruption process. Vaporized tissue causes multiple
intrastromal cavitation bubbles of microplasma, composed of water and carbon
dioxide. The bubbles disrupt the tissue at a larger radius than the plasma created at
the laser focus, which dissociates the tissue and creates a lamellar corneal dissection
plane. Other lasers create a dissection plane using the desired pattern (e.g., a raster or
spiral pattern), controlled by the surgeon using laser software. The nature of the cut-
ting processes differs based on the laser-tissue interaction parameters, which include
(1) Pulse energy, (2) Pulse repetition rate, (3) Pulse duration, (4) Wavelength, (5)
Focusing power, (6) Focus spot shape, and (7) Spatial pulse spacing.

The laser energy used may be a high or low pulse. Lasers with high pulse energy
and low frequency (with pulse energies in ] and repetition rates in kHz) were used
earlier (Figure 3). Low repetition rate and pulse overlap reduce tissue bridging. In the
high pulse energy laser group, the mechanical forces drive the cutting process by the
expanding bubbles, which disrupt the tissue at a larger radius than the plasma created
at the laser focus. Modern FSLs use low pulse energy by shortening the pulse duration

High pulse energy Low pulse energy

(a) (b)

Figure 3.
High pulse low-frequency energy.
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or reducing the focal spot size to reduce the side effects at a given wavelength. In the
low pulse energy group, high pulse frequencies are applied (MHz range), which helps
achieve a cutting speed as effective as in the high energy laser group. Tissue evapo-
ration inside the plasma effectively separates tissue without a need for secondary
mechanical tearing effects [5].

Several parameters play a role in the interaction between the laser and the mate-
rial, including chemical, thermal, and mechanical effects via free-electron genera-
tion. Ablation of material is caused by thermal damage resulting from impurities and
defects in the samples. FSL intensities >1014 W/cm” are anticipated to have the same
ablation mechanisms for metals and dielectric materials. Gamaly et al. also verified
the ablation threshold value and ablation velocity formula of the metal and dielectric
material. This interaction also differs between metallic and non-metallic materials,
as metallic materials have a large number of free electrons while non-metallic materi-
als do not. The absorbed FSL by free photons of metallic materials results in heated
photons and their collision with other electrons that transfer energy to each other
and increase the interaction with the lattice. The heated lattice results in the phase
transition of the material, at picosecond (107 s) to tens of nanoseconds (1078 s),
resulting in micro- to millisecond-scale plasma. Conversely, in non-metallic materi-
als, electrons are bound in the valance band. The processing of FSL in non-metallic
materials includes ionization and phase change. Ionization involves photoioniza-
tion (which includes tunnel ionization and multiphoton ionization) and impacts
ionization mechanisms. Photoionization is the main mechanism of seed-electron
generation. The super-strong electromagnetic field generated by FSL reduces the
Coulomb potential barrier of valence-band electrons by the tunneling effect, which
results in the transfer of electrons into the conduction band and become free elec-
trons. Multiphoton ionization refers to the absorption of multiple photon energies
by the valence-band electrons, which obtain higher levels of kinetic energy, collide
with other valence electrons, and transfer into the conduction band, causing a chain
reaction similar to avalanche, resulting in free electrons. In other words, avalanche
ionization involves free carrier absorption followed by impact ionization. As the
electron’s energy exceeds the conduction band minimum (more than the band-gap
energy), it can ionize another electron from the valence band, which results in two
excited electrons that can be heated by the laser field through free carrier absorption.
This process repeats as long as the laser field is present and intense enough, leading to
an electronic avalanche.

The phase change follows the first part of ionization and electron heating. In this
part, the accumulation of a large number of free electrons inside the non-metallic
material and the lattice-electron interaction results in the exhibition of transient
metallic characteristics. In the temporal scale of picosecond (107”5 to tens of nano-
seconds (107% s) and the spatial scale of tens-of-nanometers-to-tens-of-micrometers,
the phase change includes thermal phase transitions (melting and gasification; when
the lattice temperature rises above the melting point of the material) and non-thermal
phase transitions (Coulomb explosions and electrostatic ablation; based on plasma
expansion). The pump-probe technique can be used to observe the ablation processes
on this temporal and spatial scale. The thermal damage depends on the pulse width
and intrinsic parameters of the material (like melting point, thermal expansion coef-
ficient, thermal conductivity coefficient, and tensile strength). As a general rule, only
the fraction of energy within a laser pulse, absorbed inside the tissue, is responsible
for interactions with tissue. The emitted laser energy is redistributed from a surgical
laser device at the end of the tissue dissection process (Figure 4), and only non-linear
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Figure 4.
Redistribution of energy in a pulsed laser process for tissue dissection.

absorbed energy, which constitutes only 10-15% of FS pulses, contributes to the tissue
dissection process. Similarly, in transparent dielectric materials, the laser creates free
carriers inside materials by non-linear absorption processes. For transparent materials,
similar models have been described (as for non-metallic materials), including multi-
photon, tunnel ionization, and avalanche.

It has to be noted that the material-laser interaction is complex, and different
theoretical models have been suggested for its description, including time-dependent
density function theory, molecular dynamics model, plasma model, and improved
two-temperature model. But, each of these has its own limitations in special and
temporal scales. For example, molecular dynamics combines the thermal and non-
thermal phase transition mechanisms to explain material ablation due to lattice phase
transition. However, some aspects have been described simply in this model, such as
the alteration of the interaction force between atoms during the ablation process and
approximate simplifications in the first-principles model, such as a time-dependent
exchange-correlation, which influence the accuracy of theoretical predictions. The
plasma model is used to describe photon absorption, plasma generation, and recom-
bination of electronic systems before lattice phase transitions and offers a good expla-
nation for the non-metallic ionization process. However, the phase transition process
is not discussed in this model. Two-temperature model, described by Anisimov and
colleagues for the interaction between ultrafast laser pulses and solids, is widely
used for the prediction of the electron and phonon temperature distributions in laser
processing. However, in this model, the electron density is set to a constant value;
therefore, it is only applicable in metallic materials [3].

The models were extended by other researchers for more accurate calculations,
such as the multiscale theoretical model and observation system, applicable for
problems associated with each temporal scale to cover the overall scope of laser fab-
rication. The imaging system, such as sequentially time all-optical mapping photog-
raphy, can be integrated with FSL fabrication system to realize real-time continuous
observation and feedback of the fabrication process. Other theoretical models, based
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on simplified rate equations or a kinetic approach to Boltzmann’s equations, have also
been described. Models considered for the multiphoton non-linear optical process
include two-photon absorption (which occurs when two photons are absorbed simul-
taneously by material) and two-photon polymerization (TPP; which occurs when two
photons are absorbed on photosensitive material). This process changes the material
and leads to polymerization by activating the photoinitiator-activated free radicals in
the resist. Fabrication resolution of true 3D micro/nanostructures by TPP varies based
on the laser energy, exposure duration, and concentration of the free radical [7].
Micro/nanostructures induced in transparent materials have been classified by
Qiu et al. into four types based on optical coloration, refractive index modification,
micro-hole creation, and micro-crack creation. FS pump-probe interferometry
technique, with 100 fs temporal resolution, allows measuring the modification of
refractive index induced by ultra-short intense laser pulses. When a dielectric mate-
rial is subject to intense FSL, a large number of excited electrons may be generated by
laser pulses, which produce intrinsic defects that make FSL an ideal tool for high-
precision material processing. A complex secondary process of high-temperature
and high-pressure plasma at the tightly focused laser point would induce a phase or
structural modification of the material. The splitting and self-(de)focusing of FSL
pulses inside dielectrics are the topics that researchers have used for the calculation of
the excitation and relaxation channels of FS-induced carriers. Despite various models
and explanations for laser-material interactions, the dynamics of specific phenomena
are realized only partially. To quantify dynamics of laser-excited carriers, direct
visualization of FSL dynamics using ultrafast imaging and spectral interferometry
techniques has been designed and implemented successfully [8].

5. Systems and methods of femtosecond laser fabrication

Two important types of FSL micromachining include direct writing, parallel
method, laser pulse shaping in the temporal and spatial domain, laser frequency
modulation, and laser-pulse-coordinated shaping in temporal/spatial/frequency
domain based on electrons dynamics control. The direct writing processing method,
the commonly used basic processing method, is a serial fabrication process, and the
increased numerical aperture results in achieving augmented resolution. The high
resolution, excellent flexibility, and quality make this method suitable for fabricating
3D microstructures within transparent materials, while in the parallel method, a slit-
oriented parallel is placed in the scanning direction before the objective lens, and the
slit’s orientation should be adjusted along with the scanning direction; therefore, the
aspect ratio of the hollow microchannel and the laser efficiency is low. This method
can only fabricate periodic structures. Another difference between the two methods is
the throughputs; parallel microprocessing can realize high throughputs and is appro-
priate for large-scale FSL micromachining. But direct writing method has the limita-
tion of low throughputs, which has been improved by the use of high-average-power
and high-repetition-rate FSLs in recent years [3, 6, 9].

The choice of method to be used depends on what is required in that particular
application. For each specific application, we have to consider the relation between
working distance and fabrication resolution, as well. The fabrication resolution
depends on their numerical aperture (NA). The focal spot diameter is inversely pro-
portional to the NA (in the lateral direction, 1.22 A/NA). Consequently, we require
an objective lens with NA of ~0.5 for 3D machining. Then, a high-NA objective
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lens (e.g., oil immersion objectives), which usually has a short working distance,
is applicable for surface nanostructuring or TPP (which involves surfaces and thin
samples); while they are not appropriate for the fabrication of 3D microstructures
deep in a substrate [6].

If the spatial and temporal aspects of laser pulses are simultaneously focused, the
laser components will be separated spatially in space before they enter the objective
lens and then overlap at the spatial focal point focus of the objective lens. For process-
ing a symmetric spherical light intensity distribution and improved axial resolution,
the shortest pulse duration should be confined to the spatial focus; this approach
increases the resolution. In contrast, for application in microfluidics, we require an
improved aspect ratio of a hollow microchannel, achieved by combining temporally-
and spatially-shaped laser pulses to enhance the etching depth of the microchannel by
a factor of 13, enabling high-throughput fabrication of ultra-high-aspect-ratio hollow
microchannel [9]. In the following, we explain the FSL processing systems in detail.

6. Direct writing

A typical FSL direct writing system is composed of a laser source, a beam control/
shaping system, a microscope objective, or an aspherical lens (Figure 5). A tightly
focused spot and a high-precision XYZ translation stage are produced by the lens
(which determines the fabrication resolution) and controlled by a computer for 3D
translation of the sample. As FSL pulses possess broad spectra, objective microscope
lenses are frequently used for minimizing both spherical and chromatic aberra-
tions. For controlling the repetition rate, an electro-optic or acoustic-optic device is
employed in the beam control/shaping system, which can also be used for creating
burst mode, a spatial or temporal pulse shaper, a tunable attenuator, and a mechanical
shutter. For real-time monitoring of the fabrication process, a charge-coupled device
camera connected to a computer can be installed above the focusing lens. A tunable
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Figure 5.
Schematic image of femtosecond laser direct writing system.
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attenuator is another component of the direct writing system, which controls the
power and ensures stable operation of laser parameters such as the pulse width, pulse
energy, and pointing direction. Autocorrelator devices have also been developed for
characterizing the spatiotemporal profiles, including temporal duration or structure
of ultrashort pulses [6].

Direct writing has two methods, depending on scanning directions (geometries):
horizontal (where the sample is moved perpendicularly to the laser beam, commonly
used to fabricate surface structures) and vertical (where the sample is moved along
the direction of laser beam irradiation; it can be performed from the upper or lower
surface). The greater longitudinal depth of the focal spot intensity distribution than
its transverse dimension results in an asymmetric cross-section of the laser modifica-
tion zone. An objective lens with a larger NA can reduce this difference, resulting
in tight focusing and adjust the spatial distribution of pulse intensity. When direct
longitudinal writing is processed from top to bottom, the laser beam is affected by the
scattering of ablated materials, which reduces fabrication quality [3].

Horizontal direct writing is appropriate for the fabrication of ultra-slip surface
porous network structures with excellent performance in liquid repellency and cell
proliferation resistance, hierarchical structures, nano grooves, nanoholes, and 3D reso-
nant optical cavities, widely used in applications such as hydrophilic and hydrophobic
treatments, optical communication and sensors and biomedicine. Direct writing is also
applicable for the fabrication of two-dimensional (2D) and 3D microstructures, either
through moving the 3D transform stage (applicable to array machining and applica-
tions not requiring high precision) or through a galvanometer combined with the
transform stage. In the former method, even by using Bessel Beam, which improves
efficiency, rapid and flexible micromachining of complex microstructures cannot be
achieved at a large scale. On the contrary, the latter method, scanning galvanometers
and piezo has highly-developed high power, high repetition frequency, and minia-
turized FSL, which makes it appropriate for high throughput and high-resolution
micromachining both axially and laterally; this method is beneficial for the commer-
cialization of FSL micromachining. TPP technique can be used for the construction of
complex mesoscale 3D microstructures with nanoscale precision, like entire hollow
devices and spiral phase plates. Direct writing also has another great potential, such
as large-scale multifunctional smart materials with 3D gradient densities that can be
widely employed in the processing of four-dimensional (4D) smart sensors and recon-
figurable micromachines, actuators, and soft robots applicable in biomedicines (which
use hydrogels; soft materials with high biocompatibility and deformability).

Besides the advantages of FSL direct writing, it also has some limitations, which
makes it inappropriate for oil-working conditions used for biomaterials (e.g., cells
and tissues). The serial process nature of this method also results in low throughput,
although we can increase the scanning speed by replacing the XYZ motion stage
with a galvo scanner. The recent ultrafast laser systems have high power and high
repetition rate and their pulses are much broader than the pulses generated by the Ti:
sapphire systems [9].

6.1 Parallel systems

Parallel FS microprocessing has three typical systems: multifocus laser writing,
processing based on multiple-beam interference, and using a hologram. The first
system, the most straightforward technique, is based on a microlens array that splits
the single focal spot into multiple foci, uniformly distributed in the focal plane. By the
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combination of a relay lens and an objective lens, a fabrication resolution comparable
with that of the objective lens can be realized. This method can be used for the fabrica-
tion of structures with arbitrary 3D geometries in each unit cell. In earlier models,
multifocus parallel laser fabrication could only be used for microstructures arranged in
periodic arrays. Implementation of multifocus TPP technique, based on individually-
controlled phase modulation, enabled rapid prototyping of symmetric and asym-
metric complex 2D and 3D structures. The second technique, parallel processing using
multiple-beam interference, is potentially faster than the first method and can be used
for the fabrication of periodic 2D/3D structures with a wide variety of interference
patterns by only a single laser shot. In this technique, an optical diffraction element
splits the incident beam into five diverging beamlets, which are collimated by a lens.
The phase and amplitude of each beamlet can be tuned, and the beamlets are refocused
into the sample by a second lens to create the interference patterns [6].

Various methods have been developed for efficient and flexible fabrication of
complex microstructures, including multi-focus parallel processing through optical
modulation and diffraction, structured light, photolithography based on a digital
micromirror device (DMD), and a liquid crystal spatial light modulator (LC-SLM).
The two latter methods, DMD and LC-SLM based FSL processing, can modulate the
graphic fabrication of arbitrary structures dynamically with high speed and flexibil-
ity, which makes them applicable in various structures. Cross-scale high throughput
processing with submicron resolution can also be achieved through a spatiotemporal
synchronization focusing approach.

DMD technique is high-throughput, high-contrast, rapid-response, and easy-to-
use, appropriate for modulating spatially homogenized flat-headed light sheets into
arbitrary 2D patterns, high throughput processing of large-scale microstructural
arrays, and single-pulse fabrication of the complex microstructure arrays. It can
also be used in combination with digital holography technology for printing various
arbitrarily complex 3D structures with high resolution. A larger field of view and
patterned area can also be obtained by an objective lens with moderate magnification
in applications where super-resolution is not required. A maximum of 44% of laser
energy is irradiated on the sample, considering reflection from the DMD surface and
energy loss in the gaps between the micromirrors [9].

The second most widely used technique for direct writing is LC-LSM, which
modulates the light field phase by a variable distribution of liquid crystals and
produces a higher utilization rate of the light energy. This flexible micro-patterning
approach was first introduced by researchers from Tokushima University and gained
interest in recent years. The accuracy, efficiency, and resolution of LC-SLM-based
FSL processing have been improved by achieving the desired patterned beam through
holographic algorithm and fabrication approaches. Special microstructures have also
been built using structured laser micromachining. It generates Matthew beam, appro-
priate for fabrication of complex microcages, by regular intensity distribution and
the diversification of controllable parameters, as well as Bessel beams, appropriate
for fabrication of high aspect ratio microtubes, hollow microhelical structures, and
chiral rotating microstructures using the non-diffracting high-quality beam. Both
approaches, DMD and LC-SLM based FSL processing, have limitations in achiev-
ing high precision and large size simultaneously, for instance, in TPP applications.
This limitation has been improved by the spatiotemporal synchronization focusing
technology proposed by Cheng et al., which can realize the shortest laser pulse width
with the highest laser intensity and improves the efficiency, volume, resolution, and
flexibility of FSL fabrication [9].
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6.2 Micromachining via interference

FSL has enabled the imprinting of large-scale periodic micro/nanostructures
directly on the surface of hard materials or within transparent materials. By adjust-
ing the laser energy, angle of incidence, the number of interference beams, the focal
length of the focusing lens, exposure time, laser wavelength, and other parameters,
we can modify the period, morphology, and dimension of the structures. Stable and
applicable coaxial multi-beam interference can be produced by splitting lenses with a
beam splitter and gratings and used for the fabrication of 3D spiral optical fields and
chiral microstructures. Michelson interferometer-based FSL spatiotemporal interfer-
ence approach was proposed for efficient and flexible surface patterning, which can
produce a custom-designed gray-scale patterning on a bulk material with a single
laser SLM pulse. Direct interference patterning has also been used for nanoparticles
size distribution tailoring and multifunctional metal surface modification. This
technique, FSL interference, enables the fabrication of periodic functional micro/
nanostructures, used in information storage, biomedical engineering, and metama-
terials, owing to the invaluable features of this laser technique, including single-step
processing, high efficiency, and controllable period [9].

The advantages of FSL have made it appropriate for the fabrication of various
optical devices. In the following, we provide a summary of its applications:

* Subtractive fabrication, additive fabrication, and laser-induced modification of
microlens arrays. Microlens arrays are used in light modulation, optical sen-
sors, integration of optical systems, parallel micromachining, optical imaging,
illumination, and complex quasi-3D surface structures owing to their advan-
tages, including small volume, low cost, and distinctive optical performance.
High repetition FSL direct writing enables super-wide-angle imaging, used in
completely enclosed cavity concave and convex micro ball lens arrays, embedded
in transparent bulk polymer, applicable for aligning with other optical devices.

