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Abstract

Micro/Nano Amorphization/Oxidation of Silicon
Induced by High Repetition Femtosecond Laser Pulses

© Amirkianoosh Kiani 2013

Doctor of Philosophy

in the Program of

Mechanical and Industrial Engineering,

Ryerson University.

The main aim of this thesis is to develop a new method for direct micro/nano amorphiza-

tion/oxidation of silicon using femtosecond laser irradiation and its applications in maskless

lithography and solar cell fabrication.

Amorphization and oxidation occur when crystalline silicon is exposed to the irradiation of

femtosecond laser pulses below the ablation threshold. Mechanisms of amorphization and

oxidation were discussed and the surface temperature model was developed to study the

relation between laser parameters and observed amorphization and oxidation. A systematic

theoretical and experimental study of the influence of the laser parameters on the quality

of amorphorized area and the size of the feature fabricated through amorphization has been

studied. It was found that during the process of silicon amorphization and oxidation, the
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higher repetition rate of laser pulses yields smooth morphology with better repeatability.

Increasing pulse duration and number of pulses were seen to increase the line width. How-

ever, increasing the number of pulses does not result in ablation of the target area. An

analytical model was developed for the calculation of the average surface temperature after

n-pulses.

The effect of the laser pulse width was investigated by developing an analytical model for

the calculation of the non-dimensional surface temperature with various pulse widths. It

was found from experimental and analytical results that for a constant power and repetition

rate, an increase in the pulse duration corresponds to a significant increase in the surface

temperature. It results in an increase in the amount of modified material as well as im-

provement of light absorption in the case of amorphization.

The amorphous silicon and silicon oxide can act as an etch stop. Therefore, maskless litho-

graphy is possible with the direct patterning (amorphization and oxidation) of crystalline

silicon. Experimental results have proved the feasibility of the proposed concepts. The

thin-film of amorphous silicon generated on the silicon substrate has a potential for use in

photovoltaic devices and solar cell fabrication. In comparison with previous methods, the

direct oxidation/amorphization of silicon induced by the femtosecond laser is a maskless

single-step technique which offers a higher flexibility and reduced processing time.
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Chapter 1

Introduction

1.1 Thin-film Silicon (amorphorized/oxidized)

Silicon thin-film in various forms (such as amorphorized, oxidized, nitride, crystal-

line and etc.) is used not only for its electrical properties but also for its mechanical

and optical properties in many applications such as Micro Electro-Mechanical Sys-

tems (MEMS) and Nano Electro Mechanical System (NEMS), solar cells, photoelectrons,

biomedical devices, waveguides and thermoelectric devices [1–10]. A thin film of silicon

oxide can act as an etch stop and polish stop layer; also it is used as a passivation material

which protects from chemical/mechanical damages [1, 2, 6, 10]. The use of amorphorized

thin-film silicon is one of the most important approaches in photovoltaic devices and solar

cell fabrication [11–13].

1
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1.2 Fabrication Methods of Amorphorized/Oxidized

Thin-Film

In recent years, many methods have been developed to generate patterned oxidized/amorphorized

silicon thin-film directly from the surface of bulk silicon substrates. Dependent on the size of

the thin film, these methods can be characterized into two classes: techniques for large area

oxidization/amorphorization and those for micro/nano scale oxidization/amorphorization.

All of these techniques entail multiple time-consuming processing steps and employ complex

and expensive equipments that need well-trained users for their operation.

1.2.1 Chemical Vapor Deposition (CVD): large area oxidization/

amorphization

In this process, all materials for depositing thin-film are supplied by an external source:

additive materials or reactants. The reactant in a CVD process starts out in the vapor

phase. The solid thin-film is deposited on the wafer surface through a chemical reaction of

the reactant with oxygen. For example, the following reaction is used for the deposition of

silicon oxide thin films.

SiH4 +O2 +Q(heat)→ SiO2 + 2H2 (1.1)

There are different types of production systems for the oxidized/amorphorized silicon layer

2



Section 1.2 Amirkianoosh Kiani

as follows:

• Atmospheric Pressure CVD (APCVD)

• Low Pressure CVD (LPCVD)

• Plasma -Assisted CVD (Plasma Enhanced CVD (PECVD) and High Density Plasma

CVD (HDPCVD))

APCVD is most commonly used for the deposition of oxidized silicon when it is to be used for

interlayer dielectric layers. In this process, silicon oxide deposition can be done by oxidizing

silane (SiH4) with oxygen (as shown in Equation 1.1) or by reacting tetraethyl orthosilicate

(Si(C2H5O)4) (TetraEthyl OrthosSilicate (TEOS)) with ozone.

Si(C2H5O)4 + 8O3 → SiO2 + 10H2O + 8CO2 (1.2)

LPCVD systems are more commonly used than APCVD for the deposition of silicon oxide

due to their lower cost, higher production throughput, and superior film properties [14].

Silicon oxide deposition can be accomplished by decomposition of TEOS with or without

oxygen at a temperature between 650°−750℃ or by oxidizing silane at the lower temperature

of 450 ℃.

In the PECVD method, silicon oxide film is usually formed by reacting silane with oxygen

or nitrous oxide (N2O) in a plasma with a temperature of 350℃. Nitrous oxide gas can

generate more uniform film than oxygen.

3
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SiH4 + 2N2O → SiO2 + 2N2 + 2H2 (1.3)

Types of CVD methods and their principal characteristics are summarized in Table 1.1:

Process Advantages Disadvantages

APCVD Simple, fast and low tem-
perature

Poor quality (step coverage), low
throughput and particle contamina-
tion

LPCVD Good purity and uniform-
ity, large wafer capacity

High temperature, low deposition
rate requires vacuum systems

PECVD Low temperature, fast de-
position, good quality

High cost and particle contamina-
tion

Table 1.1: Type of CVD methods and their principal characteristics

1.2.2 Patterning of amorphorized-oxidized thin-film silicon in mi-

cro/nano scale

Several approaches have been proposed for the micro/nano scale patterning of amorphor-

ized/oxidized silicon [15–29] , among which techniques based on atomic force microscopy are

the most widely investigated. These techniques include scanning probe oxidation [15,18–26],

Tribo Nano Lithography (TNL) [27–29] and Dip-Pen Lithography (DPL) [25]. A common

characteristic of these techniques is that they all involve two steps: first, the scanning probe

either deposits or directly induces a thin layer of etch stop on the top surface of a silicon sub-

strate; then the following chemical etching reveals the positive or negative features. In the

scanning probe oxidation approach and the tribo nanolithography approach, the probe has

to be in contact with the silicon substrate in order to generate an oxide or amorphous layer.
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Normally, a blunt-tipped probe will be employed and a mechanical force in the range of µN

must be applied to obtain an amorphorized or oxidized layer of thickness in sub − 10 nm

range. Due to the contact nature of these approaches, the minimum line width is limited by

the dimension of the Atomic Force Microscope (AFM) tip, usually on the order of 50 nm. In

the case of dip pen nanolithography, line width of 5−15 nm can be achieved since a sharper

tip can be employed for deposition. For these applications, the velocity of an AFM scanning

probe is normally set to be around 300 nm/sec and the scanning field (X×Y ) of an AFM is

typically around 100µm× 100µm. Thus, it is determined that nanolithography approaches

that employ AFM are slow processes and only applicable to micron-sized devices. For large

scale manufacturing, cell stitching must be performed and it could be very challenging due

to the small dimension of each cell [15].

The following sections will give a more detailed description of the aforementioned scanning

probe based methods.

1.2.2.1 Scanning probe oxidation of silicon

In this technique, the Scanning Transmission Microscopy (STM)/AFM tip is used to fabric-

ate a thin layer of silicon oxide (directly grown from the top surface of a silicon substrate).

Figure 1.1 illustrates the oxidation process [22]. In this technique, the AFM tip is used as

a cathode and a positive bias voltage is applied to the silicon substrate.

