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ABSTRACT

Femtosecond laser ablation is quite different when compared to other laser
ablation methods due to the ultra-short pulse duration. Two mechanisms, including thermal
vaporization and Coulomb explosion, are responsible for femtosecond laser ablation.
Nanostructures created by femtosecond laser ablation offer the advantages of having a high
efficiency and low cost, which attracted us to investigate the application. The characteristic
size of the nanostructures could be varied from several nanometers to several hundred
nanometers. Surface enhanced Raman spectroscopy (SERS) was realized on
nanostructured copper surface generated by femtosecond laser ablation. An enhancement
factor of 863 was achieved, which agreed relatively well with the theoretical analyses
found by finite-difference time-domain (FDTD) simulation. In addition, the anti-reflection
effect of the nanostructured surface induced by femtosecond laser ablation was studied.
The reflectance of the nanostructured silicon surface was reduced to 3% throughout the
UV to near IR region (1.1 um) at a large field of view. The ultra-high transmittance of the
nanostructured polydimethylsiloxane (PDMS) layer was also measured over the entire
range of the visible spectrum and at a large incident angle range of 120 degrees. Finally, a
super broadband InGaN/GaN-based light emitting diode (LED) was realized on a
nanostructured sapphire substrate. Emission wavelength peaks covering the range between
433 and 519 nm were detected. Furthermore, super broadband emission with a bandwidth
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of 214 nm was achieved, which basically covered the entire visible spectrum.
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Chapter 1
Introduction

1.1 Motivation
The first generation of femtosecond lasers was initially introduced in the 1990s,
employing Titanium-doped Sapphire as the laser material. In the last two decades,
femtosecond lasers have found applications in a wide variety of disciplines, including
physics, chemistry, engineering, and medical sciences [1-12]. In basic terms, the ultrashort
laser pulse is capable of delivering extremely high energy densities. When a femtosecond
laser system is applied with a typical pulse duration of 100 femtoseconds, a pulse energy
of 100 μJ is focused onto a spot with a diameter of 100 μm, which can generate a peak
energy density of 104 J/m2, as well as a peak intensity of 1017 W/m2. This incredibly strong
intensity can raise the local temperature of any material up to 104 ~105 °C in an extremely
short period of time, too quickly in fact to allow for thermal diffusion or a material phase
transformation to occur.
Therefore, since its advent, the femtosecond laser has been applied to the lasermaterials processing field. Compared with a laser utilizing nanosecond or longer pulses,
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the femtosecond laser induces little thermal or mechanical damage, which offers distinct
advantages during the laser-material interaction. The interaction time between
femtosecond laser pulses and materials is tremendously short, barely allowing any thermal
diffusion to occur, which keeps the interaction local and the surrounding material
essentially unaffected. Figure 1.1 shows scanning electron microscope (SEM) images of a
hole ablated by a femtosecond laser (a), and a nanosecond laser (b) on steel [13], illustrating
the difference in ablation induced by the femtosecond and nanosecond lasers. After the
femtosecond laser ablation, a considerably clean crater was formed without any evidence
of molten material, as shown in Figure 1.1 (a). However, during the nanosecond laser
ablation, the laser-material interaction time is long enough for the thermal wave to
propagate into the material to generate a relatively large molten layer. The presence of a

(a)

(b)

Figure 1. 1. SEM images of an ablation crater on a 100 μm steel foil induced by (a) femtosecond
laser pulses, and (b) nanosecond laser pulses [13].
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liquid phase renders the ablation process unstable, resulting in the generation of a randomly
textured crater, as depicted in Figure 1.1 (b). Moreover, femtosecond laser pulses with
ultra-high intensity could experience nonlinear processes during the interaction with the
large bandgap material, which is essentially transparent to visible and IR light. Fortunately,
the nonlinear process could still make ablation of large bandgap materials possible.
Consequently, femtosecond lasers are advantageous for micromachining and precision

(a)

(b)

(c)

(d)

Figure 1.2. SEM images of nanostructures generated by femtosecond laser ablation in the
shapes of (a) nanobranches with nanospheres [14], (b) nanorims, nanoridges, and nanoparticles
[15], (c) nanocaves and nanoparticles [15], and (d) a nanofiber [16].
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materials treatment, which is also the one of the major applications for femtosecond lasers.
Besides micron-scale craters, nanostructures, including nanowires, nanofibers,
nanospheres, nanocaves, nanorims, and nanoprotusions can be created on both dielectrics
and metals by the femtosecond lasers, as shown in Figure 1.2 [14-20]. Femtosecond laser
ablation has been demonstrated to be a reliable technique for creating nanostructures by
inducing the deposition from ablated materials [21, 22] and direct surface nano-ablation
[23, 24]. Femtosecond laser ablation, with its advantages of high efficiency, low cost, high
selectivity, and no requirement for the use of a mask, is an ideal approach for producing
nanostructures. Numerous applications of nanostructures with distinctive properties have
been found, including optics [25], optoelectronics [26], surface-enhanced Raman
spectroscopy (SERS) [27], chemical catalysis [28], and optical bio-sensing [29]. During
our study, we not only introduced a novel femtosecond laser ablation method to generate
nanostructures on both dielectrics and metals, but we also developed three significant
applications for nanostructures induced by femtosecond laser ablation.

1.2 Organization of Dissertation
Chapter 2 provides an overview of femtosecond laser ablations, including the light
absorption process, the materials ionization process, the femtosecond laser ablation
mechanism, and the femtosecond laser ablation threshold. Moreover, the femtosecond laser
system employed in this dissertation is discussed.
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Chapter 3 presents the surface enhanced Raman spectroscopy induced by a
nanostructured copper substrate, which is fabricated by treatment with interfered
femtosecond laser ablation in ambient air, a novel femtosecond laser ablation method. The
results indicate that the SERS substrate, with a considerable enhancement factor, can be
efficiently achieved by use of the interfered femtosecond laser ablation method.
Chapter 4 demonstrates the anti-reflection effect of the nanostructured surface,
which is also generated by the interfered femtosecond laser ablation method. An excellent
anti-reflection surface, with a large field of view created by the interfered femtosecond
laser ablation treatment, is reported in this chapter.
Chapter 5 discusses a super broadband InGaN/GaN based LED enabled by a
nanostructured sapphire substrate, which is inscribed by femtosecond laser ablation.
Emission wavelengths, ranging from UV to green, have been attained due to the variation
of the Indium composition, which is induced by the nanostructured sapphire substrate.
Chapter 6 summarizes the main results achieved in this dissertation and proposes
future research work related to the field.
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Chapter 2
Femtosecond Laser Ablation Theory and the Femtosecond
Laser System

2.1 Introduction to Femtosecond Laser Ablation
Thanks to the chirped pulse amplification (CPA) technique, the laser pulse
duration can be modified from several nanoseconds to tens of femtoseconds. The rapid
developments of the femtosecond laser introduced a completely new realm of femtosecond
laser ablation, which brought us numerous novel applications, such as thin film deposition,
laser micro-machining, nanostructured morphology creation, and even picture restoration
and cleaning. Compared with ablation by the nanosecond or picosecond laser pulse,
femtosecond laser ablation possesses the unique advantage of not causing any apparent
damage, since no shock waves or thermal effects can be induced during treatment in such
a short period of time.
Taking metal material as an example, the laser pulse energy would be absorbed
during the laser pulse irradiation due to the phenomenon of inverse Bremsstrahlung. The
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laser pulse energy would be converted into heat during the thermalization process within
the electron-lattice subsystem, including the energy absorption by electrons followed by
the energy coupling to the lattice. Basically, the thermalization process within the electronlattice subsystem happens so quickly that the other influences to this subsystem can be
temporarily neglected. The temperature of the electron and the lattice can be described by
the following one-dimensional, two temperature diffusion model [30, 31]:
𝜕𝑇
𝜕𝑄(𝑧)
𝐶𝑒 𝜕𝑡𝑒 = − 𝜕𝑧 − 𝛾(𝑇𝑒 − 𝑇𝑖 ) + 𝑆

(2.1)

𝜕𝑇
𝐶𝑖 𝜕𝑡𝑖 = 𝛾(𝑇𝑒 − 𝑇𝑖 )

(2.2)

𝜕𝑇
𝑄(𝑧) = −𝑘𝑒 𝜕𝑧𝑒

𝑆 = 𝐼(𝑡) 𝐴𝛼 exp(−𝛼𝑧)

(2.3)

(2.4)

where Ce and Ci are the heat capacities (per unit volume), Te and Ti are the temperature of
the electron and lattice subsystem, respectively, Q(z) is the heat flux, z is the depth from
the surface, 𝛾 is the electron lattice coupling efficiency, S is the heating energy from the
laser, ke is the electron thermal conductivity, I(t) is the laser intensity, A is the surface
transmittance, and 𝛼 is the material absorption coefficient.
Figure 2.1 shows the schematic of the laser ablation at different pulse durations.
Instead of an equilibrium coupling process between the electron and the lattice in the
nanosecond laser pulse ablation, the energy conversion between the electron and the lattice
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hardly happens during the femtosecond laser pulse ablation.

(a)

(b)

Figure 2.1. Schematics showing the laser ablation by the (a) femtosecond laser pulse, and (b)
the nanosecond laser pulse [13].

Besides the interaction time, which is dependent on the laser pulse duration, the
laser intensity also plays an extremely significant role in the ablation process. To initiate
the ablation process, the laser pulse energy should at least exceed the material’s ablation
energy, which is determined by the binding energy of the material’s atoms. Therefore, the
laser pulse with a shorter duration should have a higher intensity to ablate the same volume
of material, and vice versa. For example, laser pulses with a 100 fs duration need an
intensity level at 1013 – 1014 W/cm2 [32, 33], while laser pulses with a 100 ns duration
merely require an intensity level around 108 – 109 W/cm2 [34, 34]. The fs laser pulse with
much higher intensity would result in a completely distinct ablation evolution, which
involves the ionization of the material that occurs at the beginning of the laser pulse, before
the events shown in Figure 2.1. This is critically important for dielectric materials, because
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after the ionization of the dielectric, the free electrons in the material could start to absorb
the laser pulse energy just like the metal. Thus, the ablation by the ultra-short laser pulse
for both dielectrics and metals could be treated in a similar way.
In the rest of this chapter, the mechanism of the femtosecond laser ablation for
both metals and dielectrics is explained in detail. Moreover, a relatively simple and
straightforward model is developed to describe and analyze the ultra-short laser pulse
interaction with both metals and dielectrics, which includes the absorption coefficient,
ionization rates, ablation rates, and the ablation threshold.

2.2 Light Absorption and Material Ionization
Generally, light absorbed by materials can be caused by the following reasons: 1)
intra-band absorption, 2) inter-band transitions and molecular excitations, 3) collective
excitation absorptions, and 4) absorption due to impurities and defects. This kind of
absorption is characterized as a linear process that obeys the Beer-Lambert Law [36], which
declares that light absorption in the linear process is only related to the material path length,
but is independent of the incident light intensity. The light absorption occurring at an
intensity level above 1014 W/cm2 is different from the aforementioned cases, which is
characterized as a nonlinear process because the light intensity is high enough to initiate
the ionization. The ionization of dielectrics can be accomplished in the first several
femtoseconds of the laser pulse irradiation duration. The electrons thus generated by the
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ionization initiate the rest of the light absorption process due to the inverse Bremsstrahlung.
As long as the electron density increases, the dielectric materials will perform more and
more like a metal. Consequently, the mechanisms of light absorption and laser ablation for
both dielectrics and metals are quite similar in the femtosecond realm.
For dielectric materials, the laser ablation would not start until the electrons from
the valence band are transferred to the conduction band by the nonlinear ionization process.
First of all, the photo-ionization process would excite an electron to the conduction band,
generating a seed electron for the entire process. The seed electron would continue to
absorb the laser energy, which would keep increasing its kinetic energy. When the kinetic
energy of the seed electron exceeds a certain threshold, it would ionize the adjacent
electrons in the valence band, which is characterized as the avalanche ionization process
(AI), also called collisional impact ionization [37], as shown in Figure 2.2. The avalanche
ionization entirely depends on the free electron density and is typically expected to be
linearly proportional to the laser intensity [38]. Besides the avalanche ionization, the
multiphoton ionization (MPI) displayed in Figure 2.3 [39] is the other evolution that is
happening, especially when the light intensity reaches 1013 W/cm2 during the fs laser pulse
illumination. In the multiphoton ionization process, the electron is stimulated by numerous
(N) photons with the energy of hν simultaneously, which could be considered as a ‘giant’
photon delivering the energy of N*hν to the electron. Electrons at the valence band could
be excited to the conduction band when the energy of N*hν is larger than the material’s
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Free Electron

Atoms

Atoms
Free Electron

Figure 2.2. The schematic of the avalanche ionization consisting of a series of collisional impact
ionizations.
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Multiphotons
Atoms

Atoms
Free Electron

Figure 2.3. The schematic of the multiphoton ionization.
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ionization potential. Compared to the avalanche ionization, the multiphoton ionization is
accomplished through the virtual quantum state without the requirement for initialization
by the seed electron [40, 41].
It is believed that the avalanche ionization, as well as the multiphoton ionization,
cooperate during the femtosecond laser pulse illumination [38, 42, 43]. Free electrons
generated by the multiphoton ionization could function as seed electrons of the avalanche
ionization. It still remains controversial which process dominates during the ionization
process, since the incident laser intensity is the significant determining parameter. The
ionization rate, including the multiphoton and the avalanche ionizations (which is also the
free electron generating rate), could be expressed by a rate equation [32, 38, 44]:
𝜕𝑛𝑒
𝜕𝑡

= 𝑛𝑒 𝑊𝐴𝐼 + 𝑛𝑎 𝑊𝑀𝑃𝐼

(2.5)

where the ne is the density of the electrons separated from atoms, na is the density of the
neutral atoms, and the WAI and WMPI are the avalanche ionization and the multiphoton
ionization probabilities, respectively. The WAI and WMPI can be expressed in terms of the
𝜀𝑜𝑠𝑐 (the electron quiver energy), 𝑛𝑝ℎ = 𝐽𝑖 ⁄ℏ𝜔 (the photon number required for the
multiphoton ionization), Ji (the ionization potential), and veff (the effective collision
frequency) [44, 45]:
2𝜔2 𝑣𝑒𝑓𝑓
𝜀
𝑊𝐴𝐼 ≈ 𝑜𝑠𝑐
(
)
𝐽𝑖
𝜔2 + 𝑣2𝑒𝑓𝑓

(2.6)
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3⁄
𝜀𝑜𝑠𝑐 𝑛𝑝ℎ
𝑊𝑀𝑃𝐼 ≈ 𝜔𝑛𝑝ℎ2 ( 2𝐽
)
𝑖

(2.7)

From equations 2.6 and 2.7, it is apparent that the probability of the avalanche and
multiphoton ionizations has a strong relationship to the ratio of the electron quiver energy,
𝜀𝑜𝑠𝑐 , and the ionization potential, Ji. The multiphoton ionization would dominate the
ionization process when the electron quiver energy is larger than the ionization potential,
and vice versa. Therefore, the multiphoton ionization is the primary reason for the material
ionizations, as the number of electrons stripped from atoms is linearly proportional to the
time and the multiphoton ionization probability.