Micro/nano gratings, including shape-shifted fiber gratings, highly refractive
negative-index gratings, and highly birefringent fiber Bragg gratings. FSL-
induced photoreduction of silver ions inside hydrogel can also be used for the
fabrication of shrinkable silver diffraction grating.

Photonic crystals that generate a band gap to prevent the propagation of electromag-
netic waves of specific frequencies can be manufactured by FSL, owing to its high
precision, high efficiency, special 3D dielectric structure, and non-polluting nature,
which enables the fabrication of waveguides, communications, lasers, and exciting
molecular chemical reactions. Integration of photonic crystals with all-optical and
micro-nanotechnology enables nanotechnology, quantum dot, fiber, and dirac cone.
Challenges remain for the fabrication of 3D photonic crystals with bandages.

Optical fibers: FS direct writing has high efficiency, zero pollution, and 3D
precision that makes it appropriate for the processing of small diameter of

optic fibers with a transparent material in bulk volume. Multifunctional micro/
nanomaterials and devices can also be integrated within a single optical fiber
(lab-on-fiber), which has potential for applications in multifunctional sensing
and actuating. Both dielectric ad metallic nanostructures can be fabricated on the
fiber tip. Direct writing has also been used for the fabrication of multi-core fiber
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for multiplexing. Multi-components fiber sensors, 3D waveguides, X-couplers,
Bragg gratings, microholes, mirrors, optofluidic components, and microfluidic
structures can also be processed within a single-mode fiber. Optical fiber using
FSL can be used for on-surface and sub-surface fabrication of optical devices and
microfluidic devices, which can be integrated onto an optical platform for various
materials with diverse physical, chemical, mechanical, and biological properties.

7.Docking

For the fs lasers to be docked with the eyes, head must be in the fixed laser housing,
the articulated arm holding handpiece be on the eye, and there should be a distance
between eye surface and laser optics. Sterile, single-use components, referred to as
“patient interfaces,” are used to actually make contact with the eye. There are two
types of interfaces in use: an applanating interface, which has a curved or flat surface
that touches the cornea directly; and a liquid-filled interface, which has a vacuum ring
that makes contact with the sclera or the outer cornea and a liquid-filled center. The
liquid-filled interface maintains the cornea’s natural shape while enabling laser energy
transmission. Despite the fact that contact surfaces momentarily alter the curvature of
the cornea [10], mechanical contact significantly stabilizes the cornea during surgery.
This is especially crucial in refractive surgery, where micrometer-level tissue move-
ment must be prevented and precise incisions are necessary. Because refractive surgery
has no obvious clinical downsides [11-13], contact interfaces will predominate in
corneal surgery in the future (Figure 6). Liquid-filled interfaces that cause minimum
disruption to the eye may end up being the best option for cataract surgery. Vacuum
docking contact stability during laser emission is crucial. Loss of touch can lead to
wrong-plane cuts. All lasers are designed to automatically monitor vacuum levels and
halt laser emission upon loss of contact. Eye surgeons watch their patients during the
process and might manually interrupt or pause it if difficulties arise. In laser systems
with an articulated arm, surgeons can use their manual abilities to actively stabilize the
laser handpiece. With a vacuum loss, treatment can be restarted after a new docking.

Curved applanation lens and high vacum Fluid-fill suctuon ring Interface Fluid + curved applanation

Antromically designed for
m r

Starila, disposable, single-use

LenSx and Victus : a curved applanation lens and suction system Catalys and LensAR : a fluid filled suction
LensAR : a water bath suction fixation device. Femto LDV : a liquid interface.
Z8 ( manual and more learning curve needs) and Victus ( operator) fixation of suction ring individually.
Trend to curved applanation and liquid interface

Figure 6.
Docking by femtosecond laser.
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8. Applications in ophthalmology

As described above, FSL has several advantages, such as minimum collateral dam-
age, which enables bladeless high-precision incisions within the tissue by different
patterns and depths. Accordingly, FSL has been implemented in several ophthalmo-
logic surgical procedures, which has substantially revolutionized the safety, precision,
and predictability of surgeries (Figure 7). The ongoing advances in FSL technology
since its introduction are making the newer machines with improved postsurgical
outcomes in terms of visual quality, stability of treatments, and complications [14].

Fs-laser cuts can be used to produce “pockets” in the cornea, from which either
material can be extracted or implanted, in a variety of refractive surgeries (Figure 8).
The cornea’s refracting power is altered in both scenarios.

8.1 Refractive surgery
8.1.1 Ablative procedure

FSLs are used in various refractive surgery procedures such as FSL-assisted laser in
LASIK, refractive lenticular extraction (RELEX), and small-incision lenticule extrac-
tion (SMILE) (Figure 9). During LASIK procedure, first, a corneal flap is created by
FSL; for this purpose, the laser spot moves inside the cornea at a programmed thick-
ness, and by a perfect cut, the lamella is created. Then, the FS bundle continues along
the flap circumference, and the flap is lifted; then, excimer- or solid-state UV-laser
energy is used to change the cornea’s refractive power by flattening or steepening the
stromal bed. Later, the flap is repositioned.

Advances in FS laser technology, including the availability of fast-firing rates,
enabled smaller spot sizes and tighter spot separation, which made sweeping and
lifting of the flap easier. A well-fitting manhole is also enabled by the vertical side
cuts of FSL. Compared with the traditional photo-refractive keratectomy, LASIK
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Figure7.

Considerable applications of different techniques of femtosecond laser (Left) and outstanding clinical usages (Right);
SMILE: Small Incision Lenticule Extraction; PK: Penetrating Keratoplasty; LK: Lamellar Keratoplasty; EK:
Endothelial Keratoplasty; Femto LASIK: Femtosecond-assisted (Femto) Laser In-Situ Kevatomileusis (LASIK).
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Figure 8.
Femtosecond laser cut.

[ (1) Green: Lenticule cut

(2)Red:  Lenticule side cut
(3)Blue:  Capeut

(4) Orange: Incision

() e . Cap cut area (intact surface)

Figure 9.
Lenticule cut via femtosecond laser.

(using IntraLase™) showed to have a shorter rehabilitation period, more predict-

able flap thickness, better astigmatic neutrality, less epithelial injury, and faster
stabilization of visual outcome; but is associated with a higher risk of dry eye and
flap-related complications, such as transient light-sensitivity syndrome after surgery
and diffuse lamellar keratitis in the flap interface. Nonetheless, the risk of dry eye and
visual loss (related to intraocular pressure) in FS-LASIK is less than the conventional
microkeratome-assisted LASIK. In lenticule extraction, FSL system is used for cutting
a small lenticule in corneal tissue, and similar to the flap created in LASIK, the flap is
lifted, the lenticule is removed, and then the flap is repositioned. Also, in the SMILE
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procedure (Carl Zeiss Meditec AG), the intrastromal lenticule is sculpted for cor-
rection of myopic or astigmatic refractive error; during this procedure, FSL is used
for the anterior and posterior dissection of both faces of the refractive lenticule in
addition to the small incision in the mid-periphery of the cornea for safe extraction
of the intrastromal lenticule. Other companies introduced their own laser systems
later, such as SmartSight by Schwind and corneal lenticule extraction for advanced
refractive correction by Ziemer Ophthalmic Systems AG. Research is continued to
determine the superiority of FS-LASIK over RELEX and SMILE [4, 5, 14, 15].

When corneal incisions are used to treat astigmatism, Fs-technology allows for
exceptional precision and control over all aspects of the keratotomy procedure.
Fs-specific intrastromal keratotomies, on the other hand, reduce the risk of infection
by avoiding open wounds.

8.1.2 Additive procedure (keratophakia in the stroma)

Since 1949, Barraquer has been studying keratophakia as a technique of sculpting
corneal curvature by adding tissue. As a result of inconsistencies in the quality of the
cuts and reactive wound healing at the borders of the cut, the procedure was often
abandoned. New steps toward keratophakia are being taken as a result of advances
in femtosecond technology. For starters, an intrastromal pocket or stromal bed can
now be prepared with better precision. A second development is the creation of novel
inlay materials. Decellularization and preservation of extracted lenticules following
lenticule extraction procedures are the subject of current research [16]. Anterior OCT
should be examined pre and postoperative together with topography and slit photo
for the changes that have been resulted from process (Figure 10).
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Figure 10.
Fs laser cut pattern example guided by optical coherence tomography (OCT) for additive refractive surgery.

31



Terahertz, Ultrafast Lasers and Their Medical and Industrial Applications

8.2 Keratoplasty (penetrating, femtosecond laser-assisted, anterior and posterior
lamellar keratoplasty)

Penetrating keratoplasty (PKP) has evolved substantially over the years, and
various alternative surgical procedures have been introduced to improve patients’
outcomes. The introduction of FS laser into PKP (full-thickness keratoplasty) has
improved postoperative outcomes in different keratoplasty procedures, owing to
the reduced misalignment, higher precision, and wound stability. Tension-free
incisions and waterproof-adapting incision margins can be achieved with the use
of a perfect trephination device [17]. Trephination systems include hand-held,
motorized, excimer-laser, and fs-laser. Graft alignment is better with motor-
trephine and excimer-based trephination [18]. Treatment of the eye that receives
trephination frequently lacks appropriate centering. Another challenge with
trephination is how the recipient eye and donor button are fixed and stabilized;
any mechanical stress on the tissue produces compression and distortion, reduc-
ing recipient and donor fit. Vacuum and applanation are common fixing methods
(vacuum suction with applanation). fs- and excimer-assisted trephination demon
strated superior alignment in all sutures-out keratoplasty patients in the excimer
group. Patterned trephination increases the strength and structural integrity of
the graft-host junction and reduces the number of requisite sutures, which results
in reduced astigmatism, and possibly the time of visual recovery. FS laser has also
improved the shaped corneal cuts with various patterns and angles of incisions, as
well as different wound configurations, such as “top-hat”, “mushroom”, “zigzag”
and “Christmas tree”, which improve wound healing and result in improved best
spectacle-corrected visual acuity.

When only specific layers of the five corneal layers (such as anterior or posterior
layers of the cornea), lamellar keratoplasty is performed, which has several modi-
fications [19]. In deep anterior lamellar keratoplasty (DALK), the use of FS allows
for precise trephination cuts for separation of corneal layers with desired depths,
diameters, centration, shape, and size [20], which facilitates big bubble formation,
which has several advantages over manual technique in terms of accelerated wound
healing/stability (owing to the different side-cut profiles), precise sutureless cuts of
both donor and recipient cornea (increased alignment), and preservation of healthy
recipient corneal endothelium [21]. Also, conversion into full-thickness kerato-
plasty is feasible with FS-assisted lamellar keratoplasty. New big bubble formation
approaches, such as the IntraBubble technique, creates a channel in the posterior
stromal for the introduction of air injection, which results in cleavage of the cor-
neal tissue. FSL has also been introduced into endothelial lamellar keratoplasty
techniques such as deep lamellar endothelial keratoplasty (DLEK) and Descemet’s
stripping automated endothelial keratoplasty (DSAEK). Posterior trephination cut
prevents the intrastromal cavitation bubbles in the lamellar interface with a shorter
applanation lens assembly used to create LASIK flaps. However, the effectiveness
of FSL in DSAEK requires further studies on the eye banks, as scanning electron
microscopic studies have shown occasional mild stucco-like texture of the lamellar
surface caused by laser scatter and attenuation in deep stroma. Additionally, poorer
visual outcomes are anticipated during the laser procedure, owing to the increased
roughness at the deep intrastromal dissection surface and irregularities of the
endothelial surface [4, 5, 14, 15].
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8.3 Cataract surgery

In cataract surgery, the current FS systems allow imaging and measurement of
the anterior segment of the eye, cutting the tissue at the desired location depth,
pattern, and size, full-thickness corneal incisions for the introduction of instruments
to the eye, partial thickness corneal incisions for treatment of corneal astigmatism,
circular incision to the anterior lens capsule (capsulotomy), and fragmentation of
the cataractous lens nucleus (Figure 11). Advantages of FSL-assisted cataract surgery
include precision and repeatability of incisions, lower ultrasound energy used for lens
nucleus emulsification/liquefication), perfect sizing, and predictability of corneal
incisions and capsulotomy (Figure 12). Despite the numerous studies suggesting the
superiority of different FSLs used for cataract surgery (Table 1) over the conventional
phacoemulsification manual operation and emphasis of review studies on the advan-
tages of FSL method, meta-analysis studies failed to prove its superiority considering
the overall outcome of patients. The introduction of low-energy lasers may have
improved outcomes compared with first-generation FSL [5, 14].

Despite the above-mentioned clear benefits and multiple studies indicating
superiority of femto laser cataract surgery in completing the single surgical stages
[22, 23]. Review papers stress fs-assisted cataract surgery in specific patient
groups, i.e., those with low corneal endothelial cell numbers, but a clear advantage
of the fs approach over manual phacoemulsification is not found in normal cases
[24, 25]. Primary posterior capsulotomy assisted by fs laser, as well lens capsule
labeling, altering the power of the intraocular lens (IOL) postoperatively using
more mobile, and adaptable fs-laser systems will make the future of femtosecond
laser brighter (Figure 13) [26].
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Figure 11.
History and Evolution of Femtosecond Laser Assisted Cataract Surgery (FLACS.
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Femto-laser CATALYS LenSx LENSAR VICTUS
Imaging type 3D spectral 3D spectral domain 3D ray-tracing 3D spectral domain
domain OCT OoCT Confocal OoCT
Video Video microscope Structural Video microscope and
microscope and FS Laser to Ilumination FS Laser to enable
and FS Laser to enable image- image-guided cataract
enable image- guided cataract surgery
guided cataract surgery
surgery
Table 1.
The commercial machines for FLACS.
During surgery:

Figure 13.

Femtosecond Laser-Assisted Catavact Surgery (FLACS).

9. Conclusions

* Attention to surgical-

induced astigmatism
* Considering the
condition of the
zonules and the
possible need for a
capsular tension ring;
Capsulorhexis size
Pay attention to the
center of the lens
Precise irrigation,
aspiration

As a precise and reliable tool in the field of ophthalmic surgery, fs-laser technology
has evolved over the past few decades. Fs-laser-assisted cataract and corneal surgery
have reached a high standard worldwide, despite the fact that some applications are
still in the early stages of development. These procedures have been made safer and
more effective by the use of fslaser technology, which has opened the door to new

surgical approaches.
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Chapter 3

Modeling of Laser-Irradiated
Biological Tissue

Sumit Kumar

Abstract

The laser has been widely used in medical fields. One application of the laser is
laser-based photo-thermal therapy, wherein the short-pulsed laser is generally used to
destroy the cancerous cells. The efficacy of the laser-based photo-thermal therapy can
be improved if we minimize the thermal damage to the surrounding healthy tissue. So,
it is essential to understand the laser-tissue interaction and thermal behavior of
biological tissue during laser-based photo-thermal therapy. The light propagation
through the biological tissue is generally mathematically modeled by the radiative heat
transfer equation (RTE). The RTE has been solved using the discrete ordinate method
(DOM) to determine the intensity inside the laser-irradiated biological tissue. Conse-
quently, the absorbed photon energy act as the source term in the Fourier/non-Fourier
model-based bio-heat transfer equation to determine the temperature distribution
inside the biological tissue subjected to short-pulse laser irradiation. The non-Fourier
model-based bio-heat transfer equation is numerically solved using the finite volume
method (FVM). The numerical results have been compared with the analytical
results obtained using the finite integral transform (FIT) technique. A comparative
study between the Fourier and non-Fourier heat conduction models has also been
carried out.

Keywords: laser-based photo-thermal therapy, bio-heat transfer, transient radiative
transfer equation, non-Fourier heat conduction model, numerical study

1. Introduction

Cancer is a group of diseases in which uncontrolled growth and invade of abnormal
cells into other parts of the body [1]. The World Health Organization says nearly one
in six died from cancer in 2020 [2]. Thus, it is essential to detect the cancerous cells at
their early stage and destroy them to minimize possible damage to the surrounding
healthy tissue. So, various diagnosis techniques such as computerized tomography
(C.T.) scan, magnetic resonance imaging (MRI), ultrasound, X-ray, positron emission
tomography (PET) scan, etc., and treatment such as surgery, chemotherapy, laser-
based photo-thermal therapy, etc., have been developed in the past.

Laser-based photo-thermal therapy has gained unprecedented growth among all
available treatment techniques in the past few decades. In this therapy, the tempera-
ture of the tissue is increased above the pre-defined threshold value using the laser,
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which destroys the cancerous cells [3]. In other words, the photon energy has been
absorbed by the laser-irradiated biological tissue, which subsequently increases its
internal energy; as a result, the temperature of the tissue increases. Amongst the
various types of laser, the short-pulse laser has gained substantial importance because
it can transmit high energy in a very short interval of time (order of femtosecond to
picosecond) [3]. This advantage helps in increasing the temperature to the desired
level in the confined region. Therefore, the short-pulse laser has been usually used to
destroy cancerous cells during laser-based photo-thermal therapy. It is worth noting
that tissue gets thermally damaged when its temperature crosses 43°C [4]. So, the
major challenge in the medical field is to destroy the cancerous cells without damaging
the surrounding healthy tissue. Thus, it is essential to understand the thermal charac-
teristics of the laser-irradiated biological tissue to improve the efficacy of laser-based
photo-thermal therapy.

The modeling of laser-tissue interaction is challenging because it is absorbing as well
as scattering in nature due to its constituents such as water, hemoglobin, melanin RBCs,
cell membrane, etc. [3, 5]. So, Various mathematical models such as Beer-Lambert's
law, diffusion approximation theory, radiative transfer equation (RTE), etc., have been
developed to model the laser-tissue interaction. Among these mathematical models, the
Beer-Lambert’s law (I = I, exp (—«z))is the simple and relatively straightforward math-
ematical model, which is solved by the researchers to determine the intensity (I)
variation inside the laser-irradiated biological tissue [6, 7]. Here, k represents the
absorption coefficient. However, the limitation of this model is that it assumes that the
biological tissue is purely absorbing in nature. Few researchers used the diffusion
approximation theory to determine the intensity distribution by considering that the
biological tissue is highly scattering in nature [8, 9]. So, assuming the biological tissue is
either purely absorbing or highly scattering misleads the results. Therefore, the
researchers [4] have suggested using the RTE (Eq. 1), which is the most appropriate
mathematical model for modeling the laser-tissue interaction [10].
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where, ¢,f,0, and @ represents the speed of light in the medium, extinction
coefficient (sum of scattering and absorption coefficient), scattering coefficient, and
scattering phase function, respectively. The first and second term on the left-hand
side of Eq. (1) represents the temporal and spatial variation of intensity, respectively.
On the other hand, the first, second, and third terms on the right-hand side of Eq. (1)
denote the attenuation of intensity due to the absorption and out-scattering, augmen-
tation of intensity due to the emission and in-scattering, respectively.