This technique enables us to obtain high-resolution oxidized silicon nanopatterns. The

line width and aspect ratio can be controlled by parameters such as tip bias, humidity of

experimental environment, scanning speed, tip type and dimension of tip [22].
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Using the generated oxidized silicon nanopatterns on a silicon surface as etching masks, wet

alkaline chemical etching is used to generate nano features on a silicon substrate [22].

Figure 1.1: Process of scanning probe oxidation of silicon [22]

1.2.2.2 Tribo-nanolithography

N Kawasegi et al [27], have proposed a new method for nanofabrication by combination of

tribo-nanolithography and chemical etching based of atomic force microscopy (AFM). By

using the TNL technique, a thin layer of predetermined pattern of amorphorized or oxidized

silicon can be fabricated on top of the silicon substrate, which can function as an etch

stop in alkaline etching solution such as Potassium Hydroxide (KOH). Figure 1.2 shows the

fabrication process. Initially, a thin layer of amorphorized or oxidized silicon is generated on

the silicon surface, then the sample is etched in KOH and finally micro/sub micro features

are generated on top of the silicon substrate.
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Figure 1.2: Process of Tribo-nanolithography of Si [27]

1.2.2.3 Dip-pen lithography

The AFM tip oxidation works on the top-down approach, recently, a top-up approach tech-

nique has been reported. Dip-Pen Nanolithography (DPN) utilizes an AFM to transport

molecule-thick nanostructure from the tip to the Si substrate surface via water meniscus

and at ambient conditions. It has been reported that the DPN technique can offer 15 nm

line widths and 5 nm spatial resolution. This method has been demonstrated for fabrica-

tion of pressure sensors, actuators, micro-optical component and mask used for micro/nano

lithography techniques [18,25].
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1.3 Laser Processing of Silicon

Laser processing of silicon (Si) has attracted important attention in the last decades. In the

past, one of the interests in laser processing of Si was the "laser annealing" process.

Laser annealing of Si has some advantages over furnace annealing, including extended solid

solubility of dopants in Si and fewer defects after annealing. This improves electrical prop-

erties; hence the performance of the junction subjected to ion implantation [30].

The phase transformation processes by laser on Si in the laser annealing process is one

of the studies which became very attention-grabbing in the seventies. Recently, ultrashort

laser-induced crystallization of amorphous silicon has been performed [31]. It is shown that

polycrystalline silicon grains on the oxidized silicon wafer deposited by low-pressure chem-

ical vapor deposition (LPCVD) could be obtained by scanning femtosecond laser pulses over

the sample.

Amorphization of silicon was also reported during the ablation process of crystalline silicon

induced with femtosecond laser pulses [32]. Cross-sectional Transmission Electron Micro-

scopy (TEM) images showed a thin layer of amorphous silicon around the ablated holes.

It is worth mentioning this study was in contrast with the hypotheses of direct solid-vapor

transition [33] and negligible hydrodynamic motion (assumed on femtosecond laser abla-

tion) [32].

One of the novel applications in using the femtosecond (fs) laser is the oxidizing process. In

the last decade, many interests have focused on the laser oxidation with potential applic-

ations in industry and in medicine [4–9, 34–36]. Osipov et al. [35], reported the growth of

silicon-dioxide thin-films (< 6nm) on silicon surfaces in a dry oxygen atmosphere (0.1− 10
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Pa) at low temperatures (35 − 200 ℃. The oxidation process was induced by laser pulses

with the pulse duration of 157 nm. The kinetics of low-temperature oxidation was similar

for the Si surfaces investigated and differs from that of high-temperature thermal oxidation

(900− 1200 ℃) that can be described by the Deal-Grove model [37]. The oxidation occurs

by diffusion of oxygen atoms O and/or ions O−. rather than oxygen molecules. It was

reported by [6], that the oxidation process can be controlled by the laser beam energy dens-

ity rather than by the surface temperature and a higher laser intensity results in a thicker

oxidized layer. However, all these methods can be used only for the fabrication of large area

oxidation; for micro/nano patterning of silicon oxide, these methods should be combined

with more techniques such as lithography and etching processes.

Upon laser beam irradiation, a solid undergoes thermal heating. Dependent on laser para-

meters, the solid can be heated up to several regimes, each associated with characteristic

phenomena and the material breakdown/modification mechanism. With high laser intensity,

ablation occurs and a solid will be removed. With lower laser intensity, surface modifica-

tion happens, where properties and morphology of the top surface of a solid will be altered

without material break-down. Moreover, dependent on laser parameters, several types of sur-

face modification could occur, including oxidation and amorphization. Solid heating under

laser irradiation is complex and usually involves several material breakdown/modification

mechanisms simultaneously. The main challenge of laser microscale silicon annealing is to

obtain pure silicon oxide or amorphorized silicon (a − Si) free from other laser irradiation

induced products. To the best of author’s knowledge, there is no reported work on laser

micro/nano oxidation/amorphiozation patterning of silicon.
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1.4 Objectives

The recent advancement in high repetition rate femtosecond lasers has opened up new

possibilities. Unlike the conventional femtosecond laser, the high repetition rate femtosecond

laser delivers high average power by nanojoule pulses emitted at mega hertz frequency.

The nanojoule pulse energy allows for precise control of thermal heating , hence delicate

material modification. The high average power guarantees acceptable fabrication efficiency.

Therefore, a layer of silicon oxide or amorphorized silicon may be selectively generated on

the silicon substrate using a megahertz femtosecond laser. Therefore, the main objective is

to study the high repetition femtosecond laser pulse silicon annealing mechanism through

five individual but related tasks:

• Conceptual development of direct Silicon oxidation induced with high re-

petition ultrashort laser pulses;

• Conceptual development of direct Silicon amorphization induced with high

repetition ultrashort laser pulses;

• Study the effect of laser parameters on laser annealing (modification) pro-

cess;

• Demonstration of application of direct amorphization and oxidization for

micro/nano scale lithography;

• Demonstration of application of direct amorphization and oxidization for

solarcell fabrication;
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Chapter 2

Physics of Laser Annealing of Silicon

2.1 Properties of Silicon

Silicon plays a crucial role in the fabrication of nano and micro electromechanical

systems (NEMS, MEMS) [4–6, 36]. It is used extensively in producing conductor,

semiconductor, solar cell and Lab-On-a-Chip (LOC) systems [7–9].

The energy gap of the silicon is 1.12 eV which causes silicon devices to be less prone to

thermal noise than germanium devices with 0.67 eV [10]. Silicon is a semiconductor material

which is available in both p-type (holes as charge carriers) and n-type (electron charge

carriers). The resistivity of the silicon can vary in a wide range from 0.001 to 20000 ohm−cm.

Silicon wafers are available in various diameters (100, 125, . . . , 300, . . . ) and thicknesses

in different crystal orientations with the ability to control the crystal properties in the

fabrication process. Furthermore, silicon is a strong material which many devices such as

11



Amirkianoosh Kiani Chapter 2

cantilevers, membranes, sensors, resonators and other mechanical/electromechanical devices

are made from. In fact, micro/nano electromechanical (MEMS and NEMS) devices utilize

the excellent semiconductor and mechanical properties of silicon [10].

As shown in Figure 2.1, silicon and its compounds can be found in the following forms [10]:

• Single crystalline (monocrystalline)

• Poly-crystalline

• Amorphous (a− Si)

Figure 2.1: Different Si forms (crystalline, multicrystalline and amorphous) [14]

The simplest arrangement of atoms is called the unit cell, which gives the crystal structure

when repeated in a three-dimensional framework. If the unit cells are in a regular arrange-

ment and have a repeatable manner, then the crystal structure is called monocrystal or

single-crystal. In order to have the desirable electrical and mechanical properties, mono

crystalline silicon structure (single crystal) is used in semiconductor wafer processing [14].