2.3 Femtosecond Laser Ablation Mechanism
After ionizations, the free electron density should be saturated at the so-called
‘critical density’, where ablation is about to start. The critical density can be estimated as
[41]:

𝑛𝑐 =

𝜋𝑚𝑒 𝑐2
2
𝑒2 𝜆

(2.8)

where me is the electron mass, c is the light velocity, e is the electron charge, and λ is the
incident laser wavelength. This equation shows that the critical density is independent of
the pulse duration. The critical density can be created in just several femtoseconds by
employing the femtosecond laser pulse. After that, the inverse Brehmstrahlung and the
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resonance absorption are the primary mechanisms dominating the light absorption process.
The absorption coefficient, A, could be expressed with the Fresnel formula [46]:

𝐴 = 1−𝑅 =

4𝑛
2

(1+𝑛) +𝑛2

(2.9)

−1

𝜔𝑝𝑒
𝜔2
(1 + 2 )
2𝜔
𝜔𝑝𝑒

where 𝑛 = √

, which is the refractive index of the material after the

critical density buildup [47], and 𝜔𝑝𝑒 is the electron plasma frequency.
The laser pulse duration of 100 femtoseconds is of a much shorter duration than
all relaxation times, such as, for example, the electron-ion energy transfer time, the electron
heat conduction time, and so forth. Thus, the target density remains constant during the
femtosecond laser material interaction. Most of the laser energy could be only transferred
to electrons in a small depth from the surface at the beginning by the electric field of the
femtosecond laser, which is characterized as the well-known “skin effect.” The skin depth
could be estimated by:

𝑙𝑠 ≈ 𝐴

𝑐 (1 +
2𝜔

1
1
+
)
𝑛
𝑛2

(2.10)

which could lead us to find the electron conduction time [48]:
2

2

𝑙
3𝑙
𝑡ℎ ≈ 𝜅𝑠 = 𝑙 𝑣𝑠
𝑒 𝑒

(2.11)

where κ is the thermal diffusion coefficient, and le and ve are the electron average free path
and velocity, respectively. Generally, the electron heat conduction time is in the order of
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tens of picoseconds.
According to the energy conservation law, we could derive the equation of the
energy evolution between the laser energy flux in the skin layer, Q, and the electron
temperature, Te, due to the absorption in the skin layer [35, 49]:

𝐶𝑒 (𝑇𝑒 )𝑛𝑒

𝜕𝑇𝑒
𝜕𝑄
= −
𝜕𝑡
𝜕𝑥

𝑄 = 𝐴𝐼0 exp (−

2𝑥
)
𝑙𝑠

(2.12)

(2.13)

where Ce is the heat capacity (per unit volume) of the electron, ne is the free electron
population density, and I0 is the incident light intensity. One can deduce from these two
equations that the whole energy evolution is time independent.
After the free electrons heat up, the femtosecond laser ablation commences. The
thermal vaporization and the Coulomb explosion are believed to function as the principal
mechanisms of the ablation process. The thermal vaporization is a type of intense ablation
caused by the electron-phonon collisions, inducing the local temperature above the
vaporization point, while the Coulomb explosion is a sort of gentle ablation induced by the
electric field generated by the ions and free excited electrons, which is strong enough to
drag ions out from the target surface. Thus, the thermal vaporization dominates the ablation
process when the incident intensity is significantly higher than the ablation threshold, and
Coulomb explosion is mainly responsible for the ablation process when the incident
intensity is near the ablation threshold.
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2.3.1 Thermal Vaporization
Because both the electron-ion energy transfer time and the electron heat
conduction time are much longer than the femtosecond pulse duration, exposure of the
electrons to the laser energy results in the electron themselves heating up to an incredibly
high temperature. The heat and the kinetic energy is then coupled to the lattice. Electronphonon collisions are responsible for energy transfer from the excited electron gas to the
phonon gas. The temperature of the electron and nearby lattice can be estimated by using
the two temperature diffusion model employing equations (2.1) to (2.4). Generally, the
temperature of the lattice would increase rapidly and directly above the vaporization point.
A quartz sample was predicted to at the local temperature of 3,000°C at the ablated area,
even several milliseconds after femtosecond laser ablation [50]. Consequently, extremely
intense interactions occur locally. Numerous solids are induced to sublime from the surface
of the ablation area, which could possibly result in the ejection of adjacent solids, since the
phase transition at the surface is strong enough to generate excessive tiny ‘explosions’. The
size of the solid specimen ejected is relatively random, varying from nanometers to microns,
depending on the incident light intensity.
The thermal vaporization contains the following distinguishing features: 1) the
temperature of both the ejected particles and the ablated surface is around the vaporization
temperature; 2) the material removed from the surface is in the form of particle clusters
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with a characteristic size in the micron range; 3) the surface following the ablation appears
rough.

2.3.2 Coulomb Explosion
Compared with thermal vaporization, the Coulomb explosion involves a totally
different mechanism. Due to the ionization process, electrons can escape from atoms in the
illumination area of the laser pulse, thereby generating a considerable electric field with
atomic ions. The magnitude of the electrostatic force induced by the electric field can be
expressed in the following equation [48, 51]:

𝐹𝑒 = 𝑒𝐸𝑎

𝐸𝑎 = −

𝜀𝑒(𝑡) 𝜕ln(𝑛𝑒)
∗
𝑒
𝜕𝑧

𝜀𝑒 (𝑡) = 𝐸𝑇 − 𝜀𝑒𝑠𝑐

(2.14)

(2.15)

(2.16)

where the 𝜀𝑒 (𝑡) is the kinetic energy of electrons after escaping from the atoms, 𝐸𝑇 is
the energy that electrons absorb when heated up to the temperature of T by the laser pulses,
𝜀𝑒𝑠𝑐 is the work function, and z is the perpendicular distance to the material surface.
Additionally, another force, called the ponderomotive force, is generated by the electric
field resulting from laser pulse irradiation and can be expressed as [52]:
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𝐹𝑝 = −

2𝜋𝑒2
∇𝐼
𝑚𝑒𝑐𝜔2

(2.17)

where me is the electron mass and ω is the laser frequency. In the majority of femtosecond
laser ablation cases, the ponderomotive force can be neglected because the electrostatic
force is much larger. When the electrostatic force is larger than the binding force (in other
words when the free electron energy is higher than the binding energy between the ion and
the lattice), ions would be dragged out from the material surface. If neglecting the factor
of ion heating, the maximum energy of ions after escaping from the lattice can be expressed
by the following equation:

𝜀𝑖 = 𝐸𝑇 − 𝜀𝑒𝑠𝑐 − 𝜀𝑏

(2.18)

where 𝜀𝑏 is the binding energy.
Distinct characteristics of the Coulomb explosion include: 1) the majority of ions
separated from the target during the laser pulse irradiation, which is much faster than
thermal vaporization; 2) the material removed from the surface is in the form of
nanoparticles, with a feature size of tens of nanometers; 3) the ablation process can be
accurately controlled at the nanometer level. Coulomb explosion currently plays a
significant role in the ablation of dielectrics and semiconductors.

2.4 Femtosecond Laser Ablation Threshold
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According to the previous section, two procedures are necessary for ultra-short
pulse laser ablation; 1) electrons gain sufficient energy to escape from the atoms following
laser pulses, and 2) ions are pulled out of the atoms from the material surface by the
mechanisms of thermal vaporization and Coulomb explosion. This process requires that
the incident laser energy absorbed by the electrons exceeds the sum of the electron escape
energy and the atomic binding energy.

2.4.1 Femtosecond Laser Ablation Threshold for Metals
For metals, the electron escape energy is a work function. Thus, the relationship
that the electron energy equals the sum of the work function and the atomic binding energy
can be used to define the laser ablation threshold:

𝜀𝑒 = 𝜀𝑤𝑓 + 𝜀𝑏

(2.19)

where 𝜀𝑒 , 𝜀𝑤𝑓 , 𝜀𝑏 represent the energy of the electron, the work function, and the atomic
binding energy, respectively. Additionally, the value of the electron energy approximately
equals its temperature for a conventional ideal gas at high temperature. Consequently, the
electron energy at the surface (x = 0) can be estimated by solving equations (2.12) and
(2.13).
4 𝐴𝐼 𝑡
𝜀𝑒 = 𝑇𝑒 = 3 𝑙 𝑛0
𝑠 𝑒

(2.20)
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Combining equations (2.19) and (2.20), we obtain the following equation:
4 𝐴𝐼 𝑡
𝜀𝑤𝑓 + 𝜀𝑏 = 3 𝑙 𝑛0
𝑠 𝑒

(2.21)

Therefore, the femtosecond laser ablation threshold for metals can be derived from (2.21),
which is:
3
𝑙 𝑛
𝑚
𝐹𝑡ℎ
= 𝐼0 𝑡 = 4 (𝜀𝑤𝑓 + 𝜀𝑏 ) 𝑠𝐴 𝑒

(2.22)

From equation (2.10), the relationship between the ls and A are expressed. The value of the
expression (2.10) in brackets can be considered a constant, because these parameters are
not affected by the material and the laser. We can therefore obtain an approximation of the
relationship with the following equation:
𝑐
𝜆
𝑙𝑠 ≈ 𝐴 2𝜔 = 𝐴 2𝜋

(2.23)

Equation (2.22) can then be modified to the following:
3
𝜆𝑛
𝑚
𝐹𝑡ℎ
= 𝐼0 𝑡 ≈ 8 (𝜀𝑤𝑓 + 𝜀𝑏 ) 2𝜋𝑒

(2.24)

which indicates that the femtosecond laser ablation threshold is proportional to the incident
light wavelength.

2.4.2 Femtosecond Laser Ablation Threshold for Dielectrics

22

Femtosecond laser ablation threshold analysis for dielectrics is similar to metals,
since the performance of fully ionized dielectrics is the same as metals. Nevertheless, the
differences between these two kinds of materials cannot be ignored. Compared with metal,
no free electron exists in dielectrics before laser pulse illumination. Dielectrics require the
absorption of energy to exceed the ionization potential, rather than the work function, to
excite electrons from the valence band to the conduction band in order to generate free
electrons. Thus, the femtosecond laser ablation threshold for dielectrics can be modified
from equation (2.22) by replacing the work function, 𝜀𝑤𝑓 , with the ionization potential, 𝐽𝑖 :
3
𝑙 𝑛
𝑚
𝐹𝑡ℎ
= 𝐼0 𝑡 = 4 (𝐽𝑖 + 𝜀𝑏 ) 𝑠𝐴 𝑒

or by substituting 𝑙𝑠 ≈ 𝐴

𝜆
2𝜋

(2.25)

, leading to the expression:

3
𝜆𝑛
𝑚
𝐹𝑡ℎ
= 𝐼0 𝑡 ≈ 8 (𝐽𝑖 + 𝜀𝑏 ) 2𝜋𝑒

(2.26)

2.5 Femtosecond Laser System
Ultrafast lasers have attracted a great deal of interest in a variety of applications
and research areas, including: laser ablation and machining [53-55], laser assisted chemical
reactions [56], Terahertz (THz) generation [57-59], supercontinuum generation [60-62],
and standoff detection [63]. In this section, an ultrafast high power femtosecond laser
system available in our lab, which was used to conduct all of the experiments in this
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dissertation, is illustrated in detail.
Although many types of ultrafast laser systems that are easy to operate are
commercially available for compact packaging, they are generally unable to deliver large
pulses, which is critical for many applications [64]. The most widely applied method to
amplify low-peak power pulses into high-peak power pulses is the chirped-pulsed
amplification technique [64, 65].
A femtosecond laser system applying the chirped-pulsed amplification technique
includes the following components: 1) an oscillator (seed laser), 2) a stretcher, 3) a
regenerative amplifier (RGA), 4) a multi-pass amplifier (MPA), and 5) a compressor.