Eq. (1) is the integrodifferential equation, and getting the analytical solution is
quite challenging due to the presence of the in-scattering terms (third term of the
right-hand side of Eq. (1)). So, researchers have developed various numerical
methods, such as the discrete transfer method (DTM) [11], finite volume method
(FVM) [12], discrete ordinate method (DOM) [13], etc., to convert this integrodif-
ferential equation into a simpler form to get the numerical solution. The various
researchers performed the comparative studies between these numerical methods and
found that the DOM is computationally most efficient, uses comparatively lesser
memory and the effective wave speed predicted by DOM comes closer to the actual
speed of light [14-16]. So, the DOM has been employed in the present study to solve
the RTE.
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To understand the thermal behavior of the laser-irradiated biological tissue, we
need to solve the bio-heat transfer equation (Eq. 2) wherein the energy generated by
the laser acts as the source terms.

pe o= G ey Ty~ T) 4 Q= Vo7, @

where p, ¢, my, py,, and ¢, denote the density of the tissue, specific heat of the
tissue, blood perfusion, density of blood, and specific heat of blood, respectively.

The term on the left-hand side of Eq. (2) represents the time rate of change of
energy inside the biological tissue. On the other hand, the first, second, third, and
fourth terms on the right-hand side of Eq. (2) represent the diffusion term due to the
net heat transfer across the boundaries, blood perfusion term due to the energy
exchange between the tissue and surrounding capillary blood vessels, metabolic heat
generation term, and the divergence of the radiative heat flux which represents net
radiative heat loss from the medium.

When Fourier’s law of heat conduction (Eq. 3) is substituted into Eq. (2), the
resulting equation is known as the Fourier model-based bio-heat transfer equation,
also known as Pennes bio-heat transfer equation.

q =—kVT (3)

The limitation of the Pennes bio-heat transfer equation is that it assumes that
arterial blood temperature is almost uniform throughout the tissue domain while the
venous blood temperature equals that of the local tissue temperature [17]. However,
the assumption of thermal equilibrium between the blood vessel and the surrounding
tissue is not valid when the diameter of the blood vessel is more than 500 um (i.e.,
large blood vessel). In that case, the energy equation has been separately solved for the
tissue and blood vessel domain to get the accurate temperature distribution. The
interested reader can find the numerical solution of the energy equation to determine
the temperature distribution inside the laser-irradiated biological tissue embedded
with the large blood vessel elsewhere [18].

Few researchers experimentally demonstrated that Fourier's law of heat conduc-
tion under predicts the temperature value that does not accurately match the experi-
mental data because of the inherent assumption of the infinite speed of thermal wave
propagation through the biological tissue [4, 19, 20]. Furthermore, the Fourier model
gives inaccurate results in an area where used the short-pulse laser, the temperature is
in the range of cryogenic, studying the thermal response of non-homogeneous struc-
tures, e.g., biological tissue [21]. To overcome the limitations of Fourier heat conduc-
tion models, researchers have modified Eq. (3) by considering the relaxation time
associated with the heat flux (z,) and temperature gradient (z7), and it is known as
the dual-phase lag (DPL) model (Eq. 4).

—

. oq A(VT)
A = RIVT 4o’ 4
q + Ty o { “+ 77 g ( )
When 77 is equal to zero, the DPL model becomes the Cattaneo-Vernotte (C-V)
equation. However, the limitation of this model is that it doesn’t consider the effects

of microstructural interactions in a non-homogeneous medium, e.g., biological sam-
ples [21]. The DPL model becomes the conventional Fourier’s law of heat conduction
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when both relaxation times are equal to zero. So, the DPL model is the generalized
form of the non-Fourier heat conduction model. Thus, the numerical and analytical
solutions of the DPL model-based bio-heat transfer equation have been obtained using
the FVM and finite integral technique (FIT), respectively, which are discussed in
Sections 3 and 4 respectively.

As mentioned earlier, the last term on the right-hand side of Eq. (2) represents
the divergence of radiative heat flux (Eq. (5)), which is obtained by solving the Eq. (1).

Vegq, = x(4nl, — G) = k(46T* — G) ©)

where, [, and G = Z%zlwmlm represent the black body intensity and the incident
intensity. Here w”denotes the angular weight in the particular direction m, and M is
the total number of divisions of the 47 solid angle.

It is to be noted here that the time scale used for solving the RTE is the order of
picosecond because the light propagates through the biological tissue generally has the
same order of time scale. However, at such time scales, the contribution of the
diffusion term, blood perfusion term, and metabolic heat generation term (the first
three terms on the right-hand side of Eq. (2)) to the increment of the temperature of
the tissue are insignificant as compared to the divergence of the radiative heat flux.
However, the time scale of the order of the millisecond is generally used for solving
the bio-heat transfer equation to capture the effect of these terms. Therefore, it is a
multi-time scale problem because the two different time scales have been used to
solve the RTE and bio-heat transfer equation. The solution procedure for solving this
multi-time scale problem has been discussed in Section 2.

2. Problem formulation

A two-dimensional squared-shaped biological tissue having the dimensions of
2 mm X 2 mm was considered in the present study, which is shown in Figure 1. The
short-pulse laser is vertically incident at the top surface of the domain. Short laser
pulses have been modeled as Gaussian profile in the space domain and Top-Hat
profile in the time domain with a pulse width of #,. When light propagates through
the biological tissue, the intensity has two components: collimated and diffuse.
The collimated component of the intensity has been mathematically expressed by
Eq. (6) [21].

Ie(, 92 Q1) = onax X exp { ~(x = L/27 /" } x exp {=p(W ~)/In|} (6)

x [H{pet — B(W —)/In.|} — H{(Pet — B(W —)/n]) — pet, }]
x&(p — ue)d(n —n,)

where, Ipax, L, W, u, and 5 represent the maximum intensity incident on the top
surface of the tissue phantom, the length of tissue, the width of the tissue, and
direction cosines in x- and y-directions, respectively. Here, § denotes the Dirac-delta
function, which considers the angle of incidence, and H is the Heaviside function
which ensures that the laser energy is available at any location only for the pulse
width of the laser. The first and second exponential terms in Eq. (6) represent the
Gaussian profile in the space domain and the attenuation of collimated intensity due
to absorption and out-scattering, respectively.
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I.aser irradiation

(0,2)

(0,0) x (2,0)

Figure 1.
Schematic diagram of the physical domain under consideration (dimensions in mm).

The diffuse component of the intensity is obtained by solving the RTE. So, Eq. (1)
is simplified for the two-dimensional rectangular domain and also neglects the emis-
sion from the tissue phantom because the intensity of the short-pulse laser used for
irradiating the sample is much higher than the blackbody radiation intensity:

10l ol ol GsJ / /
— —=—pli+—| 13(2, Q)dQ
ca Pty Pla+ 4 4”6( ) @)

The boundary conditions for a diffusely emitting and reflecting wall at a given
point r,, on that surface can be expressed as [21]:

Prw)

L, £) = € (1) (s £) + J I(ra, &, Ol ed 2,550 (8)
nes <0

Here 7 is the inward normal vector to the surface. The first and second terms on
the right-hand side of Eq. (8) represent the emission and reflection from the wall,
respectively. The expression for boundary conditions given by Eq. (8), in general,
holds valid for all the four walls of the rectangular enclosure.

Once the intensity distribution inside the laser-irradiated biological tissue is
obtained, then the divergence of the radiative heat flux (Eq. 5) is calculated. As earlier
mentioned, finding the temperature distribution inside the biological tissue subjected
to the short-pulse laser is a multi-time scale problem. So, we need to divide the Eq. (2)
into Egs. (9) and (10). Eq. (9) is solved for determining local temperature rise due to a
single pulse for which the time scale is the order of picoseconds.

oT R

oo, ==V, 9

To determine the temperature distribution inside the biological tissue subjected to a
train of pulses, the temperature rise due to the single pulse is added to the temperature
distribution at the previous time instant if the time difference between the two consec-
utive pulses is equal to the time step employed else it is not added. The temperature
distribution at the previous time instant is used as the initial condition to determine the
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temperature distribution at the current time instant by solving the Eq. (10) [21]. It is to
be noted that the time scale used for solving Eq. (10) is the order of milliseconds.

oT -
pev— = =Veq +oppyey(Ty = T) +Q,p (10)

The DPL model-based bio-heat transfer equation has been solved in the present
study, which is obtained by eliminating temperature from Eq. (10) using the Eq. (4),
and the governing equation is written in terms of heat flux which is expressed as:

4 g

a o é%:v(v.g)ﬂTM (an

ot

It is to be noted here that the blood perfusion and metabolic heat generation terms
have been neglected while deriving Eq. (11) because their contribution is negligible to
temperature rise [21].

The required boundary conditions for solving the Eq. (10) are as follows: the all
three walls except the top wall (shown in Figure 1) are maintained at the core body
temperature (37°C), while the top wall is subjected to the convective boundary condi-
tions (heat transfer coefficient of 15 W/m?K and ambient temperature of 25°C) [21].
The initial condition (¢ = 0) for temperature is equal to 37°C, and the two initial
conditions are required for Eq. (11) because it has a second-order derivative concerning
the time, so heat flux and time derivative of heat flux are assumed to be zero.

Egs. (10) and (11) have been numerically solved using the FVM, and its solution is
given in Section 3.

The following laser parameters have been used in this study: beam diameter
(d)= 0.025 mm, amplitude of pulse (I,x)= 1.6x1073 J/mmzlps, pulse width
(t,)= 4.6667 ps, repetition rate (fr)= 1 kHz and wavelength= 1100 nm [21]. The
absorption coefficient (k) and scattering coefficient (o;) of tissue are 0.051 mm™ " and
6.14 mm ", respectively [4, 21]. The thermo-physical properties of the tissue are as
follows: density (p)= 1000 kg/m3, thermal conductivity (k)= 0.63 W/meK and specific
heat (c,)= 4200 J/kgeK [21].

1

3. Numerical modeling

This section discusses the methodology for solving the RTE (Eq. 7) using the DOM.
Then, the numerical solution of the DPL model-based bio-heat transfer is obtained
using the FVM to determine the temperature distribution inside the laser-irradiated
biological tissue.

In DOM, the RTE, an integrodifferential equation, has been transformed into a set
of partial differential equations [10]. So, the RTE for the diffuse component of inten-
sity (Eq. (12)) with the corresponding boundary conditions (Eq. 13) in any given
discrete direction (£2™") can be written as follows

o1 " or" oy Yo e e
- _|_”m,n + nm,n — _/ﬂ:ln,n 4= I:in R gm K3 ,m,nwzft "
c ot ox @1 4ﬂ-m’:ln’2::1 4 (12)
o .
+ _Imwnrgmmnumm
4z ¢
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Left wall (x =0, 0<y<W) : I = 0,u4™" >0 (13)
Right wall (x =L, 0<y<W) : I} = 04™" <0 (14)
Bottom wall (y = 0, 0 <x <L) : I’ = 0,4™" >0 (15)

Topwall (y =W, 0<x<L):I}"" =0,y"" <0 (16)

The boundary conditions Egs. (13)-(16) have been obtained using Eq. (8) under
the assumption that the boundary is non-reflecting and the magnitude of the light
intensity emitted from the surface is negligible compared to the intensity of the short-
pulse laser used.

Using a fully implicit backward differencing scheme in time, Eq. (12), after
simplification, becomes

) o) T
= T, +{At*

where t* = fet,

+ﬂ][;”’"(t*): Ppnes — aee)+570 (17)

Ny N,
m,m Os 2 :2 : 'w' m' ' smn . m' Os e XMyl T
St’ :4_ IZ" g’ ms a)g wq) _|_4_Iznc: e ylestes M (18)
T T

m'=1n'=1

Integrating Eq. (17) over the control volume AV leads to

Wy [T ) = L e | ™ e 1) = 133 )
pAV . (19)

= —|:A€* +ﬂ:|AVIZZ’[ZL(t%) +AVSZII’;W +F ap (t* — Atx>

where, I is the intensity at the cell center P, S/} is the source term at the cell
center P and AV = Ax x Ay. For relating the cell-surface intensities with cell-center
intensity, the step differencing scheme has been used to avoid any possibility of
providing unphysical results [10].

Eq. (19) is simplified using the step differencing scheme, and the resulting
equation becomes as:

[ AT (6 ) + o AT () + AVSTE + (RO — A7)

(20)
pmn Ay + g Ax + [+ plAV

As earlier mentioned, the solution of RTE provides the intensity distribution,
which is used to determine the divergence of the radiative heat flux (Eq. 5). Subse-
quently, find the temperature rise due to a single pulse by solving the Eq. (9). Then,
Eq. (10) has been solved using the FVM to determine the temperature distribution
inside the biological tissue subjected to the train of pulses. The algorithm for solving
this multi-time scale problem has been discussed in Section 2.

Under the Cartesian coordinates system, the governing equation (Eq. 11) in
x- directions can be expressed as [21]

4 4, 19, 0 (%9, %%\ 0fo (o, %,
a o2 aar ox\ax Tay)  Tar\ax\ax o (21)
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Integrating Eq. (21) over a given control volume and over the time step of At i.e.,
from ¢ to t+ At followed by discretization based on the backward difference in time
leads to the following discretized form of the Eq. (22) [21].

angx?LAt a qx%m +a qx?At + b, (22)

where ay = (5?),10 (At + 77), ag = %(At—l—w), Axp = w (1+%) +aw +ag,

B AxAy ﬁ AyTT AyTT t_AyTT ¢ _Ay‘L'T ¢
b"‘( (1 At)*(éx)f(éx» <2 (), W T (ox), Tk

AxAyty y p t+At .y ALy g A
- al\t xP + (At + TT) (qJ’ q}"se q}’nw qysw )

t t t t
- (q}’ne - q}’se - q)’nw + q)’:w)

Here, the symbols ¢+ At, t, and - At represent the current time step, previous time
step, and previous to previous time step, respectively.

Similarly, the discretized form of the equation for the heat flux component in the
y-direction of Eq. (11) can be obtained.

Once the heat flux component in both directions has been obtained, the Eq. (10)
has been discretized using the FVM to determine the temperature distribution at the
current time instant using Eq. (23) [21].

At At
t-+At /3 t+At t+At t+At t+At
TP =Tp+ Ax(qx“’ R A (g, = g,5) (23)

The obtained numerical results have been compared with the analytical solution.
The analytical solution of the DPL model-based bio-heat transfer equation has been
obtained using the FIT technique, which is discussed in Section 4.

4. Analytical modeling

In this section, the analytical solution of the DPL model-based bio-heat transfer
equation is obtained using the FIT technique. Then, the algorithm for coupling this
analytical solution with a solution of RTE is discussed to determine the laser-irradiated
biological tissue.

To determine the temperature distribution inside the laser-irradiated biological
tissue, the DPL model-based bio-heat transfer equation in terms of temperature is
obtained using Eqs. (4) and (10), which can be expressed as [22]:

T oT . o[V e(VT)]

Pevty + (pev + T40ppych) == k|\Ve(VT)+zr o + wpppep(Ty — T)

o, 2,
+ Tqa)bpbch + Qm +7 Tq o

(24)
Under the assumptions of T}, = constant=37 °C, Q,,, = constant and 6 defined as

T — T}, the governing equation (Eq. 24) in the two-dimensional Cartesian coordinate
system can be expressed as [22]:
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%0 00 02 00 i 00
PCvTy ? + (/)CU + qubpbcb> E = k 0+t — o + ? 0+ TTE (25)
—a)bprbe + Qm

Eq. (24) can also be expressed in a cylindrical coordinate system for axisymmetric
biological tissue by Eq. (26) [23].

0%0 00 0’0 100 %0
) + (pev + Tgoppycp) e k 2 e T (26)

9 (aze 100 0%
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o )] - wbphcbg + Qm

The FIT technique [24] converts the partial differential equation into the
ordinary differential equation by removing the space derivative using the integral
transformation pair. Thus, the ordinary differential equation is only the function
of time. This equation with the transformed initial conditions is solved. The
transformed temperature can be inverted back into the temperature using the
inversion formula.

The boundary conditions Eqs. (27)-(30) and initial conditions Egs. (31) and (32)
required for solving Eq. (25) are given below:

0(0,y,) =0 27)

O(L,y,t) =0 (28)

0(x, 0,1) =0 (29)
B, Ly, t) )+H6(x, Ly, t) = Ho., (30)

0(x,y,0) =0 (31)

90(x,, 0)

=0 (32)

Here H = Z

The integral transform pair for a given function 8(x, y, t)concerning the x variable
can be expressed as below
Inversion formula:

N X(Vp’x 5
0(x, y, t —Z N (o)) 0(vp> 95 1) (33)
=
Integral transform:
B L
0(psy:t) = J _OX(VP’ x')0(x', y, t)dx’ (34)
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Similarly, the integral transform pair for the function 6(v,, y, t) concerning the y
variable can be expressed as

Inversion formula:

0(vp, y, 1) = Z Y 1> ) é(vp, Hys £) (35)

Integral transform:

W

Y (1,5 )0(vp, 5 t)dy' (36)

(st t) = |

y'=0

Here, v,,1,, are eigenvalues, X (1, x) , Y(n,,, y) are Eigen function and N (1),
N(#,,) are the norm. The eigenvalues, Eigen function, and norm for the givens set
boundary conditions Eqs. (27)—(30) can be found elsewhere [24].

Multiplying both sides of Eq. (25) by the operator [|_ X (1, x')dx’ and using the
Eq. (34) and Eqgs. (27) and (28), the derivative concerning x variables is removed from
Eq. (25), and the resulting equation is in terms of 5(1/],, ¥, t). Similarly, the derivative
concerning y variables is removed from this transformed governing equation by
multiplying both sides by L‘,ZOY(nm, 9')dy’ and using the Eq. (36) and the transformed
boundary conditions of Egs. (29) and (30), we get [22]

dzé(l/p,;]m, t) + adg(yp! N> t)
dt dt

—|—b§(yp, N> t) = (kHHoo sinn,,L w)

T,
(37)

peyy

krr (24102, )+ pevt+0pp4ch k(22412 +oppyen
whoreq = Fr(HR) (ot nomna) | KGu) o
peuty peuTy
Eq. (37) is the second-order non-homogenous ordinary differential equation, and

its solution using the transformed initial conditions has been obtained, which is given
below [22]:

N [1—(=1)] sinh by (p)y sin vy
s tuss) = ) RO o p)W + Hotnha(p) W N (s
whwir _ (kHO sinn,, W\ [1—= (=111 [ (v + o1 o
+ pz;mzl[@(l/p, N> tn) ( /)Cqub >|: v ” I:( 20, >€xp{ (y 1) At}

2

(52wt i 5

2 & dé(l/ s s> tn) [exp {—(y — w1) At} — exp {—(y + w1) At} sinvpx sinn,y
2> — [ 201 }m&mm’

(38)
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N [1 — (_1)17] sinh b1(p)y sin UpX
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(39)

where w1 = 4/ (%)2 —b,and wr, = /b — (%)2

It is to be noted here that the subscript “#z” denotes the previous time instant while
subscript “n+1” represents the current time instant. Here, At =t,1 —t, and

g(yp, N tn)is the temperature distribution at the previous time instant ¢,. If ¢, = 0,
Egs. (31) and (32) is used as the initial conditions.