If the unit cells of the material are not in a repetitive (regular) arrangement, as shown in

Figure 2.1, the material is in polycrystalline form. Another name for polycrystalline silicon
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is polysilicon [14]. An analogy for polycrystalline silicon is a pile of bricks.

Amorphorized materials are the opposite of crystalline materials that lack a repetitive struc-

ture and demonstrate structural disorder as shown in Figure 2.1. Plastic is an example of

an amorphous material. Amorphous silicon, as discussed later, is an insulator material

which has attracted a lot of attention for solar cell fabrication. Moreover, it has some chem-

ical/physical properties which make it suitable for different industrial applications such as

photolithography [10,14].

2.2 Laser Annealing of Silicon

2.2.1 Irradiation of a solid target by a single laser pulse

The fundamental physical mechanism of laser annealing of silicon is governed by the amount

of energy transferred from the electron-hole plasma to the irradiated surface in the time scale

of pulse duration [38–41]. Therefore, pulse duration plays a crucial role in laser processing.

Generally, shorter pulse duration allows for energy to be deposited in a very short time span;

therefore, extremely high power can be achieved. For this reason lasers of shorter pulse are

preferred for material processing.

The first lasers, invented in 1960 [42], based on a ruby crystal and pumped by a xenon

flash discharge, had pulse durations in the range of millisecond to microsecond. Introducing

modern laser systems such a Q-switching and mode locking has reduced the pulse duration

even to nanosecond (1ns = 10−9s), picosecond (1ps = 10−12s), femtosecond (1fs = 10−15s)
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and recently attosecond (1as = 10−18s) duration [43] . Using ultrashort or ultrafast pulses,

new subfields of science have been created, namely femtochemistry [44,45] and femtobiology

[46] in which the phenomena could be resolved on ultrashort time-scale resolution.

Many approaches have been carried out on the ns laser pulses for the laser annealing process.

This ns laser pulse energy fluence is high enough for melting a surface layer of the amorphous

Si created by the ion implantation of dopants on single crystalline silicon. Resolidification of

the molten silicon removes the lattice damage and electrically activates the dopants with free

defects. Nanosecond laser pulses are used for recrystallizing the fine-grained polycrystalline

silicon layer deposited on the insulating substrate, for example, silicon-on-sapphire [30].

Using the picosecond laser for heating the material substrate, heating and cooling rates up

to 1014 ℃/s are obtained [47]. Due to this high cooling rate, the kinetics of phase transitions

leads to a new phenomenon. In fact, by controlling the energy density of the Gaussian laser

pulse, amorphization of crystalline silicon or recrystallization of this amorphous layer can

be achieved [47].

The energy which is transferred into the silicon lattice causes the silicon surface to melt. It

results in increasing the optical absorption of the irradiated substrate; thus, the molten layer

of silicon is heated further and the absorbed energy propagates deeper into the silicon. At

the end of the laser pulse (between pulses), no more energy is supplied to the silicon substrate

and the absorbed heat diffuses to the cooler surrounding. Finally recrystallization of the

silicon occurs. However, if the absorbed energy is not sufficient for recrystallization, or due to

the high cooling rate (in case of using Pico/femtosecond laser pulses), re-solidification occurs

at randomly distributed sites, which results in the amorphization or poly-crystallization

rather than single crystal materials [15, 47].
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Numerical analysis of surface temperature after laser irradiation is rather complicated. To

start with, it is considered a simple case of the surface irradiated by a single pulse where

irradiation and plume expansion losses can be neglected. It is also assumed that the incident

laser fluence is absorbed in a thin layer of surface in accordance with the one-dimensional

heat conduction equation [39].

∂T

∂t
= a

∂2T

∂x2 (2.1)

where, a = k
Cpρ0

.

Here, a is the thermal diffusion coefficient, k is the heat conduction coefficient Cp is specific

heat, ρ0 is target material density, t is time and x is the space-dimension.

Assuming the laser pulse intensity profile in time has a rectangular shape, it can be con-

cluded:

T (x, t) = a1/2

kπ1/2

∫ tp

0

Ia(τ)
t− τ

exp

{
− x2

2a(t− τ)

}
dτ. (2.2)

Thus, the average temperature as a function of the laser and target parameters can be

obtained by:

〈T 〉 = 1
(atp)1/2

∫ ∞
0

T (x, tp)dx. (2.3)

For the rectangular shaped pulse, the value of the average temperature as a function of the

laser and target parameters can be obtained in an explicit form as:
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〈T 〉 =
(

2
π

)1/2
Ia(atp)1/2

k

Ia(atp)1/2

k
= 1

21/2T (0, tp). (2.4)

The maximum surface temperature occurs at the end of laser pulse and at the center of

ablation (x=0, t = tp, where, tp is pulse duration). Thus, the target temperature during the

laser pulse can be calculated by:

T (t) = Tm

(
t

tp

)1/2

(2.5)

Finally, the time dependence of the target temperature after the end of the laser pulse is

given by [39]:

T = (0, t) = T (0, tp)
(
tp
t

)1/2

=
√

2
π

Ia(atp)1/2

k

(
tp
t

)1/2

(2.6)

2.2.2 Surface temperature of the target in the case of a succession

of laser pulses

With the short pulsed laser, it is more common to use a train of pulses than a single pulse

for material removal or modification. Therefore, the aforementioned one-dimension heat

transfer model must be extended to include the effect of heat accumulation due to the

succession of pulses.

The process of heating the target surface by the succession of laser pulses with the pulse
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duration of tp followed by time intervals tpp (tpp = 1/f) can be explained as follows [39]:

T (t) = Tmax(t/tpp)1/2 (2.7)

The relation between the maximum surface temperature at the end of the first pulse, Tmax

, and the surface temperature at the beginning of the following laser pulse, Tmin , is given

by [39]:

Tmin = Tmax(tp/tpp)1/2 (2.8)

Figure 2.2: Temperature of the target surface heated by a series of laser pulses [39]

Thus, the maximum and minimum surface temperature of the surface after "n" number of

laser pulses can be easily calculated by:
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First Pulse:
(Tmax)1 = Tm

(Tmin)1 = αTm

(2.9)

Second Pulse:
(Tmin)2 = α(1 + α)Tm

(Tmax)2 = (1 + α)Tm
(2.10)

nth pulse:

(Tmax) = (1 + α + α2 + α3 + . . .+ αn−1)Tm = [(1− αn)/(1− α)]Tm

≈ (1− α)−1Tm(Tmin)n = α(Tmax)n
(2.11)

The average surface temperature by time over the interaction time is:

T = 1
t

∫
T (0, t)dt. (2.12)

The average surface temperature over any ith laser pulse and the time gap between ith and

(i+1)th pulses, is calculated by:

T i = 1
tp + tpp

∫ tp+tpp

0
Tm,i(0, t)dt = 2αTm,i

1− 2
3α

1 + α2 (2.13)

The average surface temperature after "n" pulses [39]:

T n = 1
n

n∑
i=1

Ti. (2.14)
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T n = 1
n(tp + tpp)

∫ n(tp+tpp

0
T (0, t)dt (2.15)

where,

n∑
i=1

Tmax,i = Tm

(
1 + 1− α2

1− α + . . .+ 1− αn
1− α

)
= Tm

(1− α)

(
n+ αn − α

1− α

)
(2.16)

The final form of average surface temperature can be obtained as follows:

T n = 2α
(1− 2

3α)
(1 + α2) .