Figure 2.4. The laser pulse duration change at different stages through a chirped or downchirped pulse amplification process (image reconstructed from [66]).
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Figure 2.4 shows the pulse duration change at different stages [66]. The original pulse
originating from the seed laser would be broadened in the stretcher. The broadening process
has two variations: 1) the chirped pulse amplification (CPA) process (the longer
wavelength of light travels faster than the shorter one), and 2) the down-chirped pulse
amplification (DPA) process ( the shorter wavelength of light travels faster than the longer
one). The stretched pulse, which is amplified in two amplification paths (RGA and MPA),
is finally compressed by a compressor. Figures 2.5 and 2.6 show a schematic and

Figure 2.5. An image of the femtosecond laser system located in our lab.
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Figure 2.6. The schematic of the femtosecond laser system in our lab.
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representative images obtained from the femtosecond laser system (TITAN Femtosecond
Pulse system, Quantronix) used in our lab, respectively. The laser beam path is included in
the figure to demonstrate the generation process of a giant femtosecond laser.
Firstly, the seed laser (IMRA Femtolite A-10) generates femtosecond laser pulses
with vertical polarization using the following parameters; a repetition rate of 48.1 MHz, a
center wavelength of 780 nm, a pulse duration of 99 femtosecond at the full-width-halfmaximum (FWHM), and an average output power of 20.1 mW. Because the seed laser
pulse duration is extremely short, barely 99 femtosecond at the FWHM, it is extremely
necessary to expand the femtosecond pulses to the picosecond level temporally. Two
primary reasons for stretching the ultra-short pulses with the chirped pulse amplification
process are: 1) to avoid damage to the optical components caused by the exceptionally high
peak power laser, and 2) to minimize spatial and temporal beam distortion because of
nonlinear interactions (if the pulse duration is ultra-short).
Figure 2.7 illustrates the stretcher component. The stretcher configuration
determines whether the CPA or DPA is applied in this system. As shown in Figure 2.7,
when f1 > f2, the longer wavelength light travels faster than the shorter wavelengths,
resulting in the CPA; while the DPA occurs when f1 < f2 due to the faster traveling speed
of shorter wavelength light when compared with the longer wavelength (which is also
called negative dispersion stretching). In our system, the reflector is intentionally tilted in
order to let the reflecting beam deviate from the incident beam so that it can be directed to
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Figure 2.7. The configuration of the stretcher [64].

the RGA system.
Polarizer #1 in the RGA system, as shown in Figure 2.5, is placed in a horizontal
orientation, which means that the vertically polarized light is reflected, while the
horizontally polarized beam transmits. Therefore, the incident vertically polarized light
from the stretcher can travel into the RGA system. Polarizer #2, which has the same
features, reflects the incident beam into the Pockels cell driver.
The Pockels cell operates at three different states in response to three altered
voltages, which provides the optical path retardance of 0, 𝜆⁄4 , and 𝜆⁄2 . At the 0
retardance state, the laser pulse only experiences the retardance provided by the quarterwave plate. The polarization of the laser pulse rotates from the vertical direction to the
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horizontal direction after emerging from the quarter-wave plate due to a total 𝜆⁄2
retardance. Consequently, the laser beam is able to pass through the polarizer to enter the
RGA cavity. After a round trip in the RGA cavity, the laser pulse transmits the polarizer,
and then experiences a second 𝜆⁄2 retardance, leading to the polarization rotating back to
the vertical direction. Thus, the laser beam can be reflected by the polarizer towards the
polarized beam splitter. The isolator between the polarized beam splitter and polarizer only
rotates the outcoming light by 90°, which results in the horizontal polarization laser pulse
passing though the polarized beam splitter and into the multipass amplifier (MPA).
Basically, the Pockels cell, working at the 0 retardance state, can lead the output laser pulse
to the MPA after 1 cycle (2 times amplification).
At the 𝜆⁄4 retardance state, the 𝜆⁄4 retardance is applied to the Pockels cell as
soon as the laser pulse with horizontal polarization leaves the cell. After a round trip inside
the RGA cavity, the laser pulse again experiences a quarter-wave plate along with the
Pockels cell with 𝜆⁄4 retardance instead of 0. Therefore, besides the 𝜆⁄2 retardance
provided by the quarter-wave plate, another 𝜆⁄2 retardance (twice 𝜆⁄4 retardance by the
Pockels cell) is added on, which makes a total 𝜆 or considering as 0 retardance for the
laser pulse when it arrives at the polarizer from the Pockels cell. Consequently, the laser
beam maintains a horizontal polarization, and thus can pass through the polarizer and enter
and be trapped in the RGA cavity due to the constant polarization of the laser beam. On the
other hand, new pulses coming from the stretcher with vertical polarization are not able to
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enter the RGA cavity, since their polarization state is vertical after passing through the
quarter-wave plate and the Pockels cell twice, leading to pulses reflected at the polarizer.
The Pockels cell is kept in the 𝜆⁄4 state until the trapped laser pulses make about 15 round
trips (15 cycles, 30 times amplification) inside the RGA cavity.
The Ti: Sapphire crystal #1 in the RGA section functions as the amplification
medium. The Ti: Sapphire crystal is employed for most light amplification processes
because of its exceptional properties, including: 1) a high damage threshold around 10
J/cm2; 2) a high thermal conductivity of 46 W/mK at 300 K; 3) a broad gain bandwidth of
230 nm; 4) a large saturation fluence of 0.9 J/ cm2; and 5) an excellent peak gain cross
section of 2.7 * 10-19 cm2 [64]. In order to optimize the amplification efficiency and
diminish the unanticipated spectrum modulation caused by induced birefringence, it is
necessary to align the Ti: Sapphire crystal #1 parallel to the horizontal polarization of
pulses inside the RGA cavity. The Ti: Sapphire crystal #1 is pumped by 15% total power
from a Q-switched Nd: YLF laser equipped with a double frequency module (Falcon 527
series, Quantronix) having a central wavelength of 532 nm, an average power of 16.7 W, a
pulse width set at the full width half maximum (FWHM) of 142 ns, and a repetition rate of
1 kHz. The central wavelength of the output pulse after exiting the RGA is 784 nm, which
is shifted 4 nm to the red compared to the seed laser (central wavelength of 780 nm). The
reason for this is that the gain medium (the Ti: Sapphire crystal in our case) is more likely
to shift the pulse spectrum to the peak wavelength of the gain, which is 840 nm, as shown
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Figure 2.8. Gain cross section of Ti: Sapphire crystal (Image from [64]).

in Figure 2.8 [64].
The Pockels cell converts into the 𝜆⁄2 state when the laser pulse energy
approaches the maximum gain inside the cavity. The laser beam then experiences twice
𝜆⁄ retardance by the quarter-wave plate, and twice 𝜆⁄ retardance by the Pockels cell,
4
2
which means the laser beam exhibits a 90°rotation in polarization. Thus, the horizontally
polarized laser pulses are transformed back into the vertically polarized orientation, and
therefore are able to be reflected by the polarizer toward the isolator, at which point the
polarization is changed into the horizontal direction before the polarized beam splitter. The
laser pulse is finally able to pass through the polarized beam splitter, traveling into the
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multipass amplification component (MPA). The average output power from the RGA is
400 mW.
The amplified seed laser pulse originating from the RGA is further amplified twice
by the Ti: Sapphire crystal #2, as shown in the configuration of the MPA in Figure 2.6. The
Ti: Sapphire crystal #2 is pumped by the same Falcon 527 series Nd: YLF Q-switched laser.
However, 85% of the total pumping power instead of 15% is applied to the MPA process.
The pump beam passing through the crystal is reflected back to the crystal in order to obtain
the maximum output. The average output power of the amplified laser beam after MPA
processing should be 3 W.
The polarization of the amplified laser beam is rotated by 90°towards the vertical
direction by passing through a half-wave plate, and then incidents into a compressor. The
working principle of the compressor is similar, but opposite, to the principle of the stretcher.
In comparison to the CPA process applied for the stretcher, the opposite operation is applied,
such that the light of shorter wavelength travels faster than the light of longer wavelength,
which is employed in the compressor. The final output from our femtosecond laser system
is about 2 W, which is attenuated by the high-order diffraction loss and the metallic
absorption loss from the grating surface.
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Chapter 3
Surface Enhanced Raman Spectroscopy Induced by the
Nanostructured Copper Substrate Generated by Femtosecond
Laser Ablation

3.1. Introduction
3.1.1 History of Surface Enhanced Raman Spectroscopy (SERS)
It is well known that the Raman signal is generated by the inelastic scattering of
light by molecules, which is directly related to the vibrational and/or rotational states of
the molecules. Thus, Raman spectroscopy is an effective approach for identifying materials
and can be used as molecular fingerprints. However, the Raman signal is generally much
weaker (10−6 − 10−7 ) than that of the excited light intensity, which limits its practical
applications [27, 67]. Fortunately, a weak Raman scattering signal was discovered that can
be dramatically enhanced by a rough metal surface [68], which was previously known as
Surface Enhanced Raman Spectroscopy (SERS) about 30 years ago. Electromagnetic and
chemical enhancements are typically considered as the main mechanisms of SERS, with
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its intensity depending on the excitation of the local surface plasmonic resonance (LSPR)
[69, 70].

Due to the significantly enhanced sensitivity of SERS, it has been widely used

as an ultrasensitive detection method in many fields, such as biology, chemistry, and
material science [71 - 73].
The SERS substrate, usually a metal with rough surfaces, is typically considered
a key component to generating the SERS effect, since it can directly influence the
enhancement factor. In the past few decades, different types of metals [such as gold (Au)
and silver (Ag)] [74], as well as different types of rough surfaces, such as electrochemical
roughening of metal electrodes [68], metal island films [75], chemically etched metal foils
[76], and surface-confined nanostructures [77], have been investigated for SERS
applications.

3.1.2 Motivation
Although significantly enhanced Raman signals have been demonstrated by
employing these rough surfaces, current SERS technology suffers from some fundamental
limitations. Processes to create rough surfaces, such as electron beam (E-Beam)
lithography, are always expensive and time-consuming. Additionally, it is difficult to create
rough surfaces in real time and at remote locations for SERS applications.
To overcome the fundamental limitations of current SERS technology, we
investigated a new type of SERS by using nanostructures on metals created by nonconventional femtosecond lasers [13, 78-80]. The creation of nanostructures on metals by
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femtosecond lasers is a relatively new technique [79, 80]. The physical mechanism is
related to laser melting and resolidification. Although laser-induced nanostructure
formation on metals has recently been reported [79, 80], the work conducted for this thesis
represents the first time that these types of nanostructures were applied to SERS.
Furthermore, instead of using direct laser illumination, this work utilized a phase mask to
form the interference pattern on metals so that a finer nanostructure could be generated,
which further enhances the Raman signal. This new approach offers major advantages.
First, since femtosecond lasers can create nanostructures on metal surfaces in real-time,
they serve as a convenient and quick method to realize SERS. Secondly, since
nanostructures can be created at remote metal surface locations by femtosecond laser
illumination, one can realize remote SERS. This capability can be very useful for remote
detection, which is critically needed for many applications, such as standoff detection of
chemical and biological agents. Thirdly, the SERS substrate material of Cu is the only
other metal that can be excited by visible light besides Ag and Au, and it is much more
readily available than Ag and Au. Our experimental results demonstrated that an
approximately 1000 times enhancement factor could be achieved by using femtosecond
laser-created nanostructures, which is consistent with theoretical analyses.

3.2. Theory Background
3.2.1 Raman Spectroscopy

35

A Raman signal is generated due to the inelastic scattering of the light by the
molecules. Molecules have vibrational modes. Using the small amplitude harmonic
vibrational approximation, the polarisability of a molecule, as a function of molecular
vibrational frequency, 𝜐𝑚 , can be written as:
𝛼 = 𝛼0 + 𝛼1 sin(2𝜋𝜐𝑚 𝑡).

(3.1)

When a light field, 𝐸 = 𝐸0 sin(2𝜋𝑣𝑝 𝑡), where 𝐸0 and 𝑣𝑝 denote the magnitude of
the electric field and the frequency of the light field, respectively, impinges on a molecule,
there is a light field-induced dipole moment, as given by:
𝑃 = 𝛼𝐸

= [𝛼0 + 𝛼1 𝑠𝑖𝑛(2𝜋𝜐𝑚 𝑡)] ∙ [𝐸0 𝑠𝑖𝑛(2𝜋𝜐𝑝 𝑡)]
1

1

= 𝛼0 𝐸0 𝑠𝑖𝑛(2𝜋𝜐𝑝 𝑡) + 2 𝛼1 𝐸0 𝑐𝑜𝑠[2𝜋(𝜐𝑝 − 𝜐𝑚 )𝑡] + 2 𝛼1 𝐸0 𝑐𝑜𝑠[2𝜋(𝜐𝑝 + 𝜐𝑚 )𝑡].