When multiplying both sides of Eq. (37) by 7, and then substituting 7, = 77 = 0
into Eq. (37), the DPL model-based bio-heat transfer equation becomes the

Fourier model-based bio-heat transfer equation, and its solution is expressed by
Eq. (40).

- 11— (—1)] sinh b1(p)y Sin UpX
6 y )srtn = H9°° ’
(%5 Y5 tus1) }; vy b1(p) cosh b1(p)W + Hsinhhb1(p)W N (vy)
S LIS
p=1m=1

_ (kHO sinn,, WY [1— (=1
peub Uy
(40)

Following the approach discussed in Section 2, the temperature rise due to a single
pulse (AT) was first obtained by solving Eq. (9). After that, this temperature rise has
been added to the temperature distribution already obtained for the previous time
instant to determine the temperature distribution at the current time instant:

5(1/10, N> t,,) = é(vp, N tn) + AQ(UP, nm) (41)
where

w

L
A (v, n,) = J OJ/ OAT(x’,y’) sinv,x’ sinn,,y'dx’'dy’ (42)
x'=0Jy'=

The trapezoidal rule has been employed for evaluating the double integral
appearing on the right-hand side of Eq. (42).
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Similarly, the analytical solution of the DPL model-based bio-heat transfer equa-
tion in the cylindrical coordinate system Eq. (26) can be obtained using FIT, and the
details can be given in elsewhere [23].

5. Results and discussion

The results obtained using the solutions presented in Sections 3 and 4 have been
discussed in this section. First, the spatial variation of the two components of the total
intensity (collimate and diffused) was calculated at the location of the point of laser
irradiation (Location 1 having coordinates of x = 0.98 mm and y = 2 mm) and the
center of the domain (Location 2 having coordinates of x = 0.98 mm and y = 0.98 mm)
to understand the laser-tissue interaction. After that, the temperature rise due to
single-pulse and train of pulses was calculated at the same two locations. Then, the
comparative study between the Fourier and non-Fourier (C-V and DPL) heat con-
duction model were carried out. Furthermore, numerical results were compared with
the analytical results obtained using the FIT.

When light propagates through the biological tissue, the intensity has two compo-
nents: collimated and diffused. The collimated component of the intensity represents
the variation of the ballistic photons, which don't undergo any multiple scattering
events, and its spatial variation at different time instants is shown in Figure 2a. The
figure shows that the collimated intensity is maximum at y = 2 mm because it is the
point of laser irradiation (Location 1). As expected, the collimated intensity decreases
exponentially following the Beer-Lambert law. The collimated intensity is only avail-
able when time is less than or equal to the pulse width; otherwise, the value of the
collimated intensity is zero.

Variation of the diffuse component of light intensity with respect to the depth (y)
of the tissue phantom at various time instants is shown in Figure 2b. At the initial
time instant (¢ = 4.6667 ps), the magnitude of diffuse light is significantly much
smaller than the collimated intensity. Furthermore, in contrast to the profile seen for
the collimated component wherein the maxima were observed at the top surface of
the tissue phantom (the point of laser irradiation), the maxima of the diffuse

T — T 1] F T T T

0.0015F
——a—— 1=4.6667 ps | 8E-05
—a— {=9.3333 ps | ——8—— t=4.6667 ps
——— t=14ps 1 —a—— 1=9.3333 ps
0.001 - B t=28 ps - 6E—05_- —— t=14ps
— | —<— t=42ps | < | —®— t=28ps
——o—— t=56ps 1 ag.05L —¢— t=42 ps

| 2E-05

(a)

Figure 2.
Spatial variation of collimated (a) and diffuse (b) components of light along a section passing through x = 0.98
mm [3].
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component are observed at points below the top surface inside the body of the tissue
phantom. This trend can be attributed to the scattering properties of the tissue
domain, which affect the propagation of the diffuse component of the light intensity.

Figure 3a shows the temporal variation of the temperature at the same two loca-
tions considered in the biological tissue subjected to single pulse laser irradiation. As
expected, the change in temperature at Location 1 (the point of laser irradiation) is
more significant in comparison to Location 2. It is also to be seen from the figure that
the rate of temperature rise is quite rapid during the first 5 ps, which is almost equal to
the width of the laser pulse employed for irradiation since the laser power is available
for this complete duration. Furthermore, the temperature rise achieves a constant
value after nearly 20 ps. Because of this observation, the local temperature profile at
t = 180 ps was used as the initial temperature field for solving the bio-heat transfer
equation (Eq. 10) for determining the temperature distribution within biological
tissue subjected to a train of laser pulses.

The Pennes bio-heat transfer equation was solved to determine the temperature
distribution inside the biological tissue subjected to the train of pulses (repetition rate:
1 kHz). Figure 3b shows the temporal variation of temperature at the same two
locations. The figure shows that the temperatures at these locations increase during
the first one second, and thereafter a decay in the temperature values can be seen. It is
expected since the total duration of laser irradiation is only one second. The temper-
ature rise is comparatively much higher at Location 1, where the laser pulse strikes the
sample, than in the rest of the region within the biological tissue. The temperature
drop after one second is also steeper at the top wall of the tissue phantom as it is
directly exposed to the ambient conditions.

The efficacy of laser-based photo-thermal therapy for selective destruction of
cancerous cells depends on accurately predicting the temperature distribution inside
the laser-irradiated biological tissue. Because of this, various heat conduction models,
e.g., Fourier, C-V, DPL, etc., have been developed by researchers in the past. The need
for the non-Fourier heat conduction model is realized because the photons travel with
a finite speed through the biological tissues, contrary to the infinite speed of thermal
wave propagation assumed in the Fourier model. So, we compared the temperature
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Figure 3.

(a) Temporal profile of temperature rise in tissue subjected to single pulse laser irradiation at x = 0.98 mm; (b)
Temporal profile of temperature subjected to a train of pulse at x = 0.98 mm [3].
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distribution obtained using the Fourier and non-Fourier heat conduction models to
study the thermal response of laser-irradiated biological tissue phantom. Figure 4
shows the two-dimensional temperature distribution inside the laser-irradiated bio-
logical tissue at different time instants for Fourier and non-Fourier (C-V and DPL)
models. While a nearly uniform diffusion of heat is to be seen in the contour plots
corresponding to the Fourier model, a distinct wave nature in the thermal profiles is
associated with the predictions of non-Fourier (C-V and DPL) heat conduction
models. The oscillations in temperature values penetrate within the body of the tissue
phantom as time progresses. The C-V heat conduction model predicts the maximum
temperature values at any given time instant, followed by the DPL-based model. The
C-V model also results in maximum amplitude of oscillations seen in the thermal
wavefront compared to the DPL model.

The numerical results obtained using the FVM were compared with analytical
results obtained using the FIT. Figure 5 shows the analytical and numerical results for
different heat conduction models (Fourier and non-Fourier). The temporal profiles of
temperature without markers represent the results based on the FIT-based analytical
solution, and those with markers represent the numerical results. The figure shows
that the results obtained using numerical simulations predict relatively lower values of
temperatures at Locations 1 and 2 in comparison with those obtained based on the

1
15 ximm) 110

15 15 () y(mm) 15 i
¥ (mm) 52 {mm) 210 2 2

(a)t=1.0s (b)t=5.0s
(i) Fourier model (7 = 0, 7r = 0)

1 - 1 1
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(i) C-Vmodel (z; =16 s, 7r=0)
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Figure 4.
Two-dimensional temperature distribution at different time instants (i) Fourier (ii) C-V (iii) DPL model [21].
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Figure 5.
Comparison of temporal profiles of temperature predicted using Fourier and non-Fourier heat conduction models
at Location 1 (a) and 2 (b) (Without marker: Analytical vesults; With marker: numerical vesults) [22].

analytical approach. It is also to be seen from the figure that the Fourier heat conduc-
tion model predicts relatively lower temperature values than those calculated using
non-Fourier conduction models, which is to be attributed to the infinite speed of
propagation of thermal waves considered in the conventional Fourier model.

Furthermore, the C-V heat conduction model predicts the highest temperature
values (shown in the inset of Figure 5a and b for better clarity), while the DPL model
predicts the temperatures that lie in between Fourier and C-V heat conduction
models. The observed trend may be explained based on the C-V heat conduction
model only considers the effect of the thermal relaxation time associated with heat
flux (7). In contrast, the dual-phase lag model considers the coupled effects of non-
zero values of relaxation times related to the temperature gradient (z7) and heat flux
(74). In physical terms, the phase lag associated with the temperature gradients, i.e., 77
tends to suppress the amplitude of the thermal wavefront. Because the value of 77 is
zero in the C-V heat conduction model, the resultant temperature profiles are rela-
tively free of such dampening effects. Hence, the absolute values of temperatures
predicted based on this form of non-Fourier heat conduction model are expected to be
higher than predicted using the DPL model, wherein these two relaxation times are
considered non-zero. The profiles shown in Figure 5 support this observation wherein
the magnitude of temperatures as predicted using the DPL model lies between those
obtained using the C-V heat conduction model (maximum values) and the Fourier-
based heat conduction model (minimum values).

Figure 5b shows the temporal variation of temperature at Location 2. The profiles
corresponding to the Fourier heat conduction model show a sudden drop in tempera-
ture values immediately after the laser power is switched off (z > 1.0 s). On the other
hand, because of the phase lag terms associated with temperature gradients and/or
heat flux, the temperature profiles predicted using the non-Fourier heat conduction
models (hyperbolic and DPL) show nearly constant values of temperature for a
relatively long period of time (¢ < 11 s) before the drop in temperature values starts. It
indicates the prolonged (sustained) effects of thermal energy deposited at a given
spatial location within the body of the tissue phantom, according to non-Fourier heat
conduction models.
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6. Conclusion

The present chapter discusses the modeling of the laser-irradiated biological tissue
to understand its thermal behavior, which may help improve the efficacy of the laser-
based photo-thermal therapy to destroy the cancerous cells with minimal damage to
the surrounding healthy tissue. The light propagation through the biological tissue was
mathematically modeled using the RTE. The RTE was solved using the DOM to
determine the intensity distribution inside the biological tissue subjected to short-
pulse laser irradiation. Once the intensity distribution was obtained, the divergence of
radiative heat flux was calculated, which acts as the source term in the Fourier/non-
Fourier model-based bio-heat transfer equation to determine the temperature distri-
bution inside the laser-irradiated biological tissue. However, it is a multi-time scale
problem because of the two different time scales used to solve the RTE and bio-heat
transfer equation. So, the algorithm for solving this multi-time scale was presented.
The non-Fourier model-based bio-heat transfer equation was numerically solved
using the FVM to determine the temperature distribution. The numerical results were
compared with the analytical results obtained using the FIT technique and found that
the numerical solution predicted relatively lower temperature values than the analyt-
ical solution. A comparative study between the Fourier and non-Fourier (C-V and
DPL) models was conducted and found that the temperature predicted using the DPL
model lies between the C-V and Fourier models.
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Chapter 4

Femtosecond Laser Micro-/
Nano-Texturing to Die Substrates
for Fine Imprinting to Products

Tatsuhiko Aizawa, Tadahiko Inohava, Yohei Suzuki
and Tomomi Shivatori

Abstract

A femtosecond laser micro—/nano-texturing was proposed to fabricate the coated
and surface treated dies with the tailored textures for surface decoration and surface
property control of metal, polymer and glass products. The polygonal model for
microtextures with nanotextures by the LIPSS-effect was utilized to fabricate a DLC-
coated SKD11 die with a star-shaped emblem. This die was set up into the cassette
die set for directly imprinting this emblem into aluminum alloy and PET sheets. The
periodic surface structure was synthesized as a surface geometry model to build up
the super-hydrophobic surface on the nitrogen supersaturated AISI316 die. This die
was also set up into a hot stamping system to directly imprint the hydrophobic surface
onto the phosphorous glass products. Through the femtosecond laser micro—/nano-
texturing and CNC-imprinting, the metal, polymer and glass product surfaces were
optically decorated to have color grating and plasmonic brilliance and functionally
controlled to be hydrophobic.

Keywords: femtosecond laser micro—/nano-texturing, surface decoration,
surface property control, DLC coating die, nitrogen supersaturated die, imprinting,
color grating, surface plasmonic brilliance, hydrophobicity

1. Introduction

Surface decoration is an essential method for copy-proof of originally designed
products. The holograph and color-grating techniques are utilized in a newly designed
10,000-yen paper billets [1], where a few holographic symbols are imprinted onto
this billet to be free from forgery together with the accurately printed portrait of the
late Mr. E. Shibusawa, a famous founder of enterprises in Japan. The color-grating
method with surface plasmonic design is also utilized to decorate the polymer surface
[2] and to modify the original surface properties [3]. In the conventional approach,
the designed micro—/nano-textures are printed onto a plastic foil, which is further
pasted onto the product surface, as depicted in Figure 1a. This approach is easy to be
done but it has always a risk of foil delamination from the product surface in daily
usage. Figure 1b depicts the two-step procedure where the designed textures are cut
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Figure 1.
Two approaches to form the micro—/nano-textures onto the product surface. a) Indirvect formation of textures by
pasting the textured foils onto the products, and b) direct imprinting of textures onto the products.

into the die surface to transcribe this negative pattern to the product surface [4-6].
The femtosecond laser micro—/nano-texturing has been highlighted as a flexible
tool to form the tailored surface and interface profiles onto any material substrates
[4, 5]. Hard coating layers such as DLC (Diamond-Like Carbon) and diamond, were
micro—/nano-textured by using the femtosecond machining [6, 7]. In particular, as
stated in [8, 9], those hard-coated and surface-treated substrates were suitable as a
special tool for directly imprinting the shaped micro—/nano-textures onto the work
materials.

In this direct imprinting, by using the laser-treated dies, various textures in the
order from mm down to sub-pm were transcribed onto the product surfaces. The
accurately aligned micro-textures for diffraction optical elements were first shaped
onto a die surface by femtosecond laser machining and then imprinted onto the plas-
tic and glass products to fabricate an optical lens with DOE. Figure 2a and b illustrate
the Fresnel-patterned flat lens cross-section and the top view of heat-transferring

Figure 2.

Various products with directly imprinted micro—/nano-textures. a) Fresnel-patterned flat lens, b) heat-
transferring aluminum device with regular micro-cavity alignment, and c) dispensing stainless steel nozzle with
micro—/nano-textures around its outlet.
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aluminum device with regular micro-cavity array, respectively [10, 11]. Due to the
fine micro-cavity alignment with the unit size of 3.5 pm x 3.5 pm, the heat flux in the
boiling curve was increased five times higher than the non-textured aluminum plate.
Figure 2c depicts the laser-treated stainless steel nozzle to dispense sub-nL to pL
droplets for inkjet printing and line-drawing [12]. Due to the micro—/nano-textured
around the nozzle outlet, the diameter of the dispensed droplet was preserved to be
nearly equal to the inner diameter of the nozzle outlet.

In the direct imprinting in Figure 1, various kids of die material are selected to each
application. Consider the flow stress of product materials in practice. Most of metallic
products have a yield stress, the above which they begin to deform elasto-plastically
and to shape themselves under the constraint of die surfaces [13]. The oxide glasses
are fragile below their glass transition temperature; they are able to be elasto-viscously
formed into the tailored optical element shape under the constraint of mold surfaces
at the elevated temperature [14]. The die and mold materials are optimally designed
to have sufficient hardness against the high flow stress of works, to have high erosion
and corrosion toughness in contact to work materials in cold and hot, and to have high
chemical stability for high laser-machinability. There are two die and mold design
approaches for directly imprinting the tailored micro—/nano-textures into the die and
mold substrates by using the femtosecond laser machining [15].

Figure 3a depicts the hard coating die material with significant film thickness.

As discussed in [15], CVD (Chemical Vapor Deposition) coated DLC, diamond and
p-SiC films have sufficient thickness to be working as a die substrate for laser micro-
texturing. On the other hand, the plasma nitriding and carburizing at low tempera-
ture are available to make nitrogen and carbon supersaturation into the Fe-Cr alloys
and stainless steels, as depicted in Figure 3b [9, 16-18]. These supersaturation process
provides the nitrogen- and carbon-alloyed layers without nitride and carbide precipi-
tates; those secondary phases often play as an origin of fatigue cracking and deterio-
rate the original corrosion toughness of chromium-base die substrates. Both coated
and surface-treated layers are expected to be working as a die and mold substrate for
accurate micro—/nano-texturing with well-defined abrasion behavior.

In the present study, a thick DLC coating is utilized as a die to imprint the laser-
textured surface into the metal and polymer sheets by using the CNC (Computer
Numerical Control) cold stamping system. The optical properties of textured
DLC-die are transcribed onto these sheet surfaces together with geometric and
topological coining of die surface profile. This color-grating and plasmonic bril-
liance of imprinted micro—/nano-textures onto sheets decorate their surface. A thick
nitrogen-supersaturated layer is also used as a mold to imprint the laser-textured

Hard Coating

Die ‘ Die ~ Die
Substrate Sulstrate Surface
a) b)

Figure 3.
Two die and mold designs for divectly imprinting the tailored micro—/nano-textures into the die and mold
substrates by using the femtosecond laser machining.
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surface to the phosphorous glass works by using the CNC hot stamping system. The
super-hydrophobic die surface is imprinted to the hydrophobic work surface with
high contact angle. The glass work surface is controlled from hydrophilic to hydro-
phobic state by this CNC-imprinting. Owing to the appropriate die and mold material
selection, these imprinting processes are free from galling or adhesion wear of work
material debris particles. Various applications are discussed to make full use of this
surface decoration and surface property control by the femtosecond laser micro—/
nano-texturing.

2. Micro-/nano-texturing procedure

Various micro—/nano-textures are required for surface decoration and surface
property control to improve the product quality and function. First, a texture
design is proposed for surface profiling to be installed by the femtosecond laser
texturing. Two types of die substrate materials are utilized for this laser texturing;
e.g., thick DLC coated SKD11 die and nitrogen supersaturated AISI316 die. The
former die is selected for surface decoration by laser texturing. The latter die is used
for surface property control. These dies are utilized to transcribe the die textures
into the work materials by the CNC-stamping system. SEM and three-dimensional
surface profilometer are employed for characterization of the surface profiles of
dies and works.

Texture Design for Surface Decoration and Surface Property Control. In the
laser texturing for surface decoration, the symbols, the fonts, the image, the pictures,
the patterns, and the figures are represented by the simple geometric model to reduce
the efforts to prepare an amount of CAM (Computer Aided Machining) data for laser
machining. As shown in Figure 4a, each unit geometry is modeled by a polygonal
segment, which consists of the lines and dots for laser microtexturing. Nanotextures
are induced onto the edges and terraces of micro-textured zones by the LIPSS
(Laser-Induced Periodic Surface Structuring)-effect [19]. Figure 4b depicts a typical
one-dimensional surface profile; some periodic profiles are tailored and synthesized
to this profile in order that a Fractal dimension along the laser-scanned direction is
optimally controlled for well-defined surface property [20]. In this surface property
control, the nanotextures by the LIPSS-effect are formed onto the micro-textured
edges and terraces to preserve the self-similar surface with the same Fractal dimen-
sion as specified by micro-texturing.