Tm
(1− α)

(
1 + αn − α

n(1− α)

)
. (2.17)

In the case n� 1 and α� 1

T n ∼= 2αTm = 2Tm
(
tp
tpp

)1/2

(2.18)

It can be concluded that the increase in laser frequency results in the increase in pulse

interval and hence results in the increase of the surface temperature. The heating process

of laser irradiation and the effect of the laser parameters will be discussed in the following

chapters.
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2.2.3 Non-dimensional surface temperature of laser irradiation

and effect of laser parameters

The heat conduction for cylindrically symmetric flow with no internal heat generation is

given as [48]:

1
r

∂

∂r

(
kr
∂T

∂r

)
+ ∂

∂z

(
k
∂T

∂z

)
= ρCp

∂T

∂t
, (2.19)

For isotropic material properties:

1
r

∂

∂r

(
r
∂T

∂r

)
+ ∂2

∂z2 = 1
α

∂T

∂t
, (2.20)

The absorbed heat from a beam with a Gaussian distribution can be written using Lambert’s

law as follows:

I(r, z) = I0 exp(−δz) exp(−r2/r2
0), (2.21)

It can be assumed there is no heat loss. [48]:

∂T

∂z

∣∣∣∣∣
z=0

= −1
k

ηPP (t)
πr2

0
exp(−r

2

r2
0

(t � tp), (2.22)

where, PP is the laser peak power, h is the fraction of the absorbed surface energy, and r0

is the beam diameter.
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Because there are a wide range of scales among the variables of interest, it is more convenient

to introduce the nondimensional groups as follows [49]:

R = r/r0,

Z = z/r0,

Θ = T/Tref ,

τ = 4αt/r2
0

(2.23)

Thus,

1
R

∂

∂R

(
R
∂Θ
∂R

)
+ ∂2Θ
∂Z2 = 4∂Θ

∂τ
(2.24)

With the boundary condition given by

∂Θ
∂Z

∣∣∣∣∣
Z=0

= −Q exp(−R2)[u(τ)− u(τ − τp)], (2.25)

Here, Q is the nondimensional power (Q = hPP/kpr0Tref ) and u(t ) is the unit step function.

Moreover, it is assumed that the absorption coefficient and peak power are constant.

The temperature for τ ≥ τp in integral form is given by [48]:

Θ(R,Z, τ) = Q

2
√
π

∫ τ

τ−τp
I(ν)dν, (2.26)

where,
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I(ν) =
(

1
1 + ν

)
1√
ν
exp

(
− R2

1 + ν
− Z2

ν

)
(2.27)

The maximum temperature at the center of the beam is calculated by [49]:

Θmax(τ) = Q√
π

(arctan(
√
τ)− arctan(

√
τ − τp)). (2.28)

For short pulse times [50]:

Θ(0, 0, τ) = Q√
τ

(τ < τp) (2.29)

For longer pulse times the maximum temperature can be calculated by: Qmax = Q
√
π/2

For steady state and using the same boundary conditions:

Θss(R,Z) = Q

2

∫ ∞
0

exp(−λZ) exp(−λ2/4)J0(λR)dλ, (2.30)

Here, J0 is the Bessel function of the first kind of order zero.

Thus, the series solution in integral form in given by [48,49]:

Θss(R,Z) = Q
√
π

2

∞∑
n=0

(−1)nR2n (2n)!
(n!)2 × exp(Z2)i2n erfc(Z). (2.31)

Equation 2.31 can be simplified to:
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Θss(R = 0, Z) = Q
√
π

2 exp(Z2)erfc(Z) (2.32)

Θss(R,Z = 0) = Q
√
π

2 exp(−R2/2)I0(R2/2) (2.33)

The non-dimensional temperature can be given as follows:

Θ(R,Z, τ) = Q

2
√
π

(∫ τ

0
I(ν)dν −

∫ ττp

0
I(ν)dν

)
(2.34)

where, I(ν) is:

I(ν) =
(

1
1 + ν

)
1√
ν
exp

(
− R2

1 + ν
− Z2

ν

)
(2.35)

For short time solution, t < 1:

∫ τ

0

(
1

1 + ν

)
1√
ν
exp

(
− R2

1 + ν
− Z2

ν

)
dν (2.36)

=
∞∑
n=0

e−R
2(−1)nLn(R2)Γ

(
− n− 1

2

)
×
[
Z2n+1 − τn+ 1

2γ?
(
− n− 1

2 ,
Z2

τ

)]
(2.37)

where, Ln are the Laguerre polynomials:
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Ln(x) = ex

n!
dn

dxn
(xne−x). (2.38)

Γx is the gamma function:

Γ
(
− n− 1

2

)
= (−2)n+1√π

(2n+ 1)!! (n = 0, 1, . . .) (2.39)

And, γ? is a form of the incomplete gamma function:

γ?(a, x) = x−a

Γ(a)

∫ x

0
e−tta−1dt. (2.40)

For long time solution (τ > 1)

∫ τ

0
I(ν)dν =

∫ ∞
0

I(ν)dν −
∫ ∞
τ

I(ν)dν. (2.41)

∫ ∞
τ

I(ν)dν = Σ∞n=0Ln(−R2)(−1)n
Γ
(
n+ 1

2

)
τn+ 1

2
× γ?

(
n+ 1

2 ,
Z2

τ

)
. (2.42)

The maximum surface temperature, which occurs at the end of the laser pulse on the

substrate can be approximately calculated by:

θ(R,Z = 0, τp) ≈
Q√
π

arctan(√τp)exp(−R2) (2.43)
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θ(R,Z = 0, τp) ≈
Q√
π

arctan(√τp)−QZ (2.44)

The maximum surface temperature which occurs at the center of the laser beam is [48,49]:

θmax(τ) = Q√
π

[
arctan(π)− arctan(

√
τ − τp)

]
(2.45)

For τ < τp:

θ(0, 0, τ) = Q√
π

√
τ (2.46)

In the following chapters, the developed formula will be used to study the surface temper-

ature change induced by laser irradiation and the effect of the laser.
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Chapter 3

Experimental Setup and Procedure

This chapter details the experimental setup and procedures. The center piece

of equipment used for this research is a Mega Hertz femtosecond laser system

located in the Micro and Nano Fabrication Research Laboratory at Ryerson

University, Toronto, Canada.

3.1 Laser System

The laser system used in this study is a diode-pumped Yb-doped fiber oscillator/amplifier

system which is capable of producing variable frequency rates in the range of 200 kHz to

26 MHz with an average power output of 12 W at the frequency of 2 MHz (model: Clark-

MXR Inc. IMPULSE Series Ultrashort Pulse Laser). The pulse duration of the output

laser can be adjusted from 10 picosecond to 200 femtosecond (min) using the computer.
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The Yb-doped fiber- oscillator /fiber-amplifier design allows for the solid sated low-noise

performance to be combined with the fiber lasers high spatial mode quality. The central

wavelength of the produced beam is 1030 nm [15, 51].

All the laser parameters including repetition rate, pulse duration and average power are com-

puter controlled. However, parameters such as pulse duration and frequency can not be var-

ied continuously and only discrete variations are possible to be chosen by the user(characteristic

of mode-lock laser systems).

3.1.1 Optical Setup

The experiments were carried out using two different optical setups for the amorphiza-

tion and oxidation process. In the amorphization and oxidation process, laser pulses with

wavelength of 1030 nm and 515 nm were used, respectively. The process of the direct ox-

idation with the femtosecond laser requires stringent parameter control; thus, laser pulses

with wavelength of 515 nm were chosen for the oxidation process (due to less fluctuation in

laser power).