(3.2)

The first term of equation (3.2) represents the elastic Rayleigh scattering. The second
term of equation (3.2) denotes the Stokes Raman scattering that has a frequency of 𝜐𝑝 −
𝜐𝑚 . The third term of equation (3.2) represents the anti-Stokes Raman scattering that has a
frequency of 𝜐𝑝 + 𝜐𝑚 . Please note that equation (3.2) is derived using a simplified
classical theory model, which cannot explain the different intensities of Stokes and Anti-
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Stokes scatterings. A more rigorous quantum theory is needed to explain the different
intensities of Stokes and Anti-Stokes scatterings. Figure 3.1 [81] provides a

Figure 3.1. A graphic illustration of the anti-Stokes (top left) and Stokes (top right) Raman
scattering, and a typical Raman spectrum (actually SERS here) for the Rhodamine 6G
(bottom) [81].

graphic illustration of the Raman scattering processes, along with the accompanying
spectrum.
From equation (3.2), one can observe that the magnitude of the Raman scattering
is directly proportional to the magnitude of the electric field of the light, E0. Since E0 is
normally much less than the internal electric field of the molecules, the Raman signal is
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typically very weak.

3.2.2 Surface Enhanced Raman Spectroscopy
The underlying principle of SERS is still not fully understood. Currently, two main
theories: electromagnetic (EM) enhancement and chemical enhancement are responsible
for the SERS [69, 70]. The chemical enhancement, due to a charge-transfer between the
metal and absorbed molecule, contributes an average enhancement factor of 100 [82],
while the EM enhancement can be explained by local surface plasmon resonance (LSPR).
LSPR occurs only when metal nanoparticles are in resonance with incident light. The
characteristics of LSPR are determined by many factors, such as the shape, size, and
material of nanoparticles, and the dielectric environment. Considering a spherical
nanoparticle of radius a, irradiated by z polarized light of wavelength λ under quasistatic
conditions, the electrical field excited by the sphere can be expressed as [83]:

𝐸(𝑥, 𝑦, 𝑧) = 𝐸0 𝐳̂ − 𝛼𝐸0 [

𝐳̂
3𝑧
− 5 (𝑥𝐱̂ + 𝑦𝐲̂ + 𝑧𝐳̂)]
3
𝑟
𝑟

𝜀 −𝜀
α = 𝑔𝑎3 = 𝜀 𝑖𝑛+ 2𝜀𝑜𝑢𝑡 𝑎3
𝑜𝑢𝑡
𝑖𝑛

(3.3)

(3.4)

where r is the radial distance, and α is the metal polarizability (εin and εout are the dielectric
functions of the metal nanoparticle and the surrounding material, respectively, and g is
defined as the field enhancement factor averaged over the surface). This equation shows
that the largest enhancement will occur when 𝜀𝑖𝑛 = −2𝜀𝑜𝑢𝑡 , and that this electrical field
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will decrease tremendously while distance r increases, which indicates the finite
enhancement area around the metal nanoparticle.
Furthermore, the exited filed intensity at the surface of the small nanoparticle
sphere is equal to the absolute square of the electrical field [84]:

|𝐸 2 | = 𝐸02 [|1 − 𝑔|2 + 3 𝑐𝑜𝑠 2 𝜃(2𝐑𝐞(𝑔) + |𝑔|2 )]

(3.5)

where θ is the angel between the light polarization vector and the vector to the position of
the molecule on the surface. The maximum electrical field can be observed when θ equals
0°or 180°. Moreover, when g is large, the maximum intensity has the approximate value:

|𝐸 2 | = 4 𝐸02 |𝑔|2

(3.6)

In considering the electrical field of the Raman-scattered light enhanced by the factor g’,
the total enhanced field, ESERS, can be modified as:

𝐸𝑆𝐸𝑅𝑆 ∝ 𝑔’ 𝐸 ∝ 𝑔𝑔′ 𝐸0

(3.7)

Therefore, the the SERS intensity ‘ISERS’ would be proportional to the square modulus of
ESERS, as shown below:

2
𝐼𝑆𝐸𝑅𝑆 ∝ 𝐸𝑆𝐸𝑅𝑆
∝ |𝑔𝑔’|2 𝐸02 ∝ |𝑔𝑔’|2 𝐼0

(3.8)
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where I0 is the intensity of incident light. In addition, for low-wavenumber bands, both g
and g’ are approximate. As a result, the enhancement factor can be rewritten as g4, which
is known as the E4 enhancement at the metal nanoparticle surface.

3.2.3 Nanostructures Generated by Interfered Femtosecond Laser Ablation on
Copper
The nanostructure of the copper surface created by femtosecond laser illumination
involves two processes: (1) laser ablation and (2) re-deposition. According to Chapter 2,
laser ablation will happen when the laser fluence is above the metal ablation threshold [85],
3
𝜆𝑛
𝑚
𝐹𝑡ℎ
= 8 (𝜀𝑤𝑓 + 𝜀𝑏 ) 2𝜋𝑒

(3.9)

where the 𝜀𝑏 is the binding energy, the 𝜀𝑤𝑓 is the work function of the metal, and 𝑛𝑒 is
the free electron density. During the femtosecond laser ablation process, the crater will be
induced at the ablated area, when nano-clusters with dimensions from tens of nanometers
to hundreds of nanometers (depending on the laser fluence and materials), will be ejected
out of the ablated surface. Since the amount of ejection (i.e., the number of ejected nanoclusters) is different at different locations due to the randomness of the ejection process, a
structured surface can be formed during the laser ablation process, which usually has large
variations from tens of nanometers to several microns [13, 78-80]. The surface structure
is further altered when the ejected nano-clusters are deposited back at and/or near the
ablated area. The feature size of ejected nano-clusters (or so called nanoparticles) is usually
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less than 100 nm, which is smaller than the feature size formed during the laser ablation
process [86]. Furthermore, the size of the nanoparticles can be controlled by adjusting the
laser fluence [86].
In the conventional single beam femtosecond laser inscription, all the areas are
ablated first. Again, since the feature size and its variation of ablated structure is usually
much larger than that of ejected nanoparticles, the surface structure of conventional single
beam femtosecond laser inscription is mainly determined by the laser ablation.
However, in interfered femtosecond laser inscription, by controlling the incident
laser fluence, only a minor portion of surface area is ablated by the interfered femtosecond
laser to form tiny grooves, which correspond to the locations of peak intensities of the
interference pattern. The other portions remain as un-ablated smooth surfaces. Furthermore,
the nanoparticles pulled out of the metal surface will be deposited back on the un-ablated
smooth surface to form the nanostructured surface. Since the period of the interference
pattern can be on the order of several microns, the un-ablated area is close enough to the
ablated area to realize uniform deposition within this small area. In this case, the feature
size of the majority of un-ablated area is determined by the feature size of nanoparticles,
which is small (e.g., ~ 100 nm), which can be better controlled. Thus, a finer and more
uniform nanostructured surface can be formed by the interfered femtosecond laser
illumination. Moreover, since laser ablation and deposition simultaneously occur across
the entire interference pattern created by the phase mask, the nanostructure is created by a
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fast speed process without the need of two-dimensional laser beam scanning.

3.3. SERS on the Nanostructured Copper Substrate
3.3.1 Fabrication of Nanostructures on Copper by Femtosecond Laser Ablation
To verify the above theoretical predictions, we conducted the following
experiment. An amplified Ti: Sapphire laser with a pulse width of 150 fs, an output
wavelength of 780 nm, a pulse energy of 1.8 mJ, and a repetition rate of 1 kHz, was used
as the illumination source. A polished copper (Cu) substrate was fixed on a computercontrollable 3-dimensional Aerotech moving stage. The femtosecond laser beam was
illuminated on the Cu substrate. By moving the substrate around, the required
nanostructure pattern can be obtained. In order to obtain different nanostructures, two
different writing configurations were explored.
The first one is similar to the previous direct writing approach [79, 80]. The laser
beam was directly focused on the Cu substrate by a focusing lens with a focal length of
200 mm. An optical shutter was used to control the exposure time. The exposure time for
each single spot was 1/125 s. At the 1 kHz repetition rate, this corresponded to 8 laser
pulses for creating each nanostructured surface. A large structured surface area was
achieved by scanning the substrate in both the y and z directions. In the second approach,
the laser beam was focused on the front surface of the Cu substrate by a cylindrical lens
with a focal length of 38 mm, as shown the Figure 3.2. A phase mask with a pitch of 5
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(a)

(b)
Figure 3.2. The experimental-setup used to create nanostructures on metals by the
femtosecond laser beam with a phase mask: (a) a schematic diagram, (b) setup images.
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microns was inserted between the cylindrical lens and the Cu substrate to form the
interference pattern. The phase mask was set at a distance of 500 μm in front of the Cu
substrate. Following the one-dimensional focusing within the cylindrical lens, the phase
mask diffracted beams into different orders. Since it was hard to create a phase mask
without the zero order diffraction at 780 nm due to the requirement of a high aspect ratio,
our phase mask had a large remaining zero order diffraction of plus two (+1 and -1 –order)
diffraction beams. The interference between the zero order beam and +1 and/or -1
diffraction beams formed an interference pattern that had the same period as the phase
mask (5 microns). By scanning the substrate in the z direction at a speed of 5 mm/s, two
dimensional nanostructured patterns could be obtained.
The surface morphology of the Cu surface was investigated by the field-enhanced
scanning electron microscope (FESEM). Figure 3.3 shows nanostructures on the Cu
substrate created by (a) direct femtosecond laser ablation, and (b) interfered femtosecond
laser ablation. It can be seen from Figure 3.3 (a) that the Cu surface morphology induced
by the direct femtosecond laser ablation contains different kinds of structures, such as
nanospheres, nanowires, nano-craters, and so forth. Additionally, the characteristic size of
the structures varies by a wide range from tens of nanometers to several microns, which is
consistent with the previously reported pattern [79, 80]. However, nanostructures created
by the interfered femtosecond laser ablation using a phase mask are completely different
from those generated by the direct femtosecond laser ablation. From Figure 3.3 (b), it can
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be observed that only a minor portion of surface area was ablated by the interfered
femtosecond

laser,

(a)

which

was

transformed

into

grooves

containing

(b)

Figure 3.3. SEM images of nanostructures on the Cu substrate created by (a) the direct
femtosecond laser ablation, and (b) the interfered femtosecond laser ablation.

micron size surface fluctuations within the groove. The groove period is five microns,
which is consistent with the theory. Moreover, nanoparticles with a feature size of
approximately or less than 100 nm are deposited on both the ablated groove area and the
majority of the un-ablated area, which is smaller than that of the surface fluctuations within
the groove. This experimental result confirms that a finer and more uniform nanostructure
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can indeed be created by employing the interfered laser beam because the feature size is
mainly determined by the size of ejected nanoparticles, which can be controlled by
adjusting the laser fluence.

3.3.2 Excitation Wavelength for SERS Experiments
To determine the required excitation wavelength, the extinction spectrum of the
nanostructured Cu substrate was measured using a Perkin Elmer Lambda 950 photo
spectrometer. Figure 3.4 illustrates the experimentally measured extinction spectrum
within the spectral range of 250-750 nm. One can see that the shape of our experimentally
measured spectrum is extremely close to the left drawing of Figure 1 as shown by author
G. Chan et al. in the Ref. [87] for the same spectral range. The absolute extinction value of
our experimental result is larger than that of Ref. 22 because copper nanostructures cover
almost the entire surface of our sample, while only a small portion of the area has
nanoparticles in Ref. 22. A similar profile is understandable, since the dimension of
nanostructures of our sample and Ref. 22 are compatible. This similarity also suggests that
the copper surface of our sample is oxidized, otherwise, the extinction spectrum would be
close to the right drawing found in Figure 1 in Ref. 87, which includes a clear extinction
peak at around 700 nm. Since it is not realistic to remove the oxidation layer (e.g., by using
glacial acetic acid) on our nanostructured Cu surface at the remote distance for standoff
detection, our SERS substrate is directly utilized for experiments without removing the
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oxidation layer. Moreover, the wavelength of 488 nm was selected as the primary excitation
wavelength in this study, because there is a clear extinction peak at around 488 nm, as
depicted in Figure 3.4.
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Figure 3.4. The experimentally measured extinction spectrum of nanostructured Cu
substrate.

Finally, for the purposes of comparison, we also conducted the SERS experiment
with another excitation source at a wavelength of 513.5 nm, showing a substantially weaker
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Raman signal, which will be discussed in the later part of this chapter. Furthermore, the
excitation source with a long wavelength (e.g., 650 nm) was not selected for our experiment
due to the following reasons: 1) no clear extinction peak presents at the wavelength around
650 nm for the oxidized Cu nanostructured surface according to Figure 3.4; 2) the intensity
of the Raman signal is inversely proportional to the forth power of the excitation
wavelength. Hence, the shorter excitation wavelength is more preferred than the longer
wavelength for the compatible extinction coefficient.