Height

Microtexture  Nanotexture

Segment — Distance
~ = ~—
Geometry Topology
a) b)
Figure 4.

Texture design for surface decoration and surface property control. a) Polygonal model for laser path control to
print the micro-textures, and b) synthesizing the periodic structures into a surface profile.
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Figures.
Simultaneous nanotexturing by LIPSS with microtexturing. a) Schematic view on LIPSS, and b) formation of
nanotextures with the LIPSS-period.

As illustrated in Figure 5, these LIPSS-ripples are induced by optical interaction
between the incident laser beam and the scattered beam by the surface roughness.
After [21], this LIPSS-period is affected by the wavelength and fluence in the laser
irradiation. Both higher and lower frequency nanotextures against the original wave-
length are formed onto the irradiated surface. In addition, the orientation of nanotex-
tures is also controllable by using optical polarization or by twisting the laser beam. In
general, this laser nanotexturing is rather insensitive to the work material selection;
to be discussed later, the ablation steps by laser irradiation might be influenced by the
microstructure of materials.

Femtosecond Laser Texturing System. A femtosecond laser system (FEM-1;
LPS-Works, Co., Ltd., Tokyo, Japan) was used to print the tailored spatial textures
directly onto the DLC coating surface. The wavelength (A) of the laser was 515 nm,
with a pulse width of 200 fs and a pulse repetition rate of 400 kHz. The maximum
average power was 40 W, and the maximum pulse energy was 50 pJ. The working
area was 300 mm x 300 mm. In practical operation, a working plate with the size of
280 mm x 150 mm was placed on the work table as depicted in Figure 6. The irradia-
tion power of a single pulse is estimated to be 0.25 GW. This high-power irradiation
in the 200-fs interval drives a well-defined ablation into the targeting materials. The
femtosecond laser machining process was controlled by the CAM (Computer Aided
Manufacturing) data. In this experiment, each microtexture is represented by the
assembly of line segments. Nanotexture is cut into each micro-texture by the LIPSS
effects. In this LIPSS, each nano-groove is formed by the nonlinear optical interaction
between the controlled incidental laser beam and the traveling beam on the surface.
Depending on the laser irradiation parameters and the surface condition, the nano-
groove depth (dy) is uniquely determined; in this case, d;, ~ 400 nm. On the other
hand, the LIPSS-period (A) or the nano-groove width is also determined by the laser
processing conditions. In this case, A ~300 nm.

Die substrate material selection. Different from conventional metal forming, a
die substrate material has an amorphous carbon film or a nano-size grain-structured
surface layer. Otherwise, the grain boundaries are easy to be imprinted together with
the micro—/nano-textures when using the polycrystalline metals, alloys, ceramics, and
thermets with the normal grain sizes as used in the normal die and mold. In the fol-
lowing experiments, both the DLC-coated SKD11 die and the nitrogen supersaturated
AISI316 mold are utilized for femtosecond laser micro—/nano-texturing. In this material
selection, how to control the pulsed laser ablation becomes a key to efficiently subtract
the amorphous carbon and nitrogen supersaturated Fr—Cr (N). As stated in [5], DLC
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Figure 6.
Femtosecond laser micro—/nano-texturing system. a) A schematic view of laser processing in operation, and b) an
overview of the system.

coating is efficiently machined by low-power application without the deposition of
carbon particles onto the DLC die. Laser power and fluency must be optimized for laser
texturing of nitrogen solute bearing tool steels and stainless steel molds.

CNC-Imprinting. Two types of CNC-stamping systems were utilized to tran-
scribe the original micro—/nano-textures on the dies into the work materials. The cold
and warm CNC-stamping system (ZEN90, Hoden-Seimitsu, Co., Ltd.; Kanagawa,
Japan) was used for imprinting the textured die surface into the metallic and polymer
works with relatively low melting temperature as shown in Figure 7. The textured
die was placed into the upper die set. Both the upper and lower cassette die-sets were
respectively fixed to the upper and lower bolsters of this system, respectively. In the
cold and warm imprinting process, the upper bolster was incrementally lowered
to imprint the mother textures on the die onto the work surface after the starting
position in contact with die surface of the work. The stroke velocity was constant by
0.05 mm/s; various loading schedules can be programmed in this CNC-imprinting
system. This cold upsetting process was performed until the total stroke of 150 pm by
the applied load of 3 kN [7].

In the hot imprinting system, the IH (Induction Heating)-unit was used for
prompt and accurate thermal transient control in Figure 8. Both the upper and lower

Lower Die Set

Figure?7.
Cold CNC-stamping system for imprinting the mother textured die onto the metallic and polymer sheets at room
temperature. a) A schematic view of cold imprinting process, and b) an overview of cold imprinting system.
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Figure 8.
Hot CNC-stamping system for imprinting the mother textured mold onto the glasses above the glass transition
temperature. a) A schematic view of hot imprinting process, and b) an overview of hot imprinting system.

molds were located on the inside of IH-coil for uniform heating. As stated in [22],
the heating and cooling steps were PID (Proportional-Integral-Differentiation)-
controlled to narrow the temperature deviation of molds within +1 K in the inline
temperature measurement by the embedded thermocouples into the upper mold.
Both the loading sequence and temperature history were controlled by the personal
computer. How to control the temperature history, is discussed later.
Characterization. SEM (Scanning Electron Microscopy; JOEL, Tokyo, Japan) was
utilized for surface analysis on the textured die and work surfaces. Three-dimensional
profilometer (NT91001, Bruker AEX Co., Ltd.; Tokyo, Japan) and laser microscopy
(Olympus Co., Ltd., Tokyo, Japan) were also used to describe the depth profiles of
micro-textures.

3. Femtosecond laser texturing

The femtosecond laser machining system was utilized to make a surface decora-
tion of DLC coating die and to control the surface properties of nitrogen supersatu-
rated die by the laser micro—/nano-texturing.

Die preparation for surface decoration and surface property control.

Thick DLC coating was deposited onto the SKD11 substrate with the size of

100 mm x 100 mm x 5 t mm by using the MF (Medium Frequency) - PECVD
(Plasma Enhanced Chemical Vapor Deposition) system (KOBELCO, Japan). This
DLC-deposited substrate was further cut and finished to a die shape with a head size
of 10 mm x 20 mm. Figure 9a depicts the DLC-coated SKD11 die. After [23], this
amorphous carbon layer has a homogeneous nanostructure with the constant hard-
ness of 22 GPa even by varying the layer thickness and the PECVD processing condi-
tions. The average surface roughness was much less than 0.1 pm. This DLC coating
was utilized for laser surface decoration and direct imprinting in cold and warm.

The largest drawback of this DLC coating is low thermal resistance at elevated tem-
perature. As pointed out in [24], the amorphous carbon becomes chemically unstable
when the holding temperature is higher than 623 K or 350°C. Hence, another substrate
material must be selected for hot imprinting of textures into the glass work materials.

The nitrogen supersaturated AISI420 substrate was utilized as a mold for hot
imprinting process. As-machined AISI420, mold with a diameter of 12 mm was
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b)

Figure 9.

Two types of dies are to be laser-textured for surface decoration and surface property control. a) DLC coated
SKDz11 die with the amorphous carbon layer thickness of 20 um, and b) nitrogen supersaturated AISI420 die with
the nitrided layer thickness of 50 pm.

prepared and nitrided at 673 K for 14.4 ks (or 4 h) to increase the surface hardness
from the matrix hardness of 260 HV to 1100 HV and to be supersaturated in the
50 pm nitrided layer by higher nitrogen content of 7 mass%. Figure 9b depicts
the nitrogen supersaturated AISI420 mold. No surface roughing was observed on the
top surface of mold; no disturbance in dimension was also detected after nitriding.
Without additional grinding and polishing, as nitrided AISI420 mold was employed
for laser texturing.

Femtosecond laser micro-/nano-texturing. These dies and molds were used
for femtosecond laser micro—/nano-texturing. A star-shaped emblem was textured
onto the DLC die to describe the femtosecond laser processing. Figure 10 depicts this
textured emblem, which is represented by eight polygonal segments including the
nano-grooves with their tailored orientation. Each segment in this emblem is distin-
guished by its own color-grating on the micro-textured surface with a pitch of 10 mm.
The nanotextured zone was colored by its surface-plasmonic brilliance. In this laser
texturing operation, the whole DLC-die surface was once ground down to the depth of
7 pm except for a square area with the size of 6 mm x 6 mm. Each constituent segment
was laser-cut and shaped onto this square region to build up an emblem on the DLC die.

The nitrogen supersaturated AISI420 mold was laser-textured to have tailored
micro—/nano-grooves with the pitch of 20 pm and the height of 4 ym. Figure 11
depicts the laser-textured mold surface profile. The average pitch and height of

Figure 10.
DLC coating die with a star-shaped emblem, which was laser micro—/nano-textured.
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Figure 11.

Surface profiles of the nitrogen supersaturated AISI420 die after laser-texturing along the x-axis with the tailored
pitch of 20 uym and the height of 4 um. a) Bird-view of laser-textured surface, and b) its cross-sectional view.

those micro-grooves were measured to be 19.8 mm and 3.8 mm, respectively. This
dimensional accuracy in laser texturing reflects on the surface property. AISI420
mold before texturing was hydrophilic with the contact angle (0) of 70° while the
micro-grooved AISI420 mold became hydrophobic with 6 = 140°. After [20, 22, 25, 26],
the hydrophobic surface with high contact angle is thought to have high repellency
with low falling angle (¢). The pure droplet falls along this laser micro-grooved mold
surface by ¢ = 25°. This reveals that the textured mold surface in Figure 11 has suf-
ficiently low surface energy with low wettability.

Characterization. Let us investigate the microstructures of these laser-textured
DLC-die and nitrogen supersaturated die surfaces. Figure 12 depicts the SEM of
micro—/nano-textures formed onto the DLC-die with varying magnifications from
Figure 12a-d. A-zone in Figure 12a turns to be Figure 12b, B-zone in Figure 12b
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Figure 12.
SEM image on the micro—/nano-textuves formed on the DLC coating die with varying the magnitude from left to right.
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Figure 13.
SEM image on the micro—/nano-textures formed on the nitrogen supersaturated AISI420 mold surface. a) SEM
image in low magnification, and b) SEM image in high magnification.

turns to be Figure 12¢, and C-zone in Figure 12¢ turns to be Figure 12d. Figure 12a
and b show that each segment consists of a regular alignment of micro-grooves with a
pitch of 1-mm. Each micro-groove is formed by two micro-edges and concave terrace.
As depicted in Figure 12c and d, these micro-edges and terraces are nano-textured to
have an alignment of ripples with the LIPSS-period of 300 nm. This fine multi-dimen-
sional surface structure characterizes the micro—/nano-textured DLC-die surface.

Figure 13 depicts the SEM image of the textures formed on the nitrided AISI420
mold surface with different magnifications. Micro-edges were regularly formed with
a pitch of 20 pm. The nano-grooves were also formed in the longitudinal direction on
the terrace between two adjacent micro-edges. This regular alignment of micro- and
nano-grooves is expected to be responsible for high contact angle and high repellency
in the above.

Comparing the microstructures in Figures 12 and 13, the amorphous carbon layer
is physically laser-textured by controlling the ablation process within the beam spot
to form the tailored surface structure even local. When laser-texturing the nitrogen
supersaturated AISI420 die, a pm- to sub-pm sized island is formed on the terrace
surfaces of microgrooves and the nanotextures are induced across these islands. This
difference in induced microstructure by leaser-texturing comes from the ablation
process of local heterogeneous microstructure and the chemical reaction after
laser-irradiation, to be discussed later.

4. CNC-imprinting of textures to metals, polymers, and glasses

Both the DLC-coating die and the nitrogen supersaturated mold were utilized
for CNC-imprinting the mother micro—/nano-textures on the dies into various work
materials. The DLC-die was utilized in the cold and warm CNC-imprinting processes.
The nitrogen supersaturated AISI420 mold was used in the hot CNC-imprinting
process.

CNC-imprinting of textures to aluminum alloy. The CNC stamping system
in Figure 7 was utilized to imprint the star-shaped texture on the DLC-coating die
onto the AA1060 aluminum alloy plate with the thickness of 1 mm and the as-rolled
surface roughness. Figure 14a shows a star-shaped replica that is imprinted onto the
aluminum plate by coining the micro-textured DLC punch. The original star-shaped
emblem in Figure 10 corresponds to the imprinted replica in Figure 14a in the mirror-
inverse reflection. In parallel with the geometric imprinting from the microtextures
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Figure 14.

Micro—/nano-textured AA1060 aluminum alloy plate by CNC-imprinting in cold. a) CNC-imprinting of
the star-shaped emblem including the micro—/nano-textures onto the as volled aluminum alloy plate with the
thickness of 1 mm, and b) optical microscopy image of the star-shaped emblem.

on the DLC-die to the plate, the color-grating and surface plasmonic brilliance are also
duplicated on this aluminum plate. This reveals that the intrinsic color grating and sur-
face plasmonic brilliance to micro—/nano-textures on the DLC-die can be reproduced
on any metallic work product surfaces by the means of accurate imprinting.

Surface decoration observed in Figure 14 in a similar manner to Figure 10, reveals
that the mother micro—/nano-textures are accurately imprinted onto the aluminum
alloy plate and that the microstructure reproduced on the product surface is respon-
sible for the similar surface decoration to the textured DLC-die. Let us investigate
the microstructure of replica textures imprinted onto the plate. Figure 15 depicts
the SEM image on the micro—/nano-textures imprinted onto the AA1060 aluminum
alloy plate with varying magnification from a) to d). A-zone in Figure 15a turns to be
Figure 15b, B-zone in Figure 15b turns to be Figure 15c, and C-zone in Figure 15¢c
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Figure 15.
SEM image on the micro—/nano-textures imprinted on the AA1060 aluminum alloy plate with varying the
magnification from a) to d).
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turns to be Figure 15d. In contrast to the mother micro—/nano-textures in Figure 12,
the micro-textures in Figure 15a and b are just in the mirror-image reversal to the
mother textures on the DLC-die in Figure 12a and b. Simply comparing Figure 15¢
and d to Figure 12c and d, the nanotextures are laterally aligned in Figure 15c and d
against the longitudinal alignment of mother nanotextures in Figure 12c and d. This
difference comes from the plastic flow of polycrystalline aluminum alloy with an
average grain size of 20 pm into the DLC-die micro-cavities, to be discussed later.
CNC-imprinting of textures to PET. A PET (Poly-Ethylene Terephthalate) film
was employed as a polymer work material for warm CNC-imprinting of mother
textures on the DLC-die. In a similar manner to imprinting onto the aluminum alloy
sheet, the DLC-die was indented into the PET film with a thickness of 0.2 mm. In this
warm imprinting process, the thermocouple was embedded into the lower die. This die
temperature was varied and optimized to search for the appropriate holding tempera-
ture (Ty) and holding time (T;). In the following experiment, Ty = 290°, and T; = 90 s.
Figure 16 depicts the center part of the star-shaped replica imprinted onto the PET
film. Micro-edges of textures in the DLC-die were indented into PET film to form the
micro-grooves. This proves that originally tailored textures on the DLC-die are accu-
rately reproduced onto the polymer products by this warm imprinting process.
CNC-imprinting of textures to phosphorous glasses. A phosphorous glass type
L-PHL2 has been widely utilized as a work for the fabrication of functional optical
lenses and DOE. It is characterized by a low glass transition temperature of 381°C
and low softening point of 440°C. The flow stress of this glass significantly decreases
between these two temperature points; the hot mold stamping process makes use of
this temperature range to shape the glass preform to an optical element and lens.
In this hot imprinting process, a cylindrical L-PHL2 preform with a diameter of
5 mm was used as a work and mold-stamped at 440°C for 90 s. Figure 17 compares

100 pm

Figure 16.
Optical microscopy image on the micro—/nano-textures imprinted onto the PET film by compression of the
DLC-die.
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Figure 17.
A phosphorous glass type L-PHL2 preform before and after hot imprinting with the use of nitrided and laser-
textured AISI420 mold.

the L-PHL2 preform before and after hot imprinting process. The micro—/nano-tex-
tures were shaped onto the preform surface in Figure 17b. Three-dimensional surface
profilomer was also utilized to measure this surface profile.

Figure 18 shows the measured surface profile of L-PHL2 glass after CNC-
imprinting. With comparison to the mother surface profile of DLC-die in Figure 11,
both profiles are corresponding to each other with fairly good geometric compatibility
in its peak-to-valley. This compatibility is dependent on the filling process of glass
material work into the cavities of nitrided AISI420 mold. To be discussed in later, the
imprinting process control has much influence on this filling process.

The wettability test was performed to investigate the surface property change
before and after micro-texturing onto the L-PHL2 glasses by CNC-imprinting. As
shown in Figure 19a, the swelling on the textured surface proves that the original
hydrophilic glass surface changes to be hydrophobic. As measured in Figure 19b,
the contact angle changed from 60° before imprinting to 114° after imprinting. The
surface property of glasses can be controlled from the original hydrophilicity to the
hydrophobicity by imprinting the tailored micro—/nano-textures.
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Figure 18.
The preform surface profile shaped by hot imprinting the laser-textured mold. a) Bird view of preform surface
profile, and b) preform surface profile scanned in the x-axis.
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Figure 19.
Wettability on the textured L-PHL2 glasses by CNC-imprinting. a) A pure water droplet on the textured L-PHL2
glass surface, and b) hydrophobic surface with a contact angle of 114°.

5. Discussion

The femtosecond laser micro—/nano-texturing process to die substrate materials
is driven by the ablation process, where each constituent matter of dies is vaporized
by high-intensity beam spot during the laser irradiation duration of sub-ps without
thermal effect. As studied in [4, 5, 27, 28], this high-intensity ablation process is
described by the mass density effect on the micro—/nano-texturing. When texturing
the CNT (Carbon Nano- Tube) coating, the removal depth in laser-drilling reached
10s-100 pm by a series of shots. In the case of laser-texturing of the glassy carbon,
this removal rate under the same laser irradiation condition decreased down to
5-10 pm. On the other hand, the sp3-rich DLC and the diamond coatings needed
more irradiation shots for drilling the depth of coatings [29]. This dependency on
the mass density of carbon base coatings reveals that the power and fluence of laser
irradiation must be tuned to each substrate materials.

In addition to this high intensity power deposition effect to ablation process, the
polarization effect on the texturing is taken into account. After [30-32], the surface
structuring in sub-mm range is significantly affected by the twisted laser beam
through the polarization. The straight microgroove textures are formed and aligned
under a selected polarization condition, while the nano-islands are formed and
aligned under another condition. This polarization effect on the nanotexturing is also
affected by the substrate material. As seen in the nano-texturing onto the DLC-die
in Figures 10 and 12, the straight sub-mm sized nanogrooves are formed in regular
alignment onto the DLC-die in almost all the polarization conditions. As already
discussed in [7, 23] and seen in Figure 12, the nanogroove orientation is controllable
by this polarization. On the other hand, the nano-island pattern is formed on the
nitrogen supersaturated AISI420 die surface instead of formation of regularly aligned
nanogrooves, as seen in Figure 13. To be noticed, the polarization condition is varied
to form a mixture of nano-islands and nano-grooves as shown in Figure 20.