3.1.1.1 Amorphization Process

Figure 3.1 shows the schematic drawing of the experimental setup. The diameter of the

circular output beam from the laser is around 4.5 mm. The laser beam was expanded to

9 mm by a combination of a plano-convex (f = −100) and a plano-concave (f = 200) lenses;

then the laser beam was rotated to circularly polarized by a quarter waveplate placed in the

beam path. The diameter of the beam was reduced to 8 mm by using an iris diaphragm
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before entering to galvo scanner. A two-axis galvo-scanner was used for beam scanning since

it has a high scanning speed (to 3000 mm/s). Such a high speed is very difficult to achieve

with a mechanical translation stage. In order to focus the normal beam on the surface of

silicon, the scan lens of a focal length of 63.5 mm was employed. The theoretical focused

laser spot diameter (d0) is calculated from: d0 ≈ 1.27λ0F/D [15,52]. Here, F is the effective

focal length of the scan lens, λ0 is the wavelength of the laser equal to 1030 nm and D is the

laser beam diameter at the input of the galvo-scanner, which is 8 mm. From this formula,

the theoretical spot size is calculated to be 10.38µm in diameter. During the experiment

the spot size may be bigger due to scatter and misalignment. The average laser fluence was

calculated to be 0.15 ∼ 0.35J/cm2 at the repetition rate of 13 and 26 MHz. In the present

experiment the dwell time is 0.1 ms and the scanning speed of line features was in the range

of 100− 150 mm/s [15, 53].

1. Modulator
2. 1030 nm Mirror
3. F = -100 mm Concave Lens
4. F = 200 mm Convex Lens
5. 1030 nm Waveplate
6. 1030 nm Mirror
7. Diaphragm
8. Galvo-scanner
9. F = 63.5 mm Convex Lens
10. Silicon Wafer
11. X-Y Translation Stage
12. Computer

Figure 3.1: Experimental setup for
amorphization process
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3.1.1.2 Oxidation Process

The optical setup used for oxidation is similar to the one described in Figure 3.1, except that

a harmonic generator is needed to convert the wavelength. Accordingly, reflection mirrors

shown in Figure 3.1 should be replaced by mirrors designed for 515 nm.

Using a harmonic generator, the laser beam is frequency doubled from 1030 nm to 515 nm.

The theoretical diameter of the focused laser spot is calculated to be 1.02 µm. Samples were

irradiated with laser beams of power ranging from 0.2 W to 1 W at pulse frequency ranging

from 8 MHz to 26 MHZ (8, 13 and 26 MHz) and a speed of scanning of 500 mm/s. The

schematic drawing of the experimental setup is shown in Figure 3.2 [51,54].

3.2 Samples, Procedure and Analyzing

To study the direct patterning of silicon oxide and amorphorized silicon, undoped <100>

oriented silicon wafers were used. Prior to laser irradiation, silicon samples were rinsed in

acetone and then treated in pure water. First, silicon wafers were irradiated of predetermined

patterns with fs pulses with pulse energy controlled in oxidation or amorphization range

under ambient conditions. In order to investigate the feasibility of using this technique

in applications such as lithography, the irradiated samples were etched in a KOH solution

(KOH 30%, temperature: 80℃) [15, 54].

Irradiated and etched samples were examined by varies characterization tools. SEM was used

to characterize the morphology; EDX spectroscopy, XRD and micro-Raman spectroscopy

determined the chemical and material properties. Optical near field microscope and optical
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1. 1030 nm mirror
2. F= 500 mm Convex Lens
3. 1030 nm λ/2 Waveplate
4. F= -150 mm Convex Lens
5. 515 nm Harmonic Generator
6. 515 nm Mirror
7. 515 nm Mirror
8. 515 nm Mirror
9. 515 nm λ/4 Waveplate
10. Diaphragm
11. Galvo scanner
12. F=63.5 mm Lens
13. Sample and Sample Holder
14. Modulator
15. Computer Figure 3.2: Experimental setup for oxidation process

spectrometer were used to evaluate the optical properties. Back scattering micro-Raman

analysis was performed at room temperature using the 532 nm line of the Ar ion laser

source [15,51].

More explanation on how these techniques are used for studying the material/chemical/optical

properties of samples, will be provided in following chapters.
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Chapter 4

Direct-writing of Oxidized Silicon

Thin-film on Si Substrate

This chapter reports the attempt of developing a new method for the generation

of the silicon oxide pattern in micro-scale based on high frequency pulses of

the femtosecond laser. The proposed approach enables a direct (single-step)

generation of an oxide layer on a silicon substrate. In comparison with previous methods,

the direct oxidation of silicon induced by the femtosecond laser is a maskless single-step

technique which offers a higher flexibility and reduced processing time.
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4.1 Experimental Results

Although a wide range of laser power at various pulse frequencies was used for irradiation,

micro scale embossed lines were only evident at two points: laser power of 1 W at a pulse

frequency of 13 MHz ( 9 J/cm2)and 0.35 W at 26 MHz ( 1.65 J/cm2). In other instances,

the irradiated area was either completely ablated or slightly modified. As shown in Fig-

ure 4.1, at 8 MHz, the line on the left presents no material breakdown but color-change,

whereas at 26 MHz, the line on the right clearly shows material removal. The embossed

line can only be generated at 1 W at 13 MHz (middle line) [51].

Figure 4.1: SEM image of silicon surface after irradiation with Femtosecond Laser Pulses at 1 W at the
various pulse frequency (left to right: 8 MHz ( 14 J/cm2), 13 MHz ( 9 J/cm2)and 26 MHz ( 4.5 J/cm2)

With carefully controlled laser parameters, embossed lines can be created consistently, as

shown in Figure 4.2. It is also noticed that this process has much better repeatability at
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26 MHz than at 13 MHz.

Figure 4.3 represents optical microscope topography images of the irradiated areas. Cross

sectional optical microscope images show embossed lines around 100 nm high and 3.5µm

width induced with femtosecond laser pulses with a power of 0.35 W supplied at 26 MHz

(Figure 4.3a)( 1.65 J/cm2) and 40 nm high and 3µm width when the laser power is 1 W

operating at 13 MHz ( 9 J/cm2). (Figure 4.3b). Increasing pulse frequency results in

increased line height.

Figure 4.2: SEM image of silicon surface after irradiation with Femtosecond Laser pulses at 0.35 W at the
pulse Frequency of 26 MHz ( 1.65 J/cm2).

In Figure 4.4a, the EDX result clearly shows the presence of oxygen in irradiated lines which

are believed to be due to Si-O-Si bounds. In an effort to verify the elemental composition of

the embossed lines, a micro-Raman spectroscopic analysis was conducted. Back scattering

micro-Raman analysis was performed at room temperature using the 532 nm line of the Ar

ion laser source. The Raman spectroscopic measurements on the processed samples showed
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(a) (b)

Figure 4.3: (a) Optical microscope topography and cross sectional image (26 MHz, 0.35 W, 1.65 J/cm2),
(b) optical microscope topography and cross sectional image (13 MHz, 1 W, 1 J/cm2)

a sharp peak at the wavenumber of 519 cm−1, which is the characteristic peak of silicon.

Moreover, a hump was observed at the wavenumber of 954 cm−1 indicating the existence of

silicon oxide [51, 55]. (See Figure 4.4b). Therefore, it can be concluded that the irradiated

zone was converted into silicon oxide.

4.2 Numerical Model for Surface Temperature Calcu-

lation

The growth of an oxide layer can be explained by a fundamental thermal model [37, 51].

Recent simulations using various thermal models have shown that thermal oxidation of
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(a)

(b)

Figure 4.4: (a) Graph of EDX spectroscopy analysis (b) Graph of Micro-Raman spectroscopy analysis

silicon takes place at temperatures in the range of 700 ∼ 1300 ℃ [37,56–59]. In the following

analysis, it is assumed that if the temperature of the silicon surface is brought up and kept

in the range of 700 ∼ 1300 ℃ (1000 ∼ 1600K), oxidization occurs.

In the analyses of the heat accumulation, the surface temperature at the end of a laser pulse,

∆T , can be approximately calculated by the following formula [25].
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∆T = Iar
2τ1

4
√
πkt
√
Dt

(4.1)

where Ia is the absorbed laser light intensity, r is the radius of the focal spot, τ1 is the pulse

duration, k is thermal conductivity, D is thermal diffusivity of the silicon and t is the pulse

interval. Pulse interval t is given by t = 1/f (f is the pulse frequency).