3.3.3 Surface Enhanced Effect on Nanostructured Cu Surfaces
To conduct the experiment of SERS with nanostructured surfaces created by
femtosecond laser inscription, we also conducted SERS experiments by using a microRaman spectrometer (WITec-CRM200), a 488 nm excitation light source, a CCD camera,
and a liquid nitrogen cooled monochromator. In the experiment, a 100x microscope
objective (NA=0.9) was used to focus the excitation laser beam and collect the Raman
scattering signal, which was then recorded by a liquid nitrogen cooled monochromator, as
shown in Figure 3.5.
Oleic acid (purchased from Alfa Aesar) was chosen as the probe agent. To
simulate the chemical residue, the oleic acid was diluted (1:2000) by methanol, and then
was coated on the flat polished and nanostructured Cu substrate by a process of dip coating.
After these samples were dried, the Raman shift spectrum on the flat and nanostructured
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area was recorded at an integration time of 1 second, as shown in Figure 3.6. The Raman
peak cannot be observed on the flat polished Cu substrate. However, Raman peaks at 1089
cm-1, 1303 cm-1, and 1442 cm-1 are clearly shown on the nanostructured Cu substrate
created by the interfered laser beam. This experimental result clearly confirmed the
surface-enhanced Raman effect.

Figure 3.5. The schematic of the Raman Spectroscopy system.

However, we found that it was really difficult to control the thickness of the probe
agent by the dip coating process. Additionally, the amount of the molecular probe trapped
on the sample surface depended on the properties of the surface morphology. The surface
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enhancement factor would be inaccurate if the number of the probe molecules involved in
the SERS experiments was not the same for each sample. Therefore, we designed another
experiment to ensure that the same amount of molecules was coated onto the sample
surface. An extremely thin layer of Alumina (Al2O3), with the thickness of approximately
10 nm, was uniformly coated on all substrates employed in our experiments by employing
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Figure 3.6. The experimentally measured Raman spectra of oleic acid residues on the flat Cu
and nanostructured Cu surfaces.
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the atomic layer deposition (ALD) method [88], which ensured that the number of
molecules participating in the Raman scattering was exactly the same across all samples.
For comparison purposes, the 10 nm Alumina layer was coated on four different substrates:
1) a planar polished glass substrate, 2) a planar polished Cu substrate, 3) a nanostructured
Cu substrate created by direct femtosecond laser ablation, and 4) a nanostructured Cu
substrate inscribed by interfered femtosecond laser ablation, which were named as samples
1, 2, 3, and 4, in the remainder of this chapter. The Raman spectra of samples 1 - 4 are
illustrated in Figure 3.7, panels (a) - (d). An integration time of 3.0 s, 0.5 s, and 0.019 s
were chosen for recording the Raman scattering signal. Two Raman shift peaks of the
Alumina at 1343 and 1595 cm-1 were observed on all samples, as shown in Figure 3.7,
which are in agreement with other work [86]. However, differences in the Raman scattering
intensity of different samples are extremely apparent. When the integration time decreased
to 0.019 s, the Raman signals from samples 1 and 2 are hardly resolved from the
background, while distinct Raman peaks can be observed in samples 3 and 4, the
nanostructured Cu substrates. Moreover, one can see that the Raman scattering signal from
sample 4, which exhibited an obviously higher signal-to-noise ratio, is much stronger than
the one from sample 3. Therefore, all nanostructured Cu surfaces can provide the
enhancement, with sample 4 possessing the highest enhancement factor.
For easier comparison and to calculate the enhancement factor, all Raman
scattering spectra (at an integration time of 3 s) were graphed in Figure 3.8. The black,
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Figure 3.7. Raman shift spectrum of a 10 nm Aluminum Oxide sample on (a) a planar polished
glass substrate, (b) a planar polished Cu substrate, (c) a nanostructured Cu substrate created by
direct femtosecond laser ablation, and (d) a nanostructured Cu substrate inscribed by interfered
femtosecond laser ablation.
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purple, orange, and red lines represent samples 1, 2, 3, and 4, respectively. It is obvious
that sample 4, with finer nanostructures on the substrate surface created by the interfered
femtosecond laser ablation using a phase mask, not only provides the strongest signal, but
also the highest enhancement factor, which matches the SERS theory that the finer metallic
structures can induce stronger electric fields. The enhancement factor is calculated at the
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Figure 3.8. The experimentally measured Raman scattering spectra of a 10 nm Alumina
layer by the ALD with an integration time of 3 s on four different substrates.
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wavenumber of 1595 cm-1. The absolute Raman scattering intensity was obtained by
subtracting the Raman signal from the background signal. Therefore, we obtained the
absolute intensities of 15, 301, 2287, and 12941 for samples 1 – 4, respectively.
Consequently, the enhancement factor can be determined by calculating the intensity ratio
of the sample N (N = 2, 3, 4) to sample 1, which resulted in enhancement factors of 20 for
the planar polished Cu substrate, 152 for the nanostructured Cu substrate created by
directly femtosecond laser ablation, and 863 for the nanostructured Cu substrate inscribed
by interfered femtosecond laser ablation.

3.3.4 FDTD Simulation of the Enhancement Factor
To quantitatively compare this experimental result with theoretical calculations,
we also simulated the enhancing effect of the nanostructures by employing the finite
difference time domain (FDTD) method by the Rsoft. In order to simplify our simulation,
we assumed that the nanostructured surface contained nanospheres, with diameters varying
from 10 nm to 200 nm, that were randomly distributed on the surface (as illustrated in
Figure 3.9), which matched the characteristic size of the nanostructured surface, as shown
in Figure 3.3. In the FDTD calculation, the grid sizes of 5*5*5 nm3 and 1*1*1 nm3 were
selected for the bulk and structural areas, respectively.
Figure 3.10 (a) shows the calculated electric field intensity distribution on the
surface of nanostructured Cu substrate (illustrated in Figure 3.9), with a Gaussian shape
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normalized excitation source (i.e., the total excitation power is 1). The beam diameter of
the Gaussian shape excitation source was set to 500 nm according to the exact beam size
used in the experiment. It can be seen that the maximum field intensity has a value of 86.01
at those so-called "hot spots". For the purposes of comparison, Figure 3.10 (b) shows the

Figure 3.9. The model of nanostructures on the Cu surface for the FDTD simulation is
employed to theoretically analyze the Raman enhancement factor.

calculated electric field intensity distribution of a flat glass surface with the same kind of
excitation source, which essentially possesses the same maximum intensity and field
distribution as the launch source.
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(a)

(b)
Figure 3.10. The light intensity distribution on (a) the nanostructured Cu substrate, and (b) the
planar glass substrate.
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To compare the experimental and simulation results, the simulation result is
averaged over the spot size of the excitation light source because the experimentally
collected Raman signal covers the entire area illuminated by the laser beam, rather than a
single spot on the substrate. Since the enhancement factor (EF) is proportional to |𝐸|4 [89,
90], where E is the electrical field on the surface, EF can be expressed as:
4

𝐸𝐹 =

𝑘
∑𝑛
𝑖 = 1 ∑𝑗= 1|𝐸𝐶𝑢 𝑖,𝑗 | / |𝐸𝑆𝑖𝑂2 𝑖,𝑗 |

𝑛∗𝑘

4

(3.10)

where 𝐸𝐶𝑢 𝑖,𝑗 and 𝐸𝑆𝑖𝑂2 𝑖,𝑗 are the electrical fields on the nanostructured Cu surface and
flat glass surface, respectively, and 𝑛 and 𝑘 denote the horizontal and vertical index used
in the calculation, respectively. With a 5 nm x 5 nm grid size, 101 x 101 points are used in
the averaging calculation. The calculated result is 𝐸𝐹 = 1202, which is close to the
experimentally measured enhancement factor (~863).

3.4 Conclusion
In this chapter, the theory of Raman scattering and surface enhanced Raman
spectroscopy was introduced. An enhancement of the SERS intensity as high as E4 can be
achieved by the nanostructured metallic surface. We next analyzed the nanostructure
formation process on the Cu surface by using femtosecond laser ablation, including both
direct and interfered femtosecond laser ablations with a phase mask. We found that finer
and more uniform nanostructures could be created on the Cu substrate by using the
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interfered femtosecond laser ablation. The average feature size of nanostructures could be
less than 100 nm.
Moreover, SERS experiments were conducted on the nanostructured Cu surface.
A significantly enhanced Raman signal was detected on the nanostructured Cu surface
created by both direct and interfered femtosecond laser ablation. The nanostructure Cu
surface created by the interfered femtosecond laser ablation was then demonstrated to have
the largest enhancement effect, with an enhancement factor of 863. Additionally, the
theoretical analyses of the enhancement factor by FDTD simulation was executed to verify
the experimental results, which agreed relatively well (on the same order). The significance
of this work is that the metallic nanostructure is able to be created in real time and at remote
locations by the femtosecond laser ablation, which makes remote chemical and/or
biological agent detection by the SERS technique extremely practicable, because the
considerably enhanced Raman signal could be generated at the remote location in real time
as long as there are proper metals (e.g., Cu) near the target area.
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Chapter 4
Anti-reflection Nanostructured Surfaces Created by Interfered
Femtosecond Laser Ablation

4.1 Introduction
Light reflection is a natural phenomenon in which a portion of the light is reflected
back at the interface between two materials possessing different refractive indexes.
Numerous applications require the reflection to be as low as possible, especially when
applications are related with light collection, such as with photovoltaics and photo detectors.
In the past several decades, numerous techniques have been developed to reduce the
potential problem of light reflection, including refractive index match, multilayer dielectric
interference coatings, and surface nanostructure patterning, to mention a few [91-100]. The
traditional multilayer thin film anti-reflection coating suffers from limitations in certain
applications requiring a high transmittance (e.g. 98.5%) over a wideband light wavelength
range, as well as a large incident angle, due to the tremendous attenuation and the blue shift
of the transmission spectrum when the incident angle increases. Alternatively, the surface
nanostructure patterning approach can overcome these limitations. This approach involves
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a biomimetic method derived from some nanophotonic structures found in nature, such as
the wings of butterflies [101, 102]. Structures include nanocones, nanowires, nanopillars,
nanopyramids, and nanocaves. The nanostructured surface is treated as a gradient refractive
index layer which is capable of realizing the anti-reflection over a wideband wavelength
of light and a large incident angle range. Techniques, such as e-beam lithography with
various deposition methods, including wet and dry etching [103-106], have been developed
for nanostructured surface fabrication field.
However, there are two major disadvantages to the aforementioned approaches.
Firstly, they are extremely time consuming and costly. The current e-beam lithography and
deposition method usually costs hundreds of dollars and requires several hours to days to
complete the process. Secondly, methods like e-beam lithography, reactive-ion etching
(RIE), deposition, spreading nanoparticles, and so forth, are more likely to be applied just
on the flat surface. Therefore, to overcome the disadvantages of the above fabrication
techniques, we proposed a novel nanostructured surface fabrication method: the interfered
femtosecond laser ablation, which is fast and has a low cost. In this chapter, we employed
this method to fabricate “black silicon” and ultra-high transparency curved surfaces. The
black silicon surface contains micron-sized grid structures that were covered with
nanoparticles (applied using direct interfered femtosecond laser irradiation on the planar
polished silicon surface in air) to demonstrate its exceptional anti-reflection effect. The
structured surface could dramatically reduce light reflection from the silicon surface, which
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offers a reflectance lower than 3% at all wavelengths ranging from 250nm ~ 1100nm.
Moreover, nanostructures were created using curved copper (Cu) as the nanostructured
mold by exposure to interfered femtosecond laser ablation. A Polydimethylsiloxane
(PDMS) film with nanostructures was fabricated by imprinting from the curved
nanostructured glass. Ultra-high transmittance (> 98%) was measured.

4.2 Black Silicon Created by Direct Interfered Femtosecond Ablation in
Air
An extremely absorptive silicon surface, so-called ‘black silicon’, has been
induced by applying the femtosecond laser-assisted chemical etching method [107, 108].
The surface with numerous sharp conical microstructures has extremely low reflectance
ranging from UV to near-IR wavelengths [109, 110]. Although creating black silicon by
direct femtosecond laser ablation in air has been reported previously [111], our design and
fabrication processes are much faster and exhibit a high degree of performance.
In the experiment, the amplified Ti: Sapphire femtosecond, as discussed in
Chapter 2, with a 150 fs pulse duration, a central wavelength of 780 nm, a pulse energy of
1.8 mJ/pulse, and a repetition rate of 1 kHz, was used as the ablation source to create
structures on the silicon. The samples used in this study were single-side polished 1 1 0Silicon (Si) wafers. Each wafer was cleaned with an ultrasonic bath in acetone, methanol,
and deionized (DI) water, for ﬁfteen minutes each. The Si wafer was dried by nitrogen flow
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(a)

(b)
Figure 4.1. The experimental-setup used to create black silicon by interfered femtosecond laser
ablation in air: (a) a schematic diagram, (b) setup images.
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and then fixed onto a computer-controllable, 3-dimensional Aerotech moving stage. Figure
4.1 shows the schematic, as well as a photo of the setup. The laser beam with a diameter
of 10 mm was focused into a line with a length of 10 mm and a width of 15 μm on the front
surface of the Si substrate by using a cylindrical lens with a focal length of 70 mm. In order
to generate the interfered light pattern on the silicon surface, a phase mask with a pitch of
5 microns, designed for the 780 nm wavelength, was placed 500 μm in front of, and parallel
with, the Si substrate. The laser beam would be diffracted into different orders by the phase
mask. Two beams of dominated orders (+1 and -1 order) were interfered behind the phase
mask, which contribute to linearly focused periodic patterns on the surface of the Si
substrate. The laser fluence of 10 J/cm2 was used to create the structures. We scanned the
substrate in the direction perpendicular to the laser line at a speed of 10 mm/min to generate
a 10 * 10 mm2 treated area. The Si sample is then rotated 90 degrees and scanned back to
cover the whole treated area at the same speed. Finally, a 10 * 10 mm2 grid microstructured
area on the silicon is created by exposure to direct interfered femtosecond laser irradiation
in air.
The structured surface area of the silicon appears black, despite the viewing angle,
which demonstrates that the large decrease in reflection of the silicon results from the
structured surface. The morphological features of the structured surface induced by the
interfered femtosecond laser ablation in air was examined using a Zeiss field-enhanced
scanning electron microscopy (FESEM), shown in Figure 4.2. The sample was tilted 30°
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when taking the SEM pictures. As observed in Figure 4.2, tiny silicon ‘hills’ are separated
by crossed silicon ‘valleys’, which compose the grid microstructures on the silicon surface.
The valleys that are formed by the grooves induced by the interfered femtosecond ablation
have a period of 2.5 μm in both the horizontal or vertical directions due to the laser light
distribution. The 2.5 μm pitch is the result of the interference between the 0, 1 and -1
diffraction order from the phase mask. The height of the hills, as well as the depth of valleys,