The straight nano-grooves are formed in the controlled orientation together with the
nano-islands under the tuned polarization conditions. This nano-island formation by
the polarization control suggests that the metallic nano-particle formation [33] and the
carbon nano-dot deposition [34] are also tunable by locally twisting the laser beam.

In the cold imprinting process, the micro—/nano-textured cavity in the DLC-die
is filled by the metallic work through the elasto-plastic flow. In the conventional
metal forming, the metallic work is compressed by the loading sequence to fill into
mm-—/sub-mm sized cavities of dies. The filling volume fraction is determined when
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Figure 20.
Polarization effect on the formation of nano-islands mixed with nano-grooves under the controlled polarization
when femtosecond laser texturing the nitrogen supersaturated AISI420 surface.

the applied stress is in equilibrium with the resistance flow stress of work materials.
In the present micro-filling process into pm—/sub-pm sized grooves, the grain size
of work has an influence on the polycrystalline plastic behavior. Let us describe the
microscopic plastic flow of aluminum alloy work in filling the micro-textured and
nano-textured grooves.

The filling process into two neighboring segments in the star-shaped emblem is
considered in the following. Two segments on the DLC-die in Figure 21 are imprinted
onto the aluminum alloy plate in Figure 21c. As depicted in Figure 21b, the width of
micro-groove terrace between two adjacent edges is 10 pm, smaller than the average
grain size of 20 pm in the aluminum alloy work. Under the mechanical constraint
by the grain boundaries, the work is thought to be plastically flown into the micro-
terrace cavities of DLC-die by CNC-imprinting. Three-dimensional profilometer was
utilized to describe this micro-filling process.

Figure 22 compares the surface profiles on the DLC-die and the textured
aluminum alloy plate. The aluminum alloy work flew into the micro-cavity with
the die terrace width (Wy;e) of 10.1 pm and the maximum terrace depth (Hg;e) of
0.7 pm as depicted in Figure 22a. Figure 22b measures the aluminum work after
cold imprinting and releasing from the DLC-die. The convex micro-bump with the
work width (W) of 9.2 pm and the work height (Hyori) of 0.3 pm was formed
after indenting the aluminum work into the concave terrace of DLC-die and releas-
ing the work. Since Hyor < Hgie, this die terrace cavity was not fully filled by the
work in this cold imprinting process. Since Wy < Wyie, the imprinted work surface
after releasing from the die, shrunk by 0.9 pm from the elasto-plastically deformed
geometry during loading. As studied in [35], the spring-back of work occurs after
releasing the work from the die by the fraction of elastic strains. The shrinkage of
9% in the above reveals that structural recovery in elasticity takes place with the
material spring-back after releasing the work from the die. The micro-edges in the
DLC-die indent into the work and play as a wedge to fix the work. The work is back-
ward extruded into the die terrace cavity during this indentation of micro-edges
into the work. This local plastic micro-flow of mono-grained aluminum work drives
this micro-filling into the die terrace.
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Figure 21.
Comparison of the micro-textured grooves on the DLC-die and the textured aluminum alloy plate.
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Figure 22.

Comparison of the surface profile between the micro-grooved terrace in the DLC-die and the shaped bumyp in the
aluminum alloy plate by imprinting the DLC-die.
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The side surfaces of extruded work peaks are partially in contact with the root of
micro-edge and terrace surface in the DLC-die in Figure 22. The nanotextures on the
DLC-die are thought to be imprinted into these side surfaces. As depicted in Figure 15¢c
and d, the nano-textures were formed along the microgrooves.

In the hot CNC-imprinting of glass materials, they deform visco-elastically in the
temperature range from the glass transition temperature to the softening one. Hence,
the holding duration in stamping has much influence on the micro-filling of glasses
into the DLC-die cavities.

The hot mold-stamping tests were performed to investigate the effect of holding
duration on the filling process of glass work into concave textures. The inline mea-
sured time history of temperature is controlled as indicated in Figure 23. Owing to
the IH heating, the heating transient to the specified holding temperature of 440°C
had no over- and under-shooting steps; the measured temperature monotonously
increased to Ty. The holding duration was directly controlled in this sequence. The
cooling process was also controlled to be free from the thermal cracking on the
contact surface between the die and the glass work.

The surface profiles of textured glass works were measured to calculate the average
peak height (H) of glass works. Figure 24 depicts the variation of H with increasing
the holding duration (ty). H monotonously converged to the die cavity depth (Hg;)
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Figure 23.
A typically controlled temperature history for hot CNC-imprinting the textures onto the L-PHL2 preforms.
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Figure 24.
Variation of the average peak height of textured L-PHL2 preform surface with increasing the holding duration.
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with ty. This monotonic convergence of H to Hg; reveals that the filling process of
glass materials into the textured cavity in nitrided die is governed by the visco-elastic,
time-dependent deformation of glass works.

When tailoring the fundamental periodic micro-texture in Figure 11, the mono-
tonic filling process is sustained in the present hot imprinting procedure to fabricate
the textured glass preform with the periodic textures in Figure 18. When the tailored
textures are synthesized and formed from some periodic structures in Figure 4b, this
filling process must be affected by the inhomogeneous deformation of glasses into the
textured cavities in the nitrided die.

Let us investigate this topological effect of micro-textures on the nitrided die
to the hot imprinting behavior. As depicted in Figure 25a, two periodic surface
structures were synthesized and machined onto the nitrided die. Compared to the
fundamental surface structure in Figure 11, the peak height and valley depth of laser-
textured surface profile distribute on the die surface.

When hot mold-stamping the glass preform onto this die, a local filling process of
glass material into each cavity in the die, advances in a different manner at each posi-
tion. Figure 25b depicts the surface profile of imprinted glass preform. Four peaks
of this surface profile (P, P,, P, P4) were formed by micro-filling of glass materials
into four cavities (C;, C,, G, C4) on the DLC-die in Figure 25a. If the filling process
advances homogeneously in a similar manner to the imprinting process in Figure 18,
the width and height of four peaks must corresponding to the width and depth of four
cavities. As noticed in Figure 25, the geometric correspondence between micro-peaks
in Figure 25a and micro-cavities in Figure 25b is not well-defined by the difference
in micro-viscous flow of glass materials. Due to this inhomogeneous filling process in
local, the maximum peak height of glass preform was reduced from 95% in Figure 18
down to 81% in Figure 25. This reveals that the loading sequence during ty in Figure 23
must be tailored to incrementally drive the local micro-viscous flow of glasses.

Finally, let us consider the application of femtosecond laser micro—/nano-
texturing process with a direct imprinting process. As surveyed in [15], almost all
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Figure 25.

Comparison of micro-textured surface on the nitrogen supersaturated die by the plasma nitriding with the
textured glass work surface by hot imprinting. a) Synthesized surface periodic structure on the nitrided die, and b)
imprinted surface profile of glass preform.
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the tool surfaces can be DLC-coated with a significant thickness of more than 10 pm.
Using this laser texturing technique, almost all the DLC coated tools are available as
amother die with the tailored micro—/nano-textures. Through the cold, warm, and
hot imprinting processes, every metallic, polymer and ceramic product surfaces are
decorated by the color-grating and surface plasmonic brilliance. In particular, the
imprinting with the use of textured DLC-roll is effective to make large-area imprint-
ing of textures onto metallic and polymer product surfaces. A surface decoration by
the surface textures with a high aspect ratio is expected in cold imprinting instead of
the polymer-based imprinting procedure [36].

The nitrogen supersaturated tool steel and stainless-steel dies are suitable for fine
laser- and mechanical machining for micro—/nano-texturing. As stated in [37-39],
PCD (PolyCrystalline Diamond) — chipped tools were available in fine texturing
without the tearing of machined work-material surfaces and without the significant
wear of PCD. This preciseness in dimension with robustness in texturing comes from
the chemical stability of nitrogen supersaturated layer. Even in the femtosecond laser
texturing, this chemical stability has an influence on the local ablation process by
increasing the nitrogen solute content.

The hot imprinting of die textures is effective to change the original surface of
glass preforms to be hydrophobic or super-hydrophobic during the mold-stamping of
optical lens. In particular, a miniature lens in the endoscope and a micro-lens array in
the detector are often covered by the surfactants such as the blood and body solution
drops and the raindrops. This hydrophobicity works to prevent these lens surfaces
from swelling with surfactants on them. In case of the meniscus lenses, its transpar-
ency is controllable by optimizing the microtexture depth.

6. Conclusion

Two-step laser-texturing base procedure is proposed to make surface decoration
and surface property control on the metal, plastic, and glass products. The femtosec-
ond laser micro—/nano-texturing works as the first step to form the tailored textures
onto the hard-coating die and the surface-treated mold. Using the polygonal geo-
metric models, various emblems, symbols, images, fonts, and pictures are textured
onto the die surface. In particular, the textured DLC-die has sufficient hardness and
chemical stability for long-term usage in cold and warm conditions. The nitrogen
supersaturated tools by the low-temperature plasma nitriding plays as a reliable die to
be micro—/nano-textured by using the femtosecond laser processing. Different from
the homogeneous ablation process of DLC-die, the polarization in laser texturing
must be controlled to form the nanotextures onto the micro-textured surfaces. This
nitrided die has sufficient hardness and chemical stability in fine machining and in
hot imprinting.

The CNC-imprinting is utilized as the second step to transcribe the mother
textures on the die and mold them to the product surfaces. The cold imprinting of
textures onto metallic product works well to reproduce the tailored micro—/nano-
textured on the DLC-die. In this mechanical imprinting, the grain-size effect on the
micro-plastic flow of metallic work has an influence on the accuracy of reproducibil-
ity in nanotexturing. The warm imprinting onto polymer product is also available to
reproduce the micro—/nano-textures.

Hot imprinting procedure is needed to transcribe the laser-textured die surface
into the glass preform. The hydrophobic die surface profile is imprinted onto the glass
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preform; the hydrophilic glass surface changes to be hydrophobic. This hot imprint-
ing procedure is improved to increase the dimensional accuracy in transcription of
micro—/nano-textures and to duplicate the tailored die surface profile with synthe-
sized periodic structure.

The laser-textured DLC-die can be widely utilized to make large-area imprint-
ing even onto the curved product surface and to form the textured product surface
with a high aspect ratio. The nitrided stainless steel die is utilized to form the mother
textured die surface by using the laser-processing and mechanical finishing processes.
Various applications are acceptable to the present approach for micro—/nano-textur-
ing of industrial and medical products.
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Chapter 5

Ablation of Materials Using
Femtosecond Lasers and Electron
Beams

Mehra S. Sidhu and Nitish Dhingra

Abstract

The advancements in producing interactions of concentrated energy fluxes, such
as femtosecond lasers and high-energy electron beams with the absorbing substances,
have facilitated new discoveries and excitement in various scientific and technological
areas. Since their invention, significant improvements in temporal, spatial, energetic,
and spectroscopic characteristics have been realized. Due to the ultrashort pulse width
and higher intensity (10" W/cm?), it is possible to ablate the materials with negligible
damage outside the focal volume, thereby allowing the treatment of biological sam-
ples, such as live cells, membranes, and removal of thin films, as well as bulk materials
for many applications in diverse fields, including micro-optics, electronics, and even
biology under extremely high precision. Since most biological systems are transparent
toward the NIR spectral range, it follows the nonlinear multi-photon absorption
interaction mechanism. In contrast, the electron beam follows linear absorption
mechanism for material modifications even at lower energies. For realizing the fs-laser
nano-processing in material applications, such as silicon microchips, or in biology like
retinal cells, it is crucial to find a way to deliver these pulses precisely at the site of
action and enhance the selectivity. The utilization of electron beams in material
modification has also been exercised widely to attain nanoscale precision. In the next
section, biological materials, such as cornea, retina, and silk, are discussed.

Keywords: ablation, biosensors, electron beams, femtosecond lasers,, nano-processing

1. Introduction

Ablation could be defined as the removal of material from the surface of an object
by concentrated energy fluxes, such as femtosecond lasers and high-energy electron
beams, by vaporization, or other erosive processes. It is a complex phenomenon that
occurs upon reaching a specific energy threshold that causes measurable damage and
material removal from a surface.

Surface modification of materials and devices is important for many applications,
such as enhancing biocompatibility [1], promoting adhesion [2], improving wear
resistance [3], preventing corrosion [4], providing hydrophilicity, hydrophobicity
and electrical insulation or conducting properties, and generating antimicrobial and
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antibacterial surfaces [5, 6]. Considerable advancements have been made in develop-
ing new surface modification techniques. This chapter is focused on the laser ablation
(LA) and electron beam ablation (EBA) techniques, which are quite popular for
material ablation. The first part of this chapter discusses the details of the LA tech-
nique, whereas the latter part is focused on the EBA technique.

The ablation threshold, Fy, (J/cm?), indicates the minimum radiant exposure
required to achieve effective ablative material removal. Meanwhile, the threshold
fluence determines the possible precision of laser effects used for ablation and the
etching of materials [7]. A low ablation threshold is generally favorable for irradiating
a material with an ultrafast laser pulse to minimize the possible photo-induced dam-
age close to the ablation area [8]. Irradiation by an intense ultrafast laser beam results
in multi-photon excitation of a target material. Perhaps, the absorbed energy is
transported to the electrons without thermal diffusion to the surrounding material
because of the shorter pulse width of the incident pulse in comparison to the vibra-
tional relaxation time constant of several picoseconds. As a result, thermal damage to
the adjacent tissues could be minimized, and the biological tissue remains unaffected
by the subsequent photo-induced mechanical shock process. This makes fs laser-
assisted surgical processes non-thermal. In the vicinity of focus, the formation of a
high density of free electrons could result in a local plasma formation in the targeted
materials. This hot plasma formation results in permanent removal of material, even
inside a cell within a sub-micron size [9].

Before discussing the details of laser ablation, it is imperative to discuss pulsed-
laser interactions with biomaterials. The biomaterials discussed here, are the materials
having low thermal/electrical conductivity and no free electrons. Common materials,
such as fused silica, sapphire, bone, retina, silk, cornea, heart-tissue, and fall under
this category [10]. In the next section, biological materials, such as cornea, retina, and
silk, are discussed.

2. Laser interactions with biomaterials

The interaction of light with matter can occur through several different nonlinear
processes, such as two-photon or multi-photon absorption, second harmonic genera-
tion, or Raman scattering. It is useful in deep-tissue two-photon imaging. Moreover, if
irradiance is high enough, any material can be machined to very high precision by
using ultrashort laser pulses. This interaction is independent of linear absorption
properties of the materials and which would otherwise be transparent to the laser
wavelength. Ablations to micron scale precision with minimal collateral damage to the
rest of the material are achieved by faster removal of material than the rate of heat
conduction to the bulk.

In present clinical practices, pulses longer than a few tens of picoseconds have
been utilized. It can cause damage to the dielectrics involving heating of seed electrons
and transfer of this energy to the lattice. This damage occurs via conventional thermal
deposition resulting in the melting and boiling of dielectric material (Figure 1(a) and
(b)). Because the energy is transferred through thermal conduction, this model pre-
dicts a square root (%) dependence of the threshold fluence (Fy,; energy/area) upon
pulse duration (t) (Figure 2) [13].

With these conventional lasers, the material is removed by thermal ablation,
wherein the material is locally heated to near the boiling point. Since the boiling point
of dielectrics is very high ~typically 1000°C, this ablation is coupled with a strong
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Figure 1.

(a) Ablations of retinal-tissue with 2.94 um millisecond pulses (2 J/cm®, 400 ms), (b) retinal ablations with
1.064 pm nanosecond pulses (0.8 J/cm?, 5—7 ns), and (c) retinal blood vessel ablation with 0.8 um femtosecond
pulses (150 f5) [11, 12].

thermal shock transferred to the adjacent material. This thermal shock often results in
cracking of the adjacent material in an uncontrolled manner. These effects can be
observed in Figure 1(a) and (b), where the ablations of porcine retina using a con-
ventional Er: YAG (A = 2.94 pm) and ND: YAG laser (A = 1.064 pm) are shown [11, 12].
Meanwhile, fs-pulses (800 nm) having sufficient intensity for multi-photon ioniza-
tion throughout its beam waist ablate the retinal vessel walls in an extremely con-
trolled manner (Figure 1(c)). The heat transfer into the surrounding material was
minimal and also no thermal shock-induced cracking was observed. It could be
inferred that the laser damage threshold for dielectrics with lasers having pulse dura-
tions less than a few picoseconds to femtosecond does not follow the proportionality
rule of square dependence [14-16]. In the next section, various ionization mechanisms
operating in biological materials are briefly discussed.

3. Mechanism of ionizations

The changes in surface morphology and deviation from the t/> dependence of the
damage threshold on pulse duration are predicted by a rapid ionization mechanism.
As shown in Figure 4, field-induced multi-photon ionization produces free electrons
that are then rapidly accelerated by the laser pulse. This could be further described as
avalanche ionization and tunnel ionization. As shown in Figure 3, by absorbing the
incident photons, the kinetic energy of a free electron becomes sufficiently high and a
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Interplay of photo-ionization, inverse bremsstrahlung absorption, and impact ionization in the process of plasma
formation. Recurring sequences of inverse bremsstrahlung absorption events and impact ionization lead to an
avalanche growth in the number of free electrons [19].
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part of the energy may be transferred to the bound electrons by collisions to overcome
the ionization potential, and hence, produce two free electrons. This is referred to as
“collisional impact ionization” [16, 19-22]. Subsequently, the free electrons absorb
photons and produce more free electrons from the bound electrons. Such a series of
the impact ionization process is called “avalanche ionization” [16, 17]. The avalanche
ionization strongly depends on free electron density and is assumed to vary linearly
with the laser intensity [23]. Its efficiency is determined by competition between
energy gain through inverse bremsstrahlung absorption and loss in energy through the
phonon emission. Avalanche ionization is responsible for the ablation of wide
bandgap materials at the laser intensities below 10" W/cm?,

When mode-locked fs-laser pulses with intensity higher than 10" W/cm? interacts
with dielectrics, initiation of multi-photon ionization (MI) takes place. As shown in
Figure 4, several (n) photons with the energy sv having wavelength ()) coherently
strike the bound electron, acting like a single photon of #nhv (energy) at the wave-
length of A/n. It results in significantly higher photon flux (>10*' cm~*s ") that allows
a valance band electron to be freed. Meanwhile, absorbing several photons until the
total energy would exceed the values of ionization potential [24, 25]. This absorption
process is achieved through the meta-stable quantum state(s).