The accumulated temperature rise at the end of N th pulse is T [51, 60]:

T = N ×∆T = N
Iar

2τ1

4
√
πkt
√
Dt

(4.2)

The light intensity, Ia, can be estimated by the reflection coefficient, R, at a wavelength of

520nm and residual energy coefficient, K [51, 61]:

Ia = K(1−R)Ii (4.3)

The incident light intensity, Ii, is calculated from laser power, P, pulse frequency, f, which

is the reciprocal of pulse interval, t, and laser spot diameter, d.

Ii = 4P
τ1πd2f

(4.4)

Substituting Equation 4.3 and Equation 4.4 in Equation 4.2, yields:

T = N ×K(1−R)P
4K
√
π3Dt

(4.5)
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Previous studies showed that the reflection coefficient of silicon during irradiation with

the femtosecond laser is 0.393 at a wavelength of 488 and 0.329 at the wavelength of 800

nm [51,62].

Thus, the reflection coefficient of silicon at a wavelength of 520 nm is calculated to be

around 0.38. When the fluence is less than ablation threshold, experiments revealed that K

is around 0.8 for silicon [63]. In this experiment, the speed of scanning is 500 mm/s, the

thermal conductivity (k) is 155 W/(mK) and the thermal diffusivity is 8.5×10−5 m2/s. [64].

Figure 4.5a shows the surface temperature at various pulse frequency and average power

calculated from Equation 4.4.

(a) (b)

Figure 4.5: (a) theoretical results based on Equation 4.4 (Relation between T and frequency at various
powers) and (b)Experimental results

As shown in Figure 4.5a, the temperature of the silicon substrate can be brought up to

1450 K using 214 femtosecond pulsed laser light at 0.35 W with the frequency of 26 MHz

(point I) and at 1W with the frequency of 13MHz (point II), which could lead to the

formation of silicon oxide on the substrate surface. This calculation is in agreement with
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the results of the experiment. Figure 4.5b maps the range of laser parameters used for the

experiments and the observed morphology alteration. Only two points, (I) and (II), fall

into the oxidation temperature ranges in Figure 4.5a, and this is where the embossed lines

were observed. Figure 4.5b defines three zones (1), (2) and (3) which can be named as the

color-change, oxidation and ablation zone, respectively. As Figure 4.5b presents, oxidation

occurs only at a narrow band of Zone (2), which is slightly below the border line of ablation.

This means that direct oxidation with the femtosecond laser requires a stringent parameter

control. Even a slight deviation in laser parameters, for examples fluctuation in laser power,

will result in surface temperature drift and will not result in oxidation. Therefore, higher

pulse frequency is preferred for oxidation since at the same laser power the pulse energy

fluctuation is lower at higher pulse frequency. Furthermore, as shown in Figure 4.5b, the

tolerance of the power for the oxidation process could be around ±0.1W and the percentage

of power stability is constant (1percent), thus the absolute power fluctuation is less in lower

powers such as 0.35W rather than 1W and higher. This explains why better repeatability

was observed at 26 MHz during the experiments [51].

Increasing pulse frequency has a noticeable influence on the heat accumulation process; high

pulse frequency results in both decreasing the heat dissipation between pulse intervals and

increasing surface temperature at the end of N th pulse. Therefore, with the same laser

power, the surface temperature would be higher at 26 MHz in comparison with 13 MHz

[30]. Consequently, increasing pulse frequency results in increasing the line height.

Using high repetition (MHz) ultra fast (fs) laser pulses enable us to bring the temperature

of the target surface to the oxidation temperature range and keep it in this range. In other

words, the laser fluence can be controlled to be below the ablation threshold and in the
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oxidation range by using the megahertz frequency femtosecond laser irradiation [54].

4.3 Summary

In this study, a new method was proposed for laser direct patterning of silicon oxide on

Si-substrate, using a megahertz femtosecond pulsed laser. Embossed lines of silicon oxide

around 3 ∼ 4µm width and less than 100 nm height were generated by irradiation with

laser at 1 W ( 9 J/cm2), at 13 MHz and 0.35 W ( 1.65 J/cm2), at 26 mega hertz scanning

speed: 500mm/s). It can be concluded that the oscillator laser systems are the suitable

ones for the laser oxidation process, since they provide laser pulses with the low power, wide

range of frequency and better laser power stability. An analytical model was developed

for the calculation of the average surface temperature after n-pulses; it was found that for

a constant power and a constant repetition rate at megahertz, an increase in the pulse

number does not correspond to a significant increase in the surface temperature. Moreover,

at the controlled laser power level, the surface temperature will not exceed the melting

point of silicon. A SEM, a Micro-Raman and EDX spectroscope and an optical microscope

were employed to characterize the oxide layers. Using the high frequency femtosecond

pulsed laser makes this technique particularly suitable for rapid prototyping and custom-

scale manufacturing for a wide variety of applications in MEMS, NEMS, fabrication of

semiconductor and LOC systems which demand for flexibility in re-design. This technique

does not require a photomask and any redesign can be easily done in the large scanning fields

(mm×mm) by using Computer-Aided Design (CAD) software for the beam scanning [51,54].
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Direct-writing of Amorphorized

Silicon Thin-film on Si Substrate

This chapter presents development of an alternative maskless nanolithography by

a combination of femtosecond laser amorphization of silicon and wet etching.

Using a high repetition femtosecond laser (MHz) makes it possible to control

laser fluence below ablation threshold which causes the crystalline silicon phase transition

to an amorphous state. The induced thin layer of amorphous silicon is then used as an etch

stop in the following wet chemical etching (KOH) for maskless lithography. This may lead to

a promising solution for maskless nanolithography because the laser beam is a non-contact

probe and can be scanned at very high speed.
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5.1 Procedure

Figure 5.1 illustrates the proposed maskless fabrication technique, which combines femto-

second laser irradiation and wet chemical etching. First, silicon wafers are irradiated with

femtosecond pulses with pulse energy well below the damage threshold. Then, the treated

samples are etched in a KOH solution [15].

Figure 5.1: Process of experiment

To study the silicon amorphization, undoped < 100 > oriented silicon wafers were used.

Prior to laser irradiation, the samples were cleaned with alcohol and ultra pure water. The

theoretical spot size on the samples is calculated to be 10.38 µm in diameter. During the

experiment the spot size may be bigger due to scatter and misalignment. The average laser

fluence was calculated to be 0.15 ∼ 0.35 J/cm2 at the repetition rate of 13 and 26 MHz. In

the present experiment the dwell time is 0.1 ms and scanning speed of line features is in the
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range of 100−150 mm/s. Etched samples were examined under a SEM, a Micro-Raman and

EDX spectroscope to evaluate the quality of amorphous layer and the etching process. Back

scattering micro-Raman analysis was performed at room temperature using the 532 nm line

of the Ar ion laser source [15].

5.2 Results and Discussion

Figure 5.2b shows morphology after irradiation with sub-threshold femtosecond laser pulses.

Surface morphologies vary according to the intensity distribution of a Gaussian beam. At the

center region where the laser fluence was the highest, ablation occurred, as expected. In this

zone the intensity of a Gaussian beam is above the surface damage threshold. Therefore,

material removal takes place. The next annulus could be a thin layer of amorphous or

polycrystalline silicon because when observed under SEM this region showed a difference in

reflectivity. The amorphous phase could be formed on crystalline silicon because of the rapid

cooling after the femtosecond excitement, which is up to 1013 − 1015 ℃/s [65]. Therefore,

there is not enough time for the material to return to the crystalline phase. It is noteworthy

that the phase change on crystalline silicon was restricted only within a certain range of

laser fluence [65, 66]. Above this fluence range, for example, at the center of the Gaussian

beam, high pulse energy causes ablation. It was observed that after etching the center zone

was removed by etchant. Thus, the central zone was not in the amorphous state [15].