Figure 4.2. (a) A photo image of the anti-reflection effect of the structured silicon, (b) a SEM
image showing the grid structure layout, (c) a SEM image showing the microstructures, and (d)
a SEM image showing the nanostructures.
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is approximately 2 μm. All hills and valleys are covered by nanostructures in the shape of
nanospheres, nanoparticles, nanocavities, and nanoprotrusions with a characteristic size
around 50 nm. The nanocavities and nanoprotrusions are generated by direct femtosecond
laser ablation, while the nanospheres and nanoparticles are due to re-deposition. The
morphology of the structures is apparently different from the conical-shaped structures
fabricated by femtosecond laser assisted sulfide hexafluoride (SF6) etching. However, its
performance in regards to the anti-reflection effect is also outstanding.
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Figure 4.3. Reflectance of structured silicon created by the interfered femtosecond ablation.
The reflectance of polished silicon before laser treatment is also shown in the plot for
comparison.
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Total hemispherical reflectance of the structured silicon surface is measured by
using a Perkin-Elmer Lambda 950 spectrometer equipped with an integrating sphere to
study changes in the optical properties of the treated area at a wavelength range of 250 to
1600 nm. Figure 4.3 shows the reflectance of the treated sample as a function of wavelength.
For comparison purposes, the reflectance of the polished single crystal silicon is also
measured and plotted in the figure. From this image, we can see that the reflectance of the
femtosecond laser-treated silicon surface is reduced drastically throughout the entire
spectrum examined (250 – 1600 nm). When the wavelength is shorter than 1100 nm, the
energy of the incident light is larger than the energy bandgap of the single crystal silicon
(1.1 ev, 1100 nm), which is the range that the largest decrease occurs and where the
reflectance of the treated sample is only around 3%. In the visible range (400 – 700 nm),
the reflectance drops to 1%, which is comparable to the reflectance of the black silicon
fabricated by the femtosecond laser in the SF6 atmosphere [109]. The reflectance of the
processed silicon increases to 25% when the wavelength is longer than 1100 nm.
Nevertheless, it is still significantly lower than that of the polished silicon. Additionally,
black silicon samples fabricated by femtosecond laser ablation in both air and a SF6
environment were investigated by energy dispersive spectroscopy (EDS) to determine
possible contamination resulting from the fabrication process. Table 4.1 provides EDS
results showing the elemental composition of the structured silicon created in (a) air and
(b) the SF6 environment. From Table 4.1 (a), one can see that only Si and a small amount
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of Oxygen (O) were detected, indicating that the sample was free from contamination, with
the exception of a minute amount of oxidation residue. However, besides Si and O,
contamination residues of sulfur (S) and Fluorine (F) were also discovered on the sample
fabricated in the SF6 environment, as shown in Table 4.1 (b).

Table 4.1. The element composition of structured Silicon fabricated by the femtosecond
laser ablation in (a) air, and (b) an SF6 environment.

Element

Line Type

k Ratio

Atomic %

Standard Label

O
Si

K series
K series

0.00120
0.00004

5.45
94.55

SiO2
SiO2

(a)

Element

Line Type

k Ratio

Atomic %

Standard Label

O
F
Si
S

K series
K series
K series
K series

0.00120
0.00004
0.01778
0.0013

6.21
1.80
91.07
0.92

SiO2
CaF2
SiO2
FeS2

(b)

In general, the absorption could influence the reflection, since only the front
surface reflection would be obtained, while the back surface reflection would be eliminated
when a bulk material exhibits absorption in the wavelength range of the incident light.
Therefore, a high absorption material would be more likely to have a relatively low
reflection. The light absorption from the material (silicon in this study) is essentially the
result of: (1) the intrinsic absorption because of band transitions; (2) the intrinsic absorption
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due to the lattice vibration; (3) the absorption caused by impurities and defects; and (4) the
absorption as a result of free carriers [111]. The absorption in the wavelength range below
1100 nm would be dominated by mechanism (1), while mechanisms (2) – (4) would govern
the absorption above 1100 nm. Furthermore, the surface condition of the sample would
also determine its reflectance properties to some extent. A rough surface generally exhibits
a lower reflectance compared to a smooth one for two reasons. Firstly, when the structures
of the rough surface are larger than the wavelength of the incident light, some light would
probably be trapped in structures due to multi-reflection effects [108]. Secondly, structures
smaller than the wavelength of the incident light would be considered as a graded refractive
index layer at the interface of the air and silicon, where the reflectance would be decreased
significantly [112, 113]. The SEM images in Figure 4.2 illustrate that the size of the grid
structures is about 1μm, while the feature size of the nanostructures covering the grid
structures varies from 20 – 200 nm. The reflectance decrease over the entire wavelength
range studied resulting from surface texturing could be explained by both reasons
mentioned above. The considerably low reflectance observed below 1100 nm, especially
in the visible range, is the result of both material absorption and surface structuring.
The depth of surface damage found in our study is around 3μm, in contrast to 3060 μm observed using the femtosecond laser assisted SF6 gas etching approach. This is a
major advantage of our study that could prevent the undesirable modification of silicon
optoelectric properties, which is important for applications, such as photovoltaic. Moreover,
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for silicon applications in the far-infrared and terahertz wavelength range, the grid-shaped
structured surface could be definitely treated as a sub-wavelength surface structure, which
could significantly reduce the reflection as a graded-index, anti-reflection surface.

4.3 Ultra-transparent Nanostructured Curved Surfaces
4.3.1 Transmission Simulation of Nanostructured Surfaces by the FDTD Method
To verify the anti-reflection effect caused by the nanostructured polymer (e.g.
PDMS) surface, we conducted quantitative simulations by employing the finite-difference
time-domain (FDTD) method. In this simulation, we assumed that the nanostructured
surface was formed by an array of nanocones with a height of 1000 nm and a bottom
diameter of 100 nm, as illustrated in Figure 4.4. Also, we assumed that the substrate was
N-BK7 glass with a refractive index of 1.52 at a wavelength of 460 nm. The array of
nanocones was made by the transparent PDMS with a refractive index of 1.47 at the
wavelength of 460 nm, which is considerably close to the refractive index of the N-BK7
glass. Moreover, the PDMS was selected, not only because of its similar refractive index
to the glass, but also as the result of the following advantages: 1) it can be easily molded
down to several nanometer dimensions; 2) its refractive index can be adjusted by dispersing
nanoparticles.
We simulated the transmittance of the nanostructure-coated glass substrate by
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Figure 4.4. An illustration of a nanostructured anti-reflection PDMS layer, consisting of an array
of nanocones.

applying the Rsoft full-wave FDTD method at different incident angles (-60°to 60°) and
wavelengths (400 – 700 nm). Figure 4.5 (a) and (b) illustrate the simulated transmittance
for the TE and TM polarizations over incident angles ranging from -60° to +60°.
Apparently, the average transmittance of both TE and TM modes are higher than 98% over
such a large field of view (120° totally). Figure 4.6 (a) and (b) depict the simulated
transmittance of both the TE and TM polarizations as a function of wavelength. Again, an
average transmittance higher than 98% could be observed for both polarizations over the
whole visible spectral range from 400 to 700 nm.
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(a)

(b)
Figure 4.5. The simulated transmittance of the (a) TE, and (b) TM polarization as a function of
incident angel for the nanostructured PDMS layer.
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(a)

(b)
Figure 4.6. The simulated transmittance of the (a) TE, and (b) TM polarization as a function of
wavelength for the nanostructured PDMS layer.
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4.3.2 Ultra-transparent Curved PDMS Film Fabrication
An ultra-transparent curved PDMS film was prepared by using the following steps.
Firstly, we selected a spherical-shaped substrate as the master mold with the required
curvature of the final product. The substrate could be metal (e.g. Cu) or a dielectric
substance (e.g. glass). Secondly, the center of the spherical substrate was connected to a
servo motor instead of the 3-D moving stage used previously, which allowed the spherical
substrate to rotate around the axis of the motor, as illustrated in Figure 4.7. Then, the
femtosecond laser beam was focused on the front surface of the spherical substrate by using

Figure 4.7. The schematic of the experimental-setup used to create nanostructures on the
polished Cu hemispherical shell as the mold.
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a cylindrical lens with a focal length of 38 mm. Also, a phase mask with a pitch of 5μm
was placed 500 μm in front of the substrate to generate the interfered pattern. The purpose
of employing the interfered laser beam, rather than the directly focused one, was to realize
the finer, more uniform nanostructures and the fast fabrication process, as discussed in
Chapter 3.
In the experiment, we selected the polished hemispherical Cu shell with a radius
of 50 mm as our curved substrate. The rotating speed of the motor was 0.1 rad/s, creating
a surface velocity of 5 mm/s. The same femtosecond laser system with an intensity fluence
of 10 J/cm2 and a reduced beam size with a diameter of 5 mm was applied. The focused
interfered femtosecond laser beam, with the period of 2.5 μm, could be generated on the
curved Cu surface. One should notice that although the Cu substrate is curved, the well
interfered pattern could still be achieved within the small area on the Cu surface, since the
radius of the hemispherical shell is much larger than the dimension of the ablated area.
After interfered femtosecond laser ablation, a similar nanostructured morphology on the
curved Cu surface, as shown in Figure 3.3 (b), was observed by SEM (Figure 4.8). It can
be seen that nanostructures with feature sizes less than 100 nm cover the entire ablated area.
The dimension of the nanostructure we achieved is extremely important for anti-reflection
applications because the feature size should be less than λ/2n to avoid diffraction, where
the λ and n denote the wavelength and refractive index, respectively. Basically, the whole
hemisphere can be ablated to generate the nanostructured surface by rotating the
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Figure 4.8. SEM images of nanostructures on the curved Cu substrate created by the interfered
femtosecond laser ablation.

hemisphere. We just fabricated a 10 * 20 mm2 nanostructured area to satisfy our
requirement.
Moreover, a thin PDMS layer with a thickness around 500 μm was coated on the
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ablated area on the curved Cu molded surface. The PDMS was cured at 100°C for 30
minutes. Then after separation from the curved surface, the imprint process introduced
nanostructures on the surface of PDMS layer, as illustrated in Figure 4.9.

Figure 4.9. A photo image of cured PDMS layer with nanostructures fabricated by the contact
nano-imprint approach.

The transmittance of the PDMS layer with and without nanostructures was measured at the
normal incident angle by an Ocean Optics USB 2000 spectrometer in order to demonstrate
the anti-reflection effect and the improvement of transmittance, as depicted in Figure 4.10.
From the purple line, it can be seen that the transmittance at the wavelength of 600 nm is
around 94% for the PDMS layer without the nanostructures, which matches the following
theoretical calculation:
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𝑇 =1−2

(𝑛 − 1)
(𝑛 + 1)

2

(4.1)

2

At the wavelength of 600 nm, n = 1.42 for the PDMS. Thus, the transmittance would be
approximately 94%, in which 3% of the Fresnel reflection loss originates from the front
surface, while another 3% originates from the back surface. Nevertheless, the transmittance
of the PDMS with nanostructures approaches 97% at the wavelength range from 550 to
700 nm. One should notice that only one nanostructured surface was fabricated on the
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With Nanostructures
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Figure 4.10. Reflectance of structured silicon created by the interfered femtosecond
ablation. The reflectance of polished silicon before laser treatment is also shown in the plot
for comparison.
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PDMS layer, which means that the Fresnel reflection from one surface was almost entirely
eliminated by the nanostructures. A transmittance value of higher than 99% will be
expected if nanostructures are created on both the front and back surfaces.