In Q-switched nanosecond laser pulses associated with low intensities, the initial
process for the generation of free electrons is supposed to be thermionic emission, that
is, the release of electrons due to thermal ionization. Rather, energies and temperature
are usually higher in the case of Q-switched laser pulses because of the associated
increment in threshold energy of ablations. Thus, laser-induced distortions with
ns-pulses are often accompanied by nonionizing side effects [18].

At intensities above 10'> W/cm?, multi-photon absorption becomes considerably
strong and even the seed electrons are not required to initialize the ionization process
[10, 26]. However, tunnel ionization should be considered when the intensities are
higher than 10 W/cm?. The tunneling ionization is the process in which the strong
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Figure 4.
Schematic vepresentation of multi-photon ionization [17, 18].
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incident field suppresses the coulomb potential to allow the tunneling of a bound
electron to a free state. The coulomb potential that describes the interaction between
two-point charges acting along the line connecting the two charges can be expressed
by the following expression; Vesuiomp = 192/4ze,» Where 1 is the distance between two
ions, q; and q, represent electric charge in coulombs carried by 1 and 2, respectively,
and ¢, is the electrical permittivity of the space. In solids, for example, the bound
electron in the valence band is excited through either multi-photon or tunneling to the
conduction band and becomes quasi-free.

Keldysh developed the theory that describes the ionization of electrons in
condensed matter by intense laser fields [27]. Keldysh parameter used to
predict the mechanism that plays a significant role in the ionization process is
defined as:

2
M5cno€oEgay
e’

, = 1)

where o, denotes the incident laser light frequency, m is the reduced mass of
the electron, and Eg,;, is the band gap of the material. y can be qualitatively viewed
as the ratio of the incident laser frequency and field strength (I) [28]. For relatively
weak fields with high frequencies (large y), multi-photon ionization is more
important since electrons have less time to tunnel through the only moderately
suppressed coulomb potential than in the small y case (strong field with low
frequency).

3.1 Laser-induced breakdown and plasma formation

When obtaining power densities of the incident laser field (>10" W/cm?) is
equivalent to or more than the coulomb field that binds the electron to its ionic core,
the atomic coulomb force of similar magnitude was exerted on to the valance band
electron and can be excited to a free state. The recurring sequence of inverse brems-
strahlung events and impact ionization leads to an avalanche growth in the number of
free electrons. Meanwhile, the irradiance should be high enough to compensate for the
losses of free electrons through diffusion out from the focus and through recombina-
tion [15, 16, 19, 20]. The energy gain at the vicinity of focus was more rapid than the
energy loss by collisions with surrounding particles in media occurring without
simultaneous absorption of a photon. These “cascade ionizations” in dielectrics
followed by plasma formation leads to a phenomenon called laser-induced optical
breakdown (LIOB), which can result in permanent material modification. Net free
electron density is assumed to saturate at the critical density, at which modification/
ablation of material takes place. For femtosecond lasers, critical density is selected as
the free electron density at which plasma oscillation frequency equals to the laser
frequency, and can be expressed as:

nmec?
Rey = W (2)

where m, is the electron mass, ¢ is the speed of light, e is the electron charge, and A
is the laser wavelength. n,, is about 10*! cm > for 800 nm wavelength. At critical
electron density, transparent dielectric materials become opaque.
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4. Estimation of multi-photon absorption coefficients for biomaterials

Theoretically, the multi-photon absorption is determined by the following
equation,

dl
== il + aol? + asl® + agdl* + asl® 3)

where [ is the intensity of incident light beam propagating along the z-axis. The
coefficients ay, o, @3, 04, 05 are one-, two-, three-, four- and five-photon absorption
coefficients for a given medium, respectively. For a biomaterial, such as spider silk
fiber of diameter Dy, we define the term absorption, A = (dI/I) (1/Dy), which, using
Eq. (3) becomes a polynomial of fourth-order, A = a7 + ol + asl? + asl® + asI*.
This mixed fit was used to fit the experimental data. A comparison of mixed fit with
cases of pure 2-, 3-, 4-, and 5-photon absorption processes are also shown for com-
parison. Our fit analysis suggests that as the intensity of the pulses increases, the
absorption is dominated by progressively higher-order multi-photon processes. The
existence of mixed multi-photon processes for some intensity is also likely [20].

Another technique, “Z-Scan” can also be used to determine multi-photon absorp-
tion. The single silk fiber was illuminated with sub-10 fs laser beam at 85 MHz rep
rate. The Rayleigh range was approximately, Zg = 25 pm and the silk sample was
typically Dy = 1-4 pm in diameter. Thus, we satisfy the thin-sample (Zg> > Dg)
condition for the Z-scan measurements. The total transmission was measured by
collecting the maximum light and focusing it on a photodiode, while the sample was
scanned at low power and high power. The sample was translated along the beam path
using a computer-controlled stage that allowed us to collect the data at about 2 pm
spacing. The normalized data for high power was obtained by subtracting the low
power data to minimize any variation due to diffraction effects from silk fibers as
shown in Figure 5. We fitted our data with the nonlinear transmission function
described in Ref. [20], and reference therein. The fit function for 2-photon was,
2(x) = Log(1+ Cy/(1+x?))/(1 + x?), with a fitting parameter C,. The fit function for

the 3-photon absorption was, T3(x) = Sinh™" [1%}2} /[1+ x?]. The fit function for 4-

3
photon absorption was, T4[x] = H2F1 {1/3,1/3,4/3, — (1*c4) , with C, was a fit

1+x2

parameter. The hypergeometric function H2F1 was computed in Mathematica. Our
data fitted better with 4-photon absorption fits. This was consistent with our other
measurements of nonlinear transmission [20].

5. Laser interaction mechanisms

On the implication of laser light into the transparent media, such as biological
tissues, as well as viscoelastic like spider silk, various interaction mechanisms were
facilitated. Specifically, the tissue characteristics along with the laser parameters are
contributing to this diversity. Most important amongst them are optical properties of
tissues that include the coefficient of reflection, absorption, and scattering. Alto-
gether, these parameters determine the total transmission of the tissues and visco-
elastic at a certain wavelength.
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Figure 5.
Z-scan data from a single fiber (~150 GW/cm?) along with equations with 2, 3, 4-photon. The mismatch near
edges was attributed to diffraction losses from the edges of the silk filament. Data taken from Sidhu et al. [20].

In contrast, the following parameters that affect the laser ablation, are given by the
laser radiations themselves: applied energy, wavelength, exposure time, focal spot
size, and energy density. Amongst them, exposure time is a very crucial parameter
when selecting a certain type of interaction.

Laser-tissue interactions can be subdivided into five different regimes depending
on the laser power and the exposure time. Figure 6 gives us a rough delineation of the
interaction regimes. Two lines represented diagonally show the fluences (energy per
unit area) at 1J/cm? and 1 kJ/cm?, respectively.

According to this plot, the time scale can be roughly divided into five parts:
continuous wave or exposure times >1 s indicates photochemical interactions, 1 min
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Figure 6.
A double logarithmic map of five basic laser-tissue interactions. The circle gives only a rough estimate of the
associated laser parameters [18].
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down to 1ps indicates thermal interactions, 1 ps down to 1 ns indicates photo-ablation,
and < 1 ns indicates plasma-induced ablation, as well as photodisruption. The differ-
ence between the latter two is ascribed to different energy densities [18]. Precise laser
surgery can be achieved when the desired target tissue, such as retina or ocular-tissue,
is exposed to the optimal laser conditions following the subsequent interaction path-
way.

5.1 Optical absorption and light propagation

Optical absorption takes place when the frequency of incident laser irradiation
matches with an electronic excitation frequency of a molecule [18]. The typical
absorption coefficient estimated by inverse Monte Carlo analysis for bovine cornea
and retina at 800 nm was ~0.001 cm *and 2.5cm *, respectively [29].

The coefficients for 2, 3, 4, and 5 photon absorptions for s6pider silk were
o =1x10"2cm/GW, a3 = 2 x 107> cm®>/GW?, ay = 4 x 107° cms/GW?, and
as =5 x 1077 cm’/GW*, respectively (Figure 7) [20, 30]. Previously, a 3-photon
absorption process was observed in the silk-fibroin solution [31], and enhanced 3- and
4-photon absorption was reported for amyloid fibril solution [30].

In the case of biological tissues, such as retina and cornea-tissue, neither water nor
macromolecules are present, it absorbs the light strongly in the near-infrared range
(roughly between 600 to 1200 nm), this spectral range is considered a “therapeutic
window.” Laser radiation in this window can penetrate deeper into biological tissues
with lower loss during treatment.

Light propagation inside the retina or corneal tissues can be attributed to their
absorption and scattering properties. The effective attenuation coefficient (Ay)
quantifies how deep the laser light can penetrate, and is expressed as:

1
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Figure 7.
Nonlinear absorption coefficient of silk fiber versus input peak intensity. Theovetical fits for pure 2-, 3-,4- photon
absorption are compared with a mixed fit up to 4th order polynomial [20].
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where @, and ¢, are absorption and scattering constants. g is the coefficient of
anisotropy which is a tissue-dependent parameter. With g = 1 denotes perfectly forward
scattering, such as cornea, the effective penetration depth (L.4) of incident light is.

Ly = P ©)

Figure 8 Illustrates the approximate penetration depth in tissues of different
wavelengths, while both,a, and «; are taken into account.

The selection of appropriate wavelength and pulse energy followed by linear or
nonlinear propagation of laser irradiations into the matched tissue target allows
unprecedented precision to achieve surgical effects.

5.2 Photochemical interactions of fs-lasers

It is a well-known fact that light can induce chemical effects or reactions within
biological tissues. In ophthalmology, photochemical interactions can play a vital role
in dye-assisted photodynamic therapies (PDT). During PDT, photosensitizers were
injected into the target tissues. Laser irradiations of specific wavelength trigger the
photochemical reaction at low power densities (~1 W/cm?) and long exposure time in
order of seconds to continuous wave (CW) [18, 32]. It results in toxic reaction
products that cause irreversible destruction of target cell structures. The reaction
could be the generation of reactive oxygen species from the interaction of light,
oxygen, and photosensitizers, such as verteporfin, and indocyanine green (ICG).
These were commonly used to treat choroidal or corneal neovascularization, that is,
abnormal blood vessels underlying retina cell layers or sprouting in the corneal
stroma, respectively. However, severe adverse reactions are associated with these
photosensitizers, including visual disturbance, stromal haze, and lipid degeneration
injection site reactions even after months of treatment [33]. Several joules of energy
(~150 J/cm?) continuously deployed into corneal stroma allows long-term reduction

of neovascular structure, but can also cause corneal scarring or thermal injuries
[34, 35].
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We suppose that without the use of chemical agents, the intensity of femtosecond
laser pulses could be used to manipulate abnormal blood vessels lower than these
conventional photodynamic treatment procedures. We will discuss the selective
removal of corneal and retinal blood vessels in the next section of this chapter. The
precise cutting and manipulation of ultrafine fibers are also discussed.

5.3 Thermal interactions

Thermal effects can be induced by both CW and pulsed-laser irradiations. The rise
in local temperature could be attributed to the absorption of photon energy by pro-
tein, pigment, or bound water molecules. On the basis of pulse duration and peak
values, different thermal effects can be achieved in tissues, including coagulation,
vaporization, carbonization, and melting. Moreover, with the rise in temperature to
50°C, the enzyme activity in tissue cells is reduced, energy transfer slows down, and
cell repair mechanisms are disabled. At about 60°C, protein denaturation occurs,
leading to more immediate cell necrosis and tissue coagulation. Therefore, photoco-
agulation is the general procedure to treat retinal disease, such as proliferative diabetic
retinopathy. Meanwhile, traditional lasers employed for photocoagulation (spot size:
0.1-3 mm, pulse duration: millisecond) creates a heat wave that spreads beyond the
focal volume causing inevitable collateral damage to underlying cell layers [36]. This
leads to scarring in the retinal segments. Thermal scarring enlarges progressively up to
300% and can cause significant vision loss if the fovea region is involved [37]. Thus, it
is important to minimize the thermal effect during laser irradiations.

If pulse laser irradiations do not undergo photochemical or phase-transition pro-
cesses, the linearly absorbed energy by the target tissue is entirely converted to the
temperature rise. Since the focus of the current work is on femtosecond laser interac-
tion within retinal or corneal tissues, we consider a situation where excessive laser
energy, sufficiently higher than the threshold, is applied and absorbed in a small focal
volume under single pulse configurations. A single shot of a fs-laser could be the entire
source of heat. The temperature rise could be determined by calculating the volumet-
ric energy density gained by the plasma during the laser pulse irradiations [38]. Under
adiabatic conditions, the local temperature rise (AT(r)) at an arbitrary location (x), is
directly related to the local volumetric energy density € (x), as.

AT(x) = (6)

where p is the tissue density and C, is the specific heat capacity per unit volume
[19]. In case of the absence of photochemical or phase-transition, the absorbed laser
energy is subjected to undergo spatial redistribution by thermal diffusion leads to
collateral damage in adjacent focal volume [39]. The heated volume is a layer of tissue,
where penetration length is inversely proportional to an absorption coefficient (1/u,)
and the thermal diffusion time, (¢;), is expressed as:

1
K2

@)

14

where « is the thermal diffusivity. In order to achieve thermal confinement, the
ratio of pulse duration (#,) to thermal diffusion time (z,) should be less than or
equivalent to 1 (¢,/t; < 1). Figure 9 shows the normalized temperature profiles in
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Figure 9.
Normalized temperature profiles in water immediately after the laser irradiation with constant irradiance and
optical penetration depth (1 ym) at various pulse durations [19, 32].

water followed by laser irradiations with fixed radiant exposure and optical penetra-
tion depth (1 pm) for various pulse durations. At typicalz, < 3 ps, the temperature
profile is confined to the diffraction-limited volume. However, for ¢, > 10 ps, the
thermal diffusion has spatially redistributed the energy over the larger volume. The
peak temperature also reduced significantly within the sample over time [19, 32].
Thus, pulse durations play a vital role in thermal confinement to achieve localized
ablations in the target tissue.

Meanwhile, collagen fibrils and water in corneal stroma often the main chromo-
phores contribute to the absorption of IR and UV irradiations. Collagen fibrils in
corneal stroma possess microscopic tissue structures in range of 30 nm in diameter,
with corresponding thermal confinement times of 6.3 ns [40]. For micro-scale ther-
mal confinement laser pulses of picoseconds or femtosecond, duration should be
employed.

5.4 Plasma-induced ablation and photodisruption

Laser-induced optical breakdown occurs in biological tissues when the applied
laser intensity exceeds 10" W/cm?. In case, an intense laser pulse can excite a large
number of electrons and generate plasma, which causes vaporization of the mate-
rials [10-14, 18]. When a highly intense ultrashort laser pulse (<10 ps) was focused
into the tissue, the associated energy density is high enough to induce nonlinear
absorption of laser energy through multi-photon, tunneling, and avalanche ionization
[10, 16, 19, 20]. Thus, producing micrometer-sized highly excited plasma in the
vicinity of the focal volume. Moreover, within the stipulated pulse duration time, the
temperature of the laser-induced plasma can reach several thousand Kelvin.

During the process of optical breakdown, plasma generation allows energy depo-
sition in pigmented, as well as weakly absorbing tissues, such as cornea, lens, or retina.
Laser-induced plasma will serve as an absorber of photon energy which leads to an
increment in absorption coefficient [18, 32]. Thus, by means of plasma-induced abla-
tions, clean removal of tissue without evidence of thermal or mechanical damage can
be achieved even in transparent tissues.
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Figure 10.
Schematic of the physical effects associated with optical breakdown [32].

Alongside plasma generation, the movement of energetic free-electrons in plasma
outward from the focal volume results in secondary effects, such as shockwave gen-
eration [18, 19, 32]. The shockwave leaves the plasma boundary at supersonic velocity
and then slows down to the speed of sound, refers to as acoustic wave generation. The
processes associated with an optical breakdown on the interaction of fs-laser pulse
with materials were shown in Figure 10. Lastly, if energy density still lasts at the focal
volume, it forms a cavitation bubble, which performs several oscillations of expan-
sions and collapses within a period of few hundred microseconds under external
pressure [41]. Figure 11 illustrates the scheme of physical processes associated with
optical breakdown. Plasma formation followed by mechanical effects could be
referred as “photodisruption.” It could be distinguished from plasma-induced ablations
on the basis of employed laser energy density.

In plasma-induced ablations, the plasma formation vaporizes tissue at focal vol-
ume with lower threshold energies, providing a localized surgical effect. While, at
higher energy densities, photo-disruption results in shock wave expansion, the
expansion of the cavitation bubble, as well as heat diffusion after thermal equilibra-
tion, Thus causing all unwanted collateral damage to the surrounding tissue and
limiting the surgical precision [10, 18, 19, 42, 43]. Thus, applied energy density, which
is defined as energy per unit area, plays a crucial role to limit the collateral damage.
The fluence (J/cm”) employed in the sample must be minimized while still
maintaining a sufficiently higher intensity to produce photodisruption through
plasma formation.

Recent studies on plasma formation in water revealed some vital trends for pulse
durations dependence while inducing optical breakdown. First, on reduction of
pulse duration from 100 ns to 100 fs, the irradiance threshold for breakdown
increases by ~1000 folds, but the radiant exposure threshold decreases from ~10> to
~1J/cm?® [42, 43]. For nanosecond pulses, seed electrons for plasma formation
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Figure 11.
Plasma-induced ablation and photodisruption distinction on the basis of energy density in cornea tissue [32].

were generated through thermionic emission which requires higher peak intensity.
Rather, higher intensity of laser field generated by picosecond and femtosecond
laser pulses can cause multi-photon ionization, which supplies the seed-free
electron needed to start plasma generation at much lower peak intensities. Thus, the
difference in radiant exposure threshold comes from the mode of free-electron
generation or the initiation of plasma generation. As a result, nanosecond pulse
lasers need higher threshold energy for plasma generation as compared to femtosec-
ond and picosecond lasers. Second, the plasma transmission is small for ns-pulses,
increases considerably for picoseconds pulses with maxima around 3 ps, and
decreases again for fs-pulses [43, 44]. Lastly, the plasma energy density is more than
one-fold smaller with fs-pulses than with ns-pulses [42-44]. Considering the facts,
fs lasers could be employed as a microsurgical tool for precise ablations of biological
tissues.

6. Ablation of biomatertials
6.1 Retinal blood vessels

In this section of the chapter, the ablation thresholds for retinal blood vessels of
porcine have been studied as a function of vessel wall thickness. Vessel wall thickness,
as well as the lumen diameter of porcine retinal blood vessels, is gradually decreasing
while moving from the optic disc to the peripheral region of the retina (Table 1) and it
was classified as primary, secondary, tertiary, and quaternary vessels as shown in
Figure 12(a)-(e).

6.1.1 Experimental technique

The experimental setup for fs-laser ablation of a porcine retina and as well as its
blood vessels has been discussed in Ref. [45]. The laser system consists of a
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Figure 12.