In the outermost annulus, it was not expected to see any phase change because the laser

energy fluence was lower than the amorphous modification threshold. However, the SEM

image (Figure 5.2b) shows that outside the unmodified annulus, there was another modified
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(a) (b) (c)

Figure 5.2: (a) Schematic drawing of laser intensity and surface modification on silicon substrate. (b)
Silicon wafer after irradiation with sub-threshold. (c) Silicon wafer after etching

annulus. This annulus can be attributed to the secondary intensity peak generated by

diffraction. After etching, this region was not seen in the SEM images. Laser energy fluence

at the secondary peak was not high enough to completely change the phase of the material.

It was only sufficient to slightly modify the material; therefore, it was removed in the post-

irradiation etching process. After etching, it was observed that the non-irradiated area and

the central region of the laser irradiation were etched by KOH; whereas, the annulus around

the central region of the laser spot was scarcely etched. Consequently, a ring feature stood

out on the etched silicon substrate, suggesting that the amorphous layer was resistant to

KOH. The internal quadrilateral shapes were due to the orientation of the silicon crystal

(see Figure 5.3). This observation is in agreement with the etch rate of amorphous silicon

reported by Kawasegi N. et al. [27, 29]. According to Kawasegi et al, the etch rate of

amorphous silicon which formed by magnetron spattering was over 30 times lower than that

of crystalline silicon < 100 >.
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Figure 5.3: SEM image of ring feature after etching in KOH solution for 15min at 45 ℃ (Average laser
fluence: 0.27 J/cm2)

A well defined circular dot instead of a ring feature is more applicable in most applications.

In order to get a circular dot after wet etching, the intensity of the laser beam should be

controlled such that the peak intensity does not exceed the ablation threshold. Figure 5.4

gives SEM images of features obtained after wet etching. The round pad was obtained

by reducing the pulse energy, as shown in Figure 5.4(b). The pad was around 2 µm in

diameter, which is far smaller than the estimated focused laser spot. This demonstrated

that the intensity of the laser beam can be accurately controlled such that only a small

section surrounding the central peak of the Gaussian beam is above the amorphization

threshold, enabling the creation of features smaller than the focused spot. Using the same
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technique, sub − 100 nm ablated features have been created with a laser spot of 2 µm

diameter [38].

Figure 5.4: SEM images features after 3 min etching) (a) ring feature at average laser fluence of 0.3 J/cm2

(b) solid round at 0.2 J/cm2

The fabrication of micro and nanometer-scale lines may be useful for such diverse applica-

tions as micro and nano scale length standards, optical grating fabrication, or in the devel-

opment of novel sensors [67]. Figure 5.5 presents line features generated with the described

maskless lithography. The thickness and width of the induced layer (amorphous layer) were

calculated to be approximately 1.4 µm and 6 µm. The average laser fluence was 0.28 J/cm2
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at the repetition rate of 26 MHz. As expected, the part of the substrate that was not irra-

diated with the laser beam was dissolved after etching and a pyramid−like structure with

sidewall slope at 54.74 ° was formed (See Figure 5.5, zone (b)), while, the irradiated zone was

not etched in the etchant solution and the angle of the sidewall of the irradiated zone was

90° (See Figure 5.5, zone (a)). It can be concluded from this observation that the irradiated

zone is not in crystalline state. Further analyses performed by EDX and Micro−Raman

demonstrated that the irradiated zone is silicon in the amorphous state rather than the

crystalline state or silicon oxide [15].

Figure 5.5: SEM image (at the incident angle of 35°) of line feature after etching in KOH solution (Pulse
energy: 0.28 J/cm2)

Figure 5.6 presents line features generated with a scanning laser spot of various pulse en-

ergies. As pulse energy reduces, the line width reduces. The smallest line width achieved

with the 10 µm laser spot was around 150 nm, as shown in Figure 5.6(d). The line width

is around 1/67 of the laser spot diameter. Since the laser beam can easily be focused down

to 1− 2 µm with a focusing lens of a high numerical aperture, together with the adoption

of laser frequency doubling or tripling, nano-scale feature size can be expected [15].
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Figure 5.6: (a) 5 µm linewidth at pulse energy of 0.28 J/cm2 (at 26 MHz) (a) 2.5 µm linewidth at pulse
energy of 0.24 J/cm2 (at 26 MHz) (b) 1.0 µm linewidth at pulse energy of 0.2 J/cm2 (at 26 MHz) (c)
150 nm linewidth at pulse energy of 0.08 J/cm2 (at 26 MHz)

Investigations done previously indicated that upon the sub−damage threshold laser irradi-

ation on silicon wafers, a thin layer on the top surface has been converted to a chemical

compound, such as silicon oxide and silicon hydroxide [35, 68]. However, this is not the

case in this experiment. EDX analysis of the irradiated zone excluded the possibility of

compound formation since no trace of oxygen was observed (Figure 5.7).

Raman Spectroscopy measurements were performed to study the crystal properties of dif-

ferent zones observed after laser irradiation. Raman spectrum is dominated by the signal

at 517 cm−1 which corresponds to crystalline silicon. In contrast the broad band observed

around 506.9 cm−1 is characteristic for amorphous silicon [62]. Therefore, it can be con-
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Figure 5.7: EDX analysis of (a) irradiated zone and (b) non-irradiated zone

cluded that the induced zone is amorphous silicon rather than silicon oxide (Figure 5.8).

Compared with approaches that are based on AFM, the described method has many ad-

vantages. Initially, at 3000 mm/sec probe scanning speed the processing time of patterning

is next to zero for a feature with dimensions within the scan field. On the other hand,

it takes a few minutes to complete the patterning if an AFM is used [28, 29]. Secondly,

the scanning filed of a laser system is much larger than that of an AFM: 1mm × 1mm

is normally associated with a 10 µm laser spot. Therefore, sub-millimeter devices can be

fabricated without stitching and, for large scale patterning, cell stitching can be performed

with more tolerance on misalignment between cells. Finally, due to the non-contact nature

of the laser probe, this process does not suffer issues that are normally associated with tool
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wear.

Figure 5.8: Raman spectroscopy graph

5.3 Summary

Amorphous layers formed by laser irradiation acted as an etch stop in KOH, and micro and

nano-features were fabricated by this method (0.15 ∼ 0.35 J/cm2 at 13 and 26 MHz, dwell

time: 0.1 ms, scanning speed: 100−150 mm/s). The Micro−Raman and EDX spectroscopy

analysis revealed the amorphous state of the modified silicon. An important advantage of

this technique is the use of femtosecond laser pulses which make it particularly suitable

for rapid prototyping and custom−scale manufacturing for a wide variety of applications

in MEMS, NEMS, fabrication of semiconductors and LOC systems. The features smaller
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than 1/67 of the focused spot size were generated by controlling the laser fluence and etching

parameters. Submicron and nano−scale feature size can be expected by reducing the focused

spot size and optimizing etching parameters. Moreover, the wet etch process guarantees well

defined shape and smooth finishing in the final products.
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Chapter 6

Effect of Laser Parameters

In, this chapter, a theoretical and experimental analysis of the effect of the laser para-

meters is carried out. These include repetition rate, pulse width and number of pulses

on the quality of amorphorized area and the size of the feature fabricated by high re-

petition (MHz) femtosecond laser irradiation.

6.1 Laser Parameters and Laser Annealing of Silicon

As shown in Table 6.1, the oxidation process was conducted with lower laser powers and

higher scanning speeds (0.35 and 1 W , 500 mm/s2) in comparison with the amorphization

process (4.5-6.5 W , 100-150 mm/s2). In the amorphization process, in order to obtain a

thin layer of amorphorized silicon on top of the silicon substrate, the surface target of silicon

should melt and resolidify (Chapter 5); thus, the scanning speed (number of pulses) should
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be high enough to melt the substrate. However, in the oxidation process, melting the target

surface should be avoided (higher scanning speed up to 500 mm/cm2).