4.4 Conclusion
In this chapter, we proposed an approach to realize the anti-reflection effect on the
silicon surface by applying direct interfered femtosecond laser ablation in air. This method
could create grid-shaped microstructures on the silicon substrate covered by various
nanostructures. The grid dimension size was 2.5 um due to the phase mask, while the
feature size of nanostructures was 50 nm. Although the morphology of the structures was
different from the traditional black silicon, the reflection reduction performance was
comparable. The reflectance of the structured surface in our study was around 3%
throughout the UV to near IR range (1.1 um), irregardless of the viewing angle. This
approach was able to fabricate the nanostructured silicon surface without chemical
contamination by treating the material with femtosecond laser scanning ablation only 2
times, which should provide a large advantage for black silicon fabrication (high speed and
low cost).
Moreover, we investigated the nanostructure fabrication on a curved surface,
including its effect on anti-reflection properties. A FDTD simulation was conducted to
demonstrate the exceptional anti-reflection effect of the nanostructured PDMS layer, of

78

which the transmittance could be higher than 99% over the entire visible spectrum range,
with a large incident angle of 120 degrees. Because the PDMS layer can be fabricated into
any shape, our design was perfect for the anti-reflection on the curved surface requiring a
broad field of view. Thus, nanostructures were created, using the polished hemispherical
Cu shell as the nanostructured curved mold, by applying the interfered femtosecond laser.
Nanostructured PDMS films were fabricated through the nano-imprint process from the
mold. The tremendously high transmittance of the nanostructured PDMS film was
measured, which indicated that the Fresnel reflection was almost eliminated at the
nanostructured surface. It is believed that nanostructures generated on curved surfaces
provide extremely significant anti-reflection applications, particularly in the manufacture
of lenses or curved windows.
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Chapter 5
Super Broadband InGaN/GaN Based LED Enabled by
Nanostructured Sapphire Substrates Inscribed by
Femtosecond Laser Ablation

5.1 Introduction and Motivation
Light emission diode (LED) based solid state lighting plays an increasingly
important role in the 21st century. It is revolutionizing lighting by replacing not only low
efficiency incandescent lighting, but also fluorescent lighting because it offers a higher
efficiency and is more environmentally friendly [114, 115]. For example, unlike fluorescent
lighting, it does not contain hazardous mercury material. According to a market report from
Lux Research, it is anticipated that the LED lighting market will have an annual growth
rate of 25 percent and reach 25 billion US dollars. The major obstacle that prevents an even
faster growth of the LED market is the relatively higher cost compared to that of fluorescent
lighting. To dramatically reduce the cost, revolutionary new technology is needed.
Currently, one of the main technological barriers that results in a higher price tag
is lack of material that can provide a direct efficient broadband emission at the chip level.
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To realize broadband emission with a narrow band LED die, two approaches were
employed. One approach was to apply phosphor coating on blue LED die, which could
generate broadband white light by mixing the short wavelength blue light from LED die
and the longer wavelength yellow light from the phosphor. The fundamental limitation of
this approach was the energy loss during the wavelength conversion process due to the
Stokes shift and imperfect quantum efficiency properties of the phosphor material, which
reduces the lighting efficiency and increases the cost.
Another approach was to employ multiple LED dies, with each die having different
emission wavelengths [116-122]. For example, one could realize blue [117], blue/green
[118], and UV/amber [119-121] emissions by changing the concentration level of indium
(In) in InGaN/GaN based LEDs. Recently, wavelength tunable emission was also
demonstrated by adjusting the indium composition through controlling the diameter of the
InGaN/GaN nanocolumn arrays [122]. However, the involvement of multiple dies could
significantly increase the complexity and cost of the LED lighting, which hindered the
widespread adoption of this technology.
To overcome the aforementioned limitations of existing white light LED
technologies, we report in this thesis a direct single chip super broadband LED emission.
The InGaN/GaN quantum well is grown on a nanostructured sapphire substrate and
inscribed by femtosecond laser ablation [13, 14, 123, 124]. Since the dimension of
nanostructures created by femtosecond laser ablation has a distribution (e.g., from 50 – 200
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nm), it can cause a distribution of indium composition in a small local area (e.g., 100 x 100
micron). This enables super broadband LED emission because different indium
compositions can result in different emission wavelengths. Thus, white light LED lighting
can be realized by using a single chip without the need of a phosphor down converter. This
represents a major technological advance in white light LED lighting because (1) it only
harnesses single LED die, (2) it significantly reduces the cost without the need of a
phosphor down converter, and (3) it further improves the efficiency without the Stokes shift
loss.

5.2 Creation of a Nanostructured Sapphire Substrate by Femtosecond
Laser Ablations
To realize a single chip super broadband LED, a nanostructured substrate was
employed. Since sapphire was the most widely used substrate for UV/visible LEDs, it was
selected as the substrate for this application.
It was well known that the patterning on sapphire was extremely difficult to
generate due to its inertia to both conventional wet and dry etchings, which limits the
development of advanced devices with micro or nano structures. To effectively create
nanostructures on a sapphire substrate, the femtosecond laser ablation was used because it
had the advantages of high efficiency, low cost, high selectivity, and mask free. The
significant benefits of femtosecond laser pulses are their tremendous high peak power and
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their property of completing all energy conversion processes before thermal diffusion
occurs. Depending on the ablation fluence, there were two types of ablations: (1) “gentle”
ablation and (2) “strong ablation”, as discussed in the literature [125, 126]. “Gentle”
ablation corresponds to a case in which the laser fluence was near or below the ablation
threshold Fth. In this case, only speckle patterns were created on the ablation surface. On
the other hand, “strong” ablation corresponds to a case in which the laser fluence exceeded
the threshold. In this case, materials were removed from the surface at a much higher
removal rate. Moreover, some of the removed material was deposited back as nanoparticles.
In this section, “strong” ablation was employed to create nanostructures on
sapphire substrates. In this experiment, the Ti: Sapphire femtosecond laser, with a peak
wavelength of 780 nm, a repetition rate of 1,000 Hz, a pulse duration of 150 fs, and a pulse
energy of 2 mJ, was used as the ablation light source. Moreover, the laser beam is focused
into a single spot, instead of a line, to achieve a higher power density, as discussed in the
previous two chapters. The sapphire is transparent to the femtosecond laser pulses at a
wavelength of 780 nm, indicating that multiphoton-ionization is necessary to initiate the
ablation process, which requires more energy. Figures 5.1(a) and (b) illustrate the
conceptual drawing and corresponding picture of the experimental setup for creating
nanostructures on sapphire substrates, which included (1) a femtosecond laser source, (2)
a sapphire substrate, (3) a focusing lens, and (4) a computer-controllable moving stage. A
300 um thick, single-side, polished A-plane sapphire substrate was held on a 3 dimensional
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(a)

(b)

Figure 5.1. The experimental setup for creating nanostructures on sapphire substrates: (a)
conceptual drawing and (b) photograph of apparatus.
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moving stage (AEROTECH) for creating the required patterns. The femtosecond laser
beam was focused on the sapphire substrate by use of a 75 mm spherical lens, with a spot
size of 40 um.
Firstly, the femtosecond laser operating at different output powers and pulse
numbers is focused on the steady sapphire substrate to examine the ablation threshold and
to determine the ablation process for the sapphire. To find the proper laser fluence for
ablating sapphire, the ablation threshold, Fth, was determined by continuously decreasing
the single pulse energy until the ablation phenomenon was barely observable. Then, Fth is
given by 𝑈/𝜋𝜔02 , where U and 𝜔0 denote the pulse energy and radius of focusing spot,
respectively. In the experiment, it was found that the ablation threshold was approximately
4.8 J/cm2. Secondly, to identify the required number of laser pulses, we investigated the
relationship between the morphology of the ablated area and the number of laser pulses
when the fluence was just above threshold (i.e. 5 J/cm2). Figure 5.2 (a) shows the spot size
of the ablated surface as a function of the number of laser pulses. One can see that the size
of the laser-ablated area increases as the number of laser pulses increases when the number
of laser pulses is less than 10. Eventually, it reaches a saturation value around 35 um, which
is consistent with the spot size of the laser pulse used in the experiment. Figure 5.2 (b)
shows the depth of ablated area as a function of the number of laser pulses. Unlike the spot
size, the depth continuously increases as the number of laser pulses increases. There is no
obvious saturation phenomenon observed.
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Figure 5.2. (a) The spot size and (b) the depth of the ablated area to the pulse number under
femtosecond laser irradiation of 5 J/cm2.
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Based on the above data, the nanostructured patterns were created on the sapphire
substrate by setting the following parameters: (1) the laser fluence at the level of 10
J/cm2/pulse and (2) the number of laser pulses at the level of 8 pulses/area via scanning at
the speed of 5 mm/s. An array of nanostructured lines were created on the sapphire
substrate by moving the substrate along an “S” path (the so called the s-scan). The
morphology of the ablated sapphire substrate was characterized by the field-enhanced
scanning electron microscopy (FE-SEM), as shown in Figure 5.3. The left panel of the
figure shows the ablated lines on the sapphire substrate and the right panel shows an
enlarged (10x) image of the area in the green box. The width of the ablated line is about 37
μm according to the left image, which is close to the laser beam spot size. In the right image,
one can clearly see nanoscale structures in the laser-ablated area. Furthermore,
nanoparticles, ejected by the laser ablation, are also deposited back into the unablated area,

Figure 5.3. The surface morphology of the sapphire substrate after the femtosecond laser
ablation treatment.
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(or so called undamaged area). The dimensions of nanostructures and nanoparticles varies
from tens of nanometers to several hundred nanometers. Such a variation in the size of
nanostructures can result in a variation in the indium composition within a small localized
area (e.g., less than 100 x 100 𝜇𝑚), which in turn enables super broadband emission at
the single chip level (described in detail in Section 5.3).

5.3 Fabrication of the Super Broadband InGaN/GaN LED Based on
Nanostructured Sapphire Substrates
The super broadband InGaN/GaN LED was fabricated on the nanostructured
sapphire substrate by using the low-pressure molecular organic chemical vapor deposition
(MOCVD) method. Figure 5.4 illustrates the configuration of the super broadband
InGaN/GaN LED, which is composed of (1) a nanostructured sapphire substrate, (2) an
undoped GaN layer, (3) a N-type GaN layer, (4) multi InGaN/GaN quantum well layers,
(5) a P-type GaN layer, and (6) corresponding electrode contacts. The designed central
emission wavelength of the LED would have been selected at 470 nm if the sapphire
substrate had been flat. However, since the substrate was not flat, the emission wavelength
could be changed because the substrate configuration influences the composition, in
particular, the indium composition of the quantum well layer. To verify this speculation,
we conducted a series of characterization experiments.
First, the emission wavelengths were measured by using an Ocean Optics
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USB2000 spectrometer. A color digital camera was also used to take pictures of the emitted
light. Figure 5.5 shows the pictures of the emitted light at a biasing voltage of 3.5 V. It was
discovered that different emission wavelengths could indeed be obtained at different areas

Figure 5.4. The schematic of (a) the LED grown on the nanostructured sapphire substrate, and
(b) the configuration of the LED layers.
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(a)

(b)

(c)

(d)

Figure 5.5. The comparison between the light emitting from the LED on the planar sapphire
substrate and the nanostructured sapphire substrate. Only (a) blue light is observed on the planar
substrate, while light emission ((b) blue violet, (c) cyan, and (d) green) is observed at different
locations on the nanostructured substrate.

which had different substrate surface morphologies. In the flat substrate area,
corresponding to the undamaged area of the substrate, blue emission light is observed, as
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shown in Figure 5.5 (a), which is consistent with the designed emission wavelength.
However, the light emission of blue-violet, cyan, and green is observed at different
locations on the nanostructured substrate, as illustrated in Figures (b), (c), and (d).
Essentially, all colors varying from the near UV to green are observed on the
nanostructured substrate. The different emission wavelengths could be obtained at different

Figure 5.6. Electroluminescence emission spectrums of the LED on the nanostructured sapphire
substrate of different colors due to either the blue or red shift effect.
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locations, which can be blue shifted and/or red shifted, depending on the feature size of the
nanostructured area, which will be discussed in detail later.
Figure 5.6 shows the corresponding electroluminescence spectra of the LED, as
measured by an Ocean Optics spectrometer. It can be seen that the peak emission
wavelengths can be blue-shifted to 433 nm or red-shifted to 519 nm, depending on the
locations. The experimentally measured peak wavelength of the designed spectrum emitted

Figure 5.7. The super broadband spectra generated by the InGaN/GaN LED grown on the
nanostructured sapphire substrate. The designed spectrum is also displayed as a reference.
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from the planar sapphire substrate is 467 nm. When compared with the three emission
spectrums, we can obtain a 34 nm shift on the blue side and a 52 nm shift on the red side,
giving a total of an 86 nm shift range, which can be realized by the nanostructured sapphire
substrate inscribed by femtosecond laser ablation.
Moreover, one can see that the spectrum from the nanostructured sapphire
substrate is expanded compared to the one from the planar substrate. The spectrum
broadening effect can be considered as the sum of multi-emissions of different wavelengths
at different intensities. The peak wavelength indicates the dominating emission at that
location. In the following experiments, we also observed super broadband emission at
certain nanostructured areas that covered the entire visible spectrum. Figure 5.7 depicts the
super broadband spectrums (orange line) with the designed spectrum (blue line) as the
reference. In order to exam the spectrum width at the 20 dB attenuation, the intensity is
normalized to 10,000 and the y-axis is converted into a logarithmic scale. According to the
orange line in Figure 5.7, one can see that the super broadband spectrum covers
wavelengths ranging from 420 to 637 nm, almost the entire visible spectrum. The color of
the broadened spectrum looks like green-white, due to its ultra-wide spectrum, however,
with red light present at low intensity. Hence, we can imagine that if we could expand the
emission further or induce a greater red shift, the LED on the nanostructured substrate
would be able to emit the white light. This result is significant because it enables white
light LED lighting to operate by employing only a single chip, which can greatly improve
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the efficiency, as well as reduce cost.