H and E stained cryosections of retina blood vessels from the central vegion (optic nerve) toward the peripheral
region in the porcine eye. (a) Primary (b) secondary (c) tertiary, and (d) quaternary. Scale bar is 100 pm. (e)
Fundus image of porcine retina, indicating organization of retinal blood vessels from the optic disc “center” to the
peripheral region [32].

regenerative amplified Ti: Sapphire (A = 810 nm) laser, having a pulse width of 150-fs
pulse at a repetition rate of 1 kHz (Quantronix, USA). The variable neutral density
filter (Sigma, Kochi, Japan) is used for controlling the laser power. An objective lens
(20X, Nikkon, Japan), was employed to focus the laser beam on the substrate surface,
having a numerical aperture (N.A.) of 0.4. The diffraction-limited spot size at focus is
given by.

42

Dpyin =
T ZNA

©))

where ) is the wavelength (810 nm). The current optics used in this work result in
a laser spot size of 2.6 pm in diameter. In general, the actual spot size is larger than the
calculated value due to discrepancies in alignment.

To estimate the vessel ablation threshold, a series of laser fluence from 0.4 to 28 J/
cm? for quaternary, from 0.7 to 43 J/cm” for tertiary, from 0.7 to 71 J/cm? for second-
ary, and from 1.4 to 99 J/cm” for primary retinal blood vessel was employed. For 60
different porcine eyeballs, 20-25 laser treatments were conducted at periodic intervals
of 100 pm on each type of blood vessel. All the experiments were conducted under a
single-shot configuration. Post-treatment of blood vessels, the histological analysis
was carried out for determining the probability (%) of damage and probability (%) of
vessels perforation for overlaid Inner Limiting Membrane [ILM] and the retinal blood
vessels, respectively. The ILM could be defined as a thin layer membrane about ~6
um thick over the retinal vessels. Prior to the ablation of the blood vessel lumen, ILM
must be ablated [32, 46].

6.1.2 Laser ablations of retinal blood vessels

Femtosecond laser irradiations were employed on all four categorized blood ves-
sels, where the threshold for ILM ablation and the vessel perforation was determined
from the H & E images taken off the mapped laser lesions. Later on, the wall thickness
and determining thresholds were correlated to elucidate the relationship.
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Organization level Vessel thickness (pm) Vessel diameter (pm)

Primary 10.01+ 0.28 146.12 + 10.55

Secondary 7.84 £0.11 118.79 £7.62

Tertiary 6.64 £ 0.71 93.11 £ 4.93

Quaternary 5.76 £ 0.86 51.42 £7.32
Table 1.

Vessel wall thickness and lumen diameter of porcine retinal blood vessels [32].

By changing the laser fluence from 1.4 to 99 J/cm?, we produce a series of lesions
on the primary blood vessel walls with a single fs-laser pulse. Considering the gradual
decrease in total wall thickness of secondary, tertiary, and quaternary blood vessels,
the lowest fluence at which no ablations on ILM was found to be 0.4 J/cm?. However,
the fluence at which the 100% probability of vessel perforation achieved was declined
with the decrease in organization hierarchy from primary (99 J/cm?), secondary (71]/
cm?), tertiary (43 J/cm?) to quaternary (28 J/cm?) level. In all levels of blood vessels,
with the progressive increase in laser fluence, the probability of ablation of the ILM
and the vessel perforation show a monotonic increase. Figure 13 exhibits the histo-
logical images of the sectioned slices of vessels after successive laser irradiations (a)
primary, (b) secondary (c) tertiary, and (d) quaternary. As the size of the quaternary
vessels is quite small, it is difficult to locate the laser lesions on the surface of blood
vessels, therefore, 40x objective is used to map the laser lesions.

On analysis of histological sections, no apparent ablation of the ILM and no blood
outflow were observed for the laser fluence less than 1.4 J/cm? in the case of secondary
and tertiary blood vessels, whereas this value was further decreased to 0.5 J/cm? for
quaternary blood vessels.

As per the analysis of cryosections, the lateral damage of the retinal blood vessels
on fs-laser exposure is limited to 20 pm range at lower laser fluences. First apparent
optoperforation of secondary and tertiary blood vessels was observed at the laser
fluence of 3.6 J/cm? (Figure 13(b)-C and (c)-C), and on quaternary blood vessels it
was noticed at 0.7 J/cm”. Even though the blood vessel size is tens of micrometers, due
to the precise focusing of fs-laser irradiations any damage to adjacent and underlying
retinal-tissue is avoided. Meanwhile, on increasing the laser fluence to 14 J/cm?
for secondary, 7.1]/ cm” for tertiary, and 3.6 J/cm? for quaternary blood vessels,
single-pulse laser irradiation induces complete optoperforation of the blood
vessel wall.

The cryosections of the blood vessels irradiated with a single-shot ultrafast laser
were grouped into three types of lesions, including no change, ablation only at the
ILM, and optoperforation of blood vessel walls. On this basis, correlation statistics of
these different types of lesions are shown in Figure 14 as a function of laser fluence.
The perforation probability of blood vessels increased in the fluence range of 0.4-99 J/
cm?. The ablation threshold of all the blood vessels has been illustrated in Table 2. We
determined the laser fluence to ablate the ILM layer over the blood vessels. It was
found to be in the range of 1.4-3.6 J/cm” for primary, 0.7-1.4 J/cm? for secondary and
tertiary, and 0.4-0.5 J/cm? for quaternary blood vessels. However, fs-laser-assisted
perforation of blood vessels was achieved at higher laser fluence. Vessel perforation of
secondary, tertiary, and quaternary vessels could be achieved with a fluence between
2.5-3.6 J/cm?, 1.4-2.5 J/cm?, and 0.5-1.4 J/cm?, respectively.
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Figure 13.

Sequential H ¢ E stained cryosections of vetinal blood vessels after single fs- laser irvadiations. (t = 20 ym). (a)
Primary (b) secondary (c) tertiary, and (d) quaternary vetinal blood vessels. Overall incident laser fluence is
raised from 0.4 to 99 J/cm® or until 100% vessel perforations were achieved at each organization level. Scale bar is

100 um [32, 46].
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Figure 14.

(a) Linear plot of percent probability of damage for inner limiting membrane (ILM) and (b) vessel perforation as
a function of the laser fluence for primary, secondary, tertiary, and quaternary blood vessels. With a progressive
increase in the laser fluence, the percent probability of the blood vessel perforation shows a monotonic increase. The
lines represent the extrapolation of the probability of damage to determine the ILM ablation threshold and vessel
perforation threshold [32].

Organization level ILM ablation threshold (J/cm?) Vessel perforation (J/cm?)
Quaternary 020+0.1 0.56 £ 0.2
Tertiary 0.62+0.1 147+ 0.4
Secondary 113 £0.5 279 £0.4
Primary 2.04 +0.5 471+£19

Table 2.

ILM ablation and vessel perforation threshold for retinal blood vessels (porcine).

It is the nonlinear nature of ultrafast laser-tissue interaction that leads to the three-
dimensional submicron confinement of the laser absorption below the surface. The
high peak intensities of ultra-short laser pulses provide a high flux of photons that
could be nonlinearly absorbed by the electrons. The ultrafast duration of the absorp-
tion process leads to a rapid and efficient plasma generation where the beam is
focused. Therefore, pulse energies as minimum as a few nano-joules (nJ) are sufficient
for ablation of sub-cellular structures when the beam is tightly focused to submicron
size [19, 47-49].

Comparative analysis of blood vessel optoperforation thresholds and ILM ablation
thresholds for various blood vessels shows an increment with the increase in the wall
thickness and lumen diameter. This provides an idea to selectively operate the blood
vessels while discriminating on the basis of size as well as wall thickness without any
apparent collateral damage to the underlying cell layers.

6.1.3 Corneal vessel ablation

Near-Infrared (NIR) femtosecond (fs) laser pulses focused into a transparent
cornea allow surgery on neovascular structures with minimal collateral damage fol-
lowing the phenomenon of nonlinear multi-photon absorption. The fundamental
output from a regenerative amplified Ti-sapphirelaser with A = 810 nm, having a pulse
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width of 150 fs and a repetition rate of 1 kHz (Libra, Coherent Inc., USA) was focused
into the rat corneal stroma by an ophthalmoscope lens (focal length = 36 mm, Carl
Zeiss Inc., Germany). The numerical aperture (N.A) was 0.16. The laser spot was
circular with a spot diameter of about 7.6 pm (measured at 1/6% in intensity) [50].

The system was indigenously made that includes a software-controlled laser
aiming equipment with an xy-galvano scanner to track pre-assigned targets visualized
in optical images of the rat cornea. A schematic diagram of the experimental setup is
illustrated in Figure 15, where under anesthetic conditions, the rat body was placed on
a motorized XYZ translation stage, used to manipulate the target to expose a fresh
area of tissue at each laser scan.

The minimal visible laser (MVL) lesion threshold was estimated for corneal
neovascularizations (abnormal blood vessels grown under adverse conditions in the
avascular cornea) by varying the laser fluence from 2.2 to 8.6 J/em?. The area of a scan
was 150 x 150 pm, and the number of incident laser pulses (about 400) was kept
constant [50].

The MVL lesion ablation threshold over the abnormal corneal blood vessels
referred to as “neovascular structures” was estimated from high-resolution CCD
images captured before and after the fs-laser exposure (Figure 16) Any noticeable or

= fs- Laser
Guiding beam

Shutters =» lllumination beam

ND Filter =*

Polarizer **

Ophtha!moaoope.lans -
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b
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Figure 15.

(a) Schematic diagram of fs laser-assisted corneal neovascularization treatment system. (b) Schematic
representation of scanning pattern of laser pulses into the corneal stroma. (c, d) Optical and transformed image of
rat cornea captured before exposure of fs laser irradiation. Scale bar is 400 um [50].
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Figure 16.

Sequential CCD images of Norway brown rat cornea before and after the exposure of fs-laser irradiation where the
laser fluence is 2.2 J/cm® (a), 4.3 J/em® (b), 6.5 J/cm® (c), and 8.6 J/cm® (d). The scan area indicated by red-
colored squaves is 150 x 150 um. Scale bar is 150 um.

identifiable changes observed on neovascular structures under the high-resolution
microscope in comparison to the neighboring intrastromal region immediately after
the laser exposure were classified as an indication of damage.

At the fluence of 4.3 J/cm?, the first visible, detectable lesion was found
(Figure 18b) and is referred to as the minimal visible laser (MVL) lesion threshold.
There was no clear damage found on either the intrastromal region or the neovascular
structures at fluences <2.2 J/cm?® When the set laser fluence was increased to 6.5 J/
cm? or more, the size of the lesions also increased such that it covered the entire laser
scanning area. For currently used femtosecond exposures, the laser pulse duration is
shorter than the electron cooling and recombination times [19, 51, 52]. Thus, the
minimal energy is nonlinearly absorbed during the pulse into the focused portion of
tissues. However, the time scale of absorption is much shorter than both the thermal
diffusion and shockwave propagation times. This might lead to localized
photodisruption effects and subsequent reduction of stromal damage within the
vicinity of laser focus [19, 51, 52]. fs ultrashort pulsedlasers for enclosure of corneal
neovascularization in the presence of ICG at 3.8 J/cm” was employed by Sawa et al. in
2004 [53]. The MVL threshold values determined in the current study are in good
agreement with previous reports [45, 53, 54], despite that no dye or photodynamic
chemical agents were applied during the procedures.

6.2 Laser ablation of viscoelastic ultrathin spider silk fibers

We estimated a single-shot response of spider silk fiber of about 2-3 pm in diameter
(Figure 17) [20, 55]. It is positioned at the focus using 100 x objective (NA: 0.9) with
an estimated beam spot size around 1 micron. SEM micrographs illustrate the single-
pulse ablation of silk fiber at 0.1 pJ and 0.3 pJ pulse energies. The estimated ablation
threshold (Fy,) for spider silk is about 0.05 pJ (1]/ cm?). A slightly lower ablation
threshold (0.6 J/cm?) for silkworm silk is reported for different laser parameters with
230 fs pulses at the central wavelength of 515 nm wavelength [56]. This could be due to
differences in the laser parameters, as well as the material properties [19, 20, 57]. Fy, is
found to be significantly higher than the ablation threshold for the crystalline Si, it
could be attributed to the nonabsorbing nature of silk sample for incident laser wave-
length, that is, 800 nm [19, 41]. By compensating for the dispersion of the fs-pulse, it
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Figure 17.
(a) Native spider silk. (b) Illustrating ablation of silk fiber at different pulse energies 0.3 and 0.1 uJ, and
(c) magnified SEM micrograph illustrating nanoscale ablation of spider silk microfiber at 0.3 uf [55].

should be possible to further reduce the precision of ablation and may open a route to
create nano-patterns on silk for various potential applications.

7. Electron beam ablations

Electron beams are used frequently for sterilization, as well as melting and welding
metals. A novel e-beam-based material processing technology [58] called electron
beam ablation has evolved to perform various surface functionalities. The EBA
technique involves an e-beam deflected rapidly over a substrate surface to displace
the material in a precisely controlled manner. This results in a textured surface
containing an array of protrusions above the original surface and a corresponding
array of cavities in the substrate. This process makes it possible to create custom-
made, complex surface structures in various materials. The EBA is a complex
process that comprises heating, phase change, and removal of a fine fraction from
the target surface.

The precursor to this novel material processing technology is e-beam texturing
[59]. In this process, the high-energy e-beam flux initially melts and then vaporizes
the substrate material. The resulting vapor pressure then leads to the expulsion of
molten material to the periphery of the hole. The electromagnetic coils focus the e-
beam and then deflect it over the substrate material, leading to a rapid and controlled
process. The typical processing speeds are 500-5000 holes per second, and the sub-
strate surface may exhibit re-entrant features. Nowadays, another novel sculpting
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technology [59] has come into the picture to replace this texturing process. In this
latest advancement, once a molten pool of material has been created, the beam is
translated sideways. Under the combined effect of surface tension and vapor pressure,
the material from the hole piles up behind the beam, as shown in Figure 18. This
process is repeated several times at the same or overlapping sites to grow protrusions
up to several millimeters accompanied by corresponding intrusions or holes. This
technology makes it possible to grow a series of protrusions simultaneously across

a substrate.

Careful control of the e-beam process parameters, such as beam accelerating
potential, beam current and focus, the pattern design, and precision deflection move-
ments allow for creating a range of different surfaces. These include spikes with a high
aspect ratio, burr-free holes, channels, blades, swirls, and networks. It is possible to
vary the size, shape, angle of incidence, and distribution of the features to produce
customized surfaces within any pattern. Protrusions with dimensions ranging from
tens of microns to several millimeters have been created successfully. Moreover, this
technology has the flexibility to create a variety of structures, many of which may be
impossible to produce using any other processing route. It is performed under a
vacuum, thereby avoiding surface contamination. The technology has many potential
applications, such as coating of thin films, fabrication of cardiovascular stents, and
composite prosthetics. The pulsed-electron beam ablation technique for coating of
thin films is described here.

Pulsed-electron beam ablation (PEBA) is an alternative approach that offers
numerous advantages over other techniques. For example, for the preparation of thin
films, the PEBA approach involves low capital cost, reduced operation/
maintenance costs, a small footprint, and relative safety—no toxic gases as in PLA or
potential noxious by-products as in solvo thermal routes. PEBA can be a potential
candidate for epitaxial growth of high-quality thin films due to significant cost per-
formance advantages, congruent multicomponent film stoichiometry under optimum
conditions, process stability, and the scale-up ability for industrial applications.

A typical PEBA system consists of a pulsed-electron beam generator (pulsed-
electron beam source), a stainless-steel deposition chamber, target and substrate
holders, target and substrate rotating motors, substrate heater, and vacuum system.
Figure 19 shows a simplified schematic of the main pulsed-electron beam chamber
components. To operate in pulsed mode, the electron source for high currents is
appropriately modified. The channel spark is considered as the most efficient tran-
sient hollow cathode (THC) configuration for the generation of electron beams. THC
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Figure 18.
Simplified schematic of a PEBA system.
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Figure 19.
Simplified schematic of a PEBA system.

acts as a low-pressure gas discharge electron source that can produce a focused
electron beam with currents up to several kilo-amperes and a pulse duration of

~100 ns. Due to the high intensity of the generated beam passing through the depo-
sition chamber, a self-pinch force is developed due to the ionization of background gas
by the e-beam. This leads to the formation of a conducting plasma. This self-pinching
feature enables the beam propagation, and thus target ablation, inside the deposition
chamber without the application of external guiding fields [60, 61].

The triggering of the ablation process is caused by the pulsed-electron beam hitting
the target surface. It is the pulsed nature of this technique that enables the confine-
ment of energy within 1-2 pm thin subsurface of the target. Such confinement of
energy leads to the instantaneous conversion of absorbed energy (energy of electrons)
into the heat. The absorption of energy in such a minuscule volume of target material
results in a jet evaporation at the target surface. This vapor cloud at the target surface
continuously absorbs the majority of the pulsed-electron beam energy, gets ionized,
and eventually forms a plasma. A pressure gradient in a direction perpendicular to the
surface derives the expansion of the dense plasma which is seen as a plasma-jet
(plume). The plasma-plume (high energy species), generated as a result of the inter-
action of pulsed-electron beam with the target surface, expands in the direction of the
maximum pressure gradient at a velocity of about 10* m/s [62].

It is possible to manipulate ablation spot size, propagation of plume, and its
characteristics by variations in the pulsed-electron energy, pressure and chemistry of
background gas, and distance between channel spark tube tip and target surface.
Plume characteristics and ablation spot size affect other deposition conditions signif-
icantly [63]. The production of thin films by PEBA is strongly influenced by the
physical parameters in the plume, such as mass distribution, ion and atom velocity,
and the angular distribution, of the plume species. Specifically, the homogeneity in
film deposition on a substrate and the thickness distribution are determined by the
plume shape that evolved during the expansion from the target surface to the sub-
strate. These characteristics are also dependent on the target-substrate distance and
the substrate size.
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Subsequent to the formation of the plasma plume, the ejected high-energy species
impinge on the substrate surface. These energetic species result in the sputtering of
some of the surface atoms. A collision region is created between the incident flow and
the sputtered atoms. Consequently, a thermalized region is formed that acts as a
source for condensation of particles and hence causes the film to grow. Finally, a state
of thermal equilibrium is reached, when the condensation rate is higher than the rate
of removal of particles by sputtering (Figure 19).

8. Conclusions

Direct surface modification techniques using lasers or electron beams are pretty
popular due to their reasonable cost and easy adaptation for small and large surfaces
with complex geometry. The new generation of low-power femtosecond lasers with
unique properties has enhanced the possibility of their use in many new exciting
applications. Notably, for the surface modification of polymers, excimer lasers offer
great potential. In addition, the medical industry is another sector where laser ablation
and electron beam ablation play a key role. The medical industry has an ever-growing
demand for the surfaces of implants and stents to enhance their performance. The
technological advancements in e-beam ablation have resulted in the development of a
novel surface processing technique capable of addressing these needs by rapidly
producing bespoke surface features in a clean environment. It is being investigated for
a range of medical applications.
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