Oxidation Amorphization
Wavelength (nm) 515 1030

Spot diameter (µm) 1.02 10.4
Laser power (W ) 0.35 , 1.0 4.5-6.5

Laser fluence (J/cm2) 1.65 , 9 0.7-0.3
Frequency (MHz) 13 , 26 8-13
Pulse width (fs) 214 214-3500

Scanning speed (mm/s) 500 100-150

Table 6.1: Laser parameters for the oxidation and amorphization process

As Chapter 4 presents, oxidation occurs only at a narrow band below the border line of

ablation. This means that direct oxidation with laser pulses requires a stringent parameter

control. Even a slight deviation in laser parameters, for examples fluctuation in laser power,

will result in surface temperature drift and will not result in oxidation. Also, in the laser

system used for this research, parameters such as pulse duration and frequency cannot be

varied continuously and only discrete variations are possible to be chosen by users. These

limitations explain why the oxidized areas were only evident at two points (Chapter 4).

Due to these limitations, the effect of laser parameters on laser annealing of silicon were

investigated only for the amorphization process, which is believed to have resemblance to the

oxidation process. Thus, the results of the effect of laser parameters in the amorphization

process presented in this chapter, can be used for the oxidation process as well.
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6.2 Experimental Setup

To study the silicon amorphization, undoped< 100 > oriented silicon wafer were used. First,

silicon samples were rinsed in acetone and then in pure water to remove contamination and

debris. After that, samples were irradiated with femtosecond pulses with pulse energy well

below the damage threshold to create predetermined patterns of amorphous silicon. Finally,

the treated samples were etched in a wet alkaline etchant (KOH) [15,41].

The focused laser spot diameter was calculated to be around 10.4 µm in diameter at the

wavelength of 1030 nm. In the experiment, the pulse repetition rate varied from 8 to

26 MHz and scanning speed is set in the range of 50− 150 mm/s using EzCAD© software.

The laser power was measured to be 5.5−7.5 W , which was obtained with the power−meter

prior to the beam entering galvo-scanner [41].

Etched samples were examined under a SEM to evaluate the quality of the amorphous layer

and the etching process. The results are presented and discussed in the following sections.

6.3 Results and Discussion

The laser amorphization/oxidation process of silicon is very complex and highly dependent

on laser parameters such as pulse duration, repetition rate and pulse number.
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6.3.1 Effect of pulse repetition

Figure 6.1 shows the amorphorized layers obtained at a repetition rate of 8 MHz (average

power of 4.8 W ), 13 MHz (average power of 5.6 W ) and 26 MHz (average power of 6.25 W ),

respectively. It is evident that the quality of the amorphorized area is better with the higher

repetition rate at 26 MHz and no damage at 26 MHz is visible, even though the average

laser power is the highest at 26 MHz.

Figure 6.1: SEM images at different pulse repetition rates (pulse duration: 214 fs), (a) 8 MHz, 4.8 W, (b)
13 MHz, 5.6 W, and (c) 26 MHz, 6.25 W

Pulse energy, Ea, is calculated from Ea = P
f
, where P is an average laser power and f is

repetition rate. The average fluence per pulse can be calculated from I0 = Ea
πr2 ; where r is a

radius of focal point and Ea is average pulse energy. Thus, I0 = P
fπr2 . As seen in Table 6.2, at

lower repetition rate, much higher pulse energy is delivered and therefore a stronger source

of thermal diffusion is provided. Moreover, the silicon surface absorption increases with

pulse energy as a result of increasing photoionization rate [69, 70]. With lower repetition

rate, fluctuations in pulse energy is also higher and even a slight deviation will result in
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pulse energy overcoming the ablation threshold and causing material breakdown [51, 71].

Thus, at the lower repetition rate, the combination of higher pulse energy, absorption rate

and fluctuation of laser energy results in damaged tracks (ablation) visible in SEM images

at 8 and 13 MHz (Figure 6.1).

Figure 6.2: SEM images at different pulse width at the scanning speed of 75 mm/s, pulse repetition of 26
MHz and the power of 6 W, (a) 214 fs 4.7 µ m , (b) 720 fs, 5.3 µ m, and (c) 3500 fs, 7.2 µ m

Rep. (MHz) Power (W) Pulse Fluence (J/cm2)
8 4.8 0.71
13 5.6 0.51
26 6.25 0.28

Table 6.2: Laser fluence at different powers and repetition rates at the pulse duration of 214 fs

6.3.2 Effect of pulse duration

To indicate how the width of the amorphorized area changes with pulse duration, Figure 6.2

and Figure 6.3 show the width of the amorphorized zone for a range of pulse duration from

214 fs to 3500 fs at the constant power and repetition rate. According to Woodard and

Dryden [41,48], for a constant amount of energy, an increase in the pulse width corresponds

to a decrease in the temperature distribution, since for infinitesimally short pulse duration
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all the energy would be injected to the target at once, leading to extremely high surface

temperature. However, if a constant amount of power is applied, then it would be expected

that the longer the pulse duration, the larger the temperature distribution [48]. It can be

concluded for the case of constant power, the Heated Affected Zone (HAZ) became wider for

increased pulse duration; thus, the width of the amorphorized area became larger at longer

pulse duration.

Figure 6.3: Width of amorphorized zone vs pulse width for 214 fs, 720 fs, and 3500 fs (26 MHz)

To verify the accuracy of the experimental results, analytical methods were used to study

the effects of pulse duration on the amorphization process. For cylindrical symmetric flow

without internal heat generation and constant, isotropic material properties, the transient

heat conduction can be calculated by:
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1
r

∂

∂r

(
r
∂T

∂r

)
+ ∂2T

∂z2 = 1
α

∂T

∂t
(2.20)

The boundary condition can be given by:

∂T

∂z

∣∣∣∣∣
z=0

= −1
k

ηP (t)
πr2

0
exp(−r2/r2

0) for t ≤ tp (2.22)

where P is the peak power of the laser pulse which is a function of time, η is the fraction of

the surface absorption, tp is pulse width and r0 is the diameter of the beam spot.

It is convenient to introduce nondimensional groups as follows [48]:

R = r/r0,

Z = z/r0,

Θ = T/Tref ,

τ = 4αt/r2
0

(2.23)

Thus:

1
R

∂

∂R

(
R
∂θ

∂R

)
+ ∂2θ

∂Z2 = 4∂θ
∂τ

(2.24)

The boundary condition:

∂θ

∂Z

∣∣∣∣∣
z=0

= −Q exp(−R2)
[
u(τ)− u(τ − τp)

]
(2.25)
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The nondimensional temperature in the integral form can be estimated by:

θ(R,Z, τ) = Q

2
√
π

∫ τ

τ−τp
I(ν)dν (2.26)

where,

I(ν) =
( 1

1 + ν
exp(− R2

1 + ν
− Z2

ν
)
)

(2.27)

Here, I is absorbed laser energy and ν is the volume of irradiated material. The maximum

surface temperature which occurs at the end of the laser pulse on the substrate can be

approximately calculated by:

θ(R,Z = 0, τp) ≈
Q√
π

arctan(√τp)−QZ (2.44)

The maximum non-dimensional surface temperature which occurs at the center of the laser

beam is given by:

θmax(τ) = Q√
π

[
arctan(π)− arctan(

√
τ − τp)

]
(2.45)

For τ < τp: θ(0, 0, τ) = Q√
π

√
τ .

Amorphization will begin at the melting temperature of silicon, which is taken to be around

1400 °K(Tm). It is assumed that amorphization happens instantly at the melting temper-

ature because of the rapid cooling rate of silicon after the laser irradiation (up to 1013 ℃/s)
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(a) (b)

Figure 6.4: Computed non-dimensional surface temperature at constant amount of a) power and b) energy
(b)

which means there is not enough time for the melted silicon to