5.4 Exploration of the Physical Mechanism of Super Broadband Emission
of InGaN/GaN Grown on Nanostructured Sapphire Substrates.
It is well known that the emission wavelength is determined by the bandgap of the
emission material. The bandgap of InGaN/GaN can be affected by different physical
mechanisms, including: (1) strain-induced bandgap shift [127, 128], (2) the quantum well
structural modification [129, 130], and (3) the variation of the indium composition [116,
120, 131-133]. To identify the proper physical mechanism of super broadband emission,
as described in this paper, we analyzed the influence from all three factors. First, we studied
the strain factor. According to Ref. 16, the change of bandgap was about 60 meV by
applying a maximum 1% strain, which resulted in a wavelength shift of less than 10 nm at
the visible spectral regime. Since this value was much smaller than the experimentally
observed shift observed in our studies, we believed that super broadband emission was not
caused by the strain factor.
We therefore explored the LED layer by FE-SEM and STEM. Figure 5.8 shows
the SEM images from (a) the top view and (b) a cross-section view of the InGaN/GaNbased LED grown on the nanostructured sapphire induced by femtosecond laser ablation.
From Figure 5.8, we can observe that the LED hardly grew on the ablated area. The lattice
of the sapphire surface would be randomly oriented after the laser ablation, which causes
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the huge lattice mismatch between the GaN and the ablated sapphire surface. Hence, we
could merely observe small pieces of GaN with limited height deposited on the laserablated area by the MOCVD. However, the GaN LED grown on the undamaged area that
was covered with nanostructures exhibited no difference to the one grown on the planar
substrate. Nanostructures on the substrate are not duplicated on the LED surface by the
MOCVD process. Thus, we investigated the factor of quantum well structural modification.

(a)

(b)

Figure 5.8. The SEM images from (a) the top view and (b) the cross-sectional view of the
InGaN/GaN based LED grown on the nanostructured sapphire induced by femtosecond laser
ablation.

.
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The scanning transmission electron microscope (STEM) was used to take a picture of the
quantum well area, as shown in Figure 5.9. It clearly shows a quantum well containing 20
layers, with a 3 nm thickness of each layer, which is consistent with our designed dimension.
In other words, there is no quantum well structural modification. Thus, the super broadband
emission is not caused by the quantum well structural modification.

Figure 5.9. A STEM image of the quantum well of the InGaN/GaN LED grown on a
nanostructured sapphire substrate.

Finally, we explored the factor of variation of indium composition. The locations
on the LEDs emitting light at different wavelengths were recorded. Energy Dispersive
Spectroscopy (EDS-NanoSEM 630) was used to analyze the indium compositions at the
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corresponding emission locations. LEDs samples were measured from the top surface. The
electron beam was incident on the locations responsible for the emission of different color
light, which then penetrated the p-type GaN layer and the MQWs layers. The acceleration
voltage for the electron was adjusted at 5 keV in order to guarantee the excitation for all
elements and to achieve a reasonable penetration depth covering the p-type GaN layer and
the MQWs layers. The EDS spectrum acquiring area is 25 * 25 μm. Additionally, with the
EDS spectrum acquiring area slightly shifting surrounded the location recorded, 10 EDS
spectrums were obtained to analyze the relationship between the chemical composition and
the emission spectrum of our samples. It is well established that the change of the indium
composition in MQWs layers could modify the emission spectrum, and a higher indium
composition would emit light at a longer wavelength [130-132]. Hence, the indium
composition of each location would be analyzed and then compared with the emission
spectrum.
Table 5.1 shows the measured composition at the location of the emitting
wavelength of 470 nm. One should notice that the EDS measurement covers both the ptype GaN layer and the MQWs layers. Therefore, the composition ratio in this study is a
relative reference number, rather than an accurate one.
Table 5.2 shows the measured indium compositions at different wavelength
emission regions. It indicates that the emission wavelength becomes longer as the indium
composition increases, which is consistent with the result reported previously [122].
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Table 5.1. The relative composition of InGaN/GaN LED at the location of emitting
wavelength (470 nm).

Element

Line
Type

Apparent
Concentration

k Ratio

Atomic %

Standard
Label

N

K series

2.37

0.00421

46.03

BN

Mg

K series

0.03

0.00024

0.81

MgO

Ga

K series

10.76

0.10088

50.07

GaP

In

L series

0.16

0.00141

3.09

InAs

Furthermore, we also measured indium composition at the super broadband emission area.
It was observed that there was a large variation (2.51% - 4.15%) on the indium composition,
even if there was a slight change (only several microns) in the location of the measurement.
This result confirms that the super broadband emission is the summation of different
wavelength emissions at that local area.
The mechanism of the indium composition change induced by the nanostructured
sapphire substrate is not yet fully understood. Several potential parameters could be
responsible for the composition variation. Firstly, the temperature on the substrate surface
might not be uniform due to the effect of structures. The temperature is extremely crucial
for the MOCVD process. Any temperature difference, even less than one degree, could
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Table 5.2. The indium compositions at different wavelength emission regions.

Emission wavelength

Indium composition

Blue-shift region

2.62%

Red-shift region

3.65%

Super broadband emission region

2.51% - 4.15%

lead to the composition variation. Additionally, nanostructures on the sapphire substrate
surface represent defects for the MOCVD process, which could propagate through the
whole sample. Thus, the MQWs layers likely possess defects induced by the
nanostructured substrate, which can directly or indirectly influence the element’s
composition.
In summary, the physical mechanism of super broadband emission may be
summarized as follows. Firstly, there can be a large variation of indium composition in a
small local area when a InGaN/GaN quantum well is grown on the nanostructured sapphire
substrate. Secondly, the large variation of indium composition in a small local area results
in the emission of multiple wavelengths from blue to red in a small localized region. Finally,
the combination of light emitted at multiple wavelengths enables super broadband emission
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at a small single chip level (< 100 x 100 microns). Thus, single chip white LED can be
realized without the need of phosphor down converter.

5.5 Conclusion
In this chapter, we characterized the femtosecond laser ablation features for the
sapphire substrate. The ablation diameter, depth, and the threshold, as a function of the fs
laser pulse number, has been experimentally measured. The nanostructured sapphire
substrate was then fabricated by employing fs laser ablation. The LEDs grown on the
nanostructured substrate by the MOCVD is able to emit light of different spectrums. The
blue (at 470 nm), violet (at 433 nm), cyan (at 495 nm), and green (at 519 nm) light were
observed at different locations on the LEDs. Wavelength peaks of the output light covering
the range between 433 and 519 nm were detected. And we have achieved super broadband
emission with a bandwidth of 214 nm and a peak of 509 nm, which appears extremely close
to white light. Furthermore, the mechanism behind the phenomenon of the spectrum redshift, blue-shift, and spectrum broadening, was studied by using FE-SEM, STEM, and the
EDS. The FE-SEM and STEM images of the MWQs cross-sections excluded the influence
from the morphology change of the MWQs layers. Fortunately, the EDS results confirmed
that the indium composition variation is responsible for the various spectrums emitting
from the LEDs on the same substrate.
However, the mechanism why the nanostructured sapphire substrate changes the
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indium composition is still not fully understood. The possible parameters could be that the
nanostructured substrate induced a non-uniform temperature, defects present in MWQs
layers, and phase separation. In the future, we are going to simulate the temperature
distribution on the nanostructured sapphire substrate by COMSOL to confirm this
influence. The photo or E-beam lithography, instead of fs laser ablation, would be applied
in order to fabricate a more delicate, uniform, nanostructured sapphire substrate. The
intentionally designed pattern would help us to understand the relationship between the
nanostructured surface and defects in the MQWs.

101

Chapter 6
Conclusions and Future Directions

6.1 Conclusions
In this dissertation, we introduced the femtosecond laser ablation theory and
mechanism. Femtosecond laser ablation is quite different when compared to other laser
ablation methods due to the ultra-short pulse duration that is employed. Dielectrics behave
essentially like metals when exposed to femtosecond laser pulse illumination because of
material ionization. Also, multiphoton ionization provides the possibility of the laser
ablation on large bandgap materials, which are originally transparent to incident laser
pulses. Two mechanisms, including thermal vaporization and Coulomb explosion, are
responsible for the femtosecond laser ablation. The thermal vaporization is an extremely
intense thermal evolution, while the Coulomb explosion is the result of a giant electrical
field working on atoms. The ablation threshold of both metals and dielectrics is derived in
terms of the atomic binding energy and the work function (metals) / ionization potential
(dielectrics). Additionally, the femtosecond laser system employed for all of the studies
mentioned in this dissertation is briefly introduced.
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We investigated the applications of nanostructures created by femtosecond laser
ablation. Firstly, we investigated the surface-enhanced Raman spectroscopy (SERS), since
the enhancement of the SERS intensity as high as E4 can be achieved with the
nanostructured metallic surface. We fabricated a SERS substrate by employing the
interfered femtosecond laser ablation on a polished planar Cu surface to generate the
nanostructured surface. Metallic nanostructures with characteristic sizes varying from
several nanometers to less than 200 nm were created on the substrate surface. The
extinction peak of the nanostructured SERS substrate was identified at the wavelength
around 488 nm. SERS experiments were conducted, which demonstrated a significantly
enhanced effect of the Raman signal due to the nanostructured Cu surface. The atomic layer
deposition (ALD) was applied to provide the conformal coating of the Raman test agent.
An enhancement factor of 863 was detected. Additionally, the theoretical analyses of the
enhancement factor by FDTD simulation was executed to verify the experimental results,
which agreed relatively well (on the same order).
Secondly, we introduced an approach to achieve an anti-reflection effect on the
nanostructured silicon surface by applying the interfered femtosecond laser ablation in an
air environment. This method could inscribe grid-shaped microstructures on the silicon
substrate covered by various nanostructures, such as nanospheres and nanocaves. The grid
dimension size was 2.5 um because of the pitch of the phase mask, while the characteristic
size of nanostructures was around 50 nm. The reflection reduction performance of the
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structured surface in our study was outstanding, which was reduced to around 3%
throughout the UV to near IR (1.1 um) region at a large field of view. The major advantages
of this method is the lack of introducing contamination and a high fabrication speed.
Additionally, we investigated nanostructure fabrication on curved surfaces and its antireflection effect. Transmittance of the nanostructured PDMS layer higher than 99% over
the entire visible spectrum range and a large incident angle of 120 degrees can be achieved
following FDTD simulation. Curved PDMS layer samples with nanostructures were
created through use of the imprint method. Ultra-high transmittance of the nanostructured
PDMS film was measured, which indicated that the Fresnel reflection was almost entirely
eliminated at the nanostructured surface.
Last but not least, we realized a super broadband InGaN/GaN-based LED on a
single chip area. The fs laser ablation diameter and depth as a function of the fs laser pulse
number was investigated. A nanostructured sapphire substrate was fabricated by employing
fs laser ablation. The LEDs grown on the nanostructured substrate by the MOCVD was
able to emit light with different and broader spectra. Emission wavelength peaks covering
the range between 433 and 519 nm were detected. Furthermore, the super broadband
emission with the bandwidth of 214 nm was achieved, which essentially covered the whole
visible spectrum. The mechanism behind the phenomenon of the spectrum variation, which
was studied by using FE-SEM, STEM, and the EDS, indicated that the indium composition
change was responsible for the various spectra emitting from the LEDs in the single chip
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area.

6.2 Future Directions
Although we have made steady progress studying the features and applications of
this novel laser-material interaction, there remain many unanswered questions, as well as
exciting avenues of research to explore applications of femtosecond laser ablations for
different materials.
Remote detection by SERS could be one of the potential applications. Metallic
substrates with excellent Raman enhancement effects, such as gold, silver, or copper, would
be targets at remote locations on which nanostructures could be created by the use of
femtosecond laser ablation. The standoff distance could be set at 1, 3, and 5m for the
elementary experiments. Studies of the metallic nanostructure generation process and
characteristics, including size, shape, and distribution, would be conducted. Chemical
vapour surrounding the metallic substrate could be employed as the Raman test agent.
Enhanced Raman signal of chemicals would be collected and analyzed remotely. Research
would be focused on the finer nanostructures generated by the femtosecond laser ablation
and the optimization of the Raman signal strength.
Moreover, photovoltaic based on the nanostructured silicon by the femtosecond
laser could be a direction with great promise. We have already demonstrated the antireflection effect of the nanostructured silicon surface, indicating the high absorption of
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silicon from the UV to near IR region. The enhancement of the light absorption could
directly lead to the improvement of the efficiency. We could also conduct research on the
thin film silicon solar cells through incorporation of a femtosecond laser ablated surface
layer. In this case, a multi-junctional photovoltaic would be suggested, with the laser
ablated surface serving as the bottom layer in the device in order to collect the rest light
penetrating upper layers.
Additionally, we probed the Sulfur (S) and Fluorine (F) residues on the silicon
after femtosecond laser ablation in an SF6 environment, which have been considered as
undesired contamination. However, this phenomenon provided a novel scenario of the
laser-assisted doping method. Elementary studies to understand the doping condition and
mechanism would be conducted first. Various ambient gases would be applied during the
femtosecond laser ablation in order to exam the doping effect for different elements by the
laser-assisted doping method. Meanwhile, common materials besides silicon would be
analyzed to verify if they are appropriate for this doping method. Further research would
be conducted in order to investigate the relationship between the characterizations of
dopants and the laser-assisted doping condition, including the femtosecond laser fluence,
femtosecond laser pulse number, gas pressure, gas flow rate, substrate temperature, and so
forth.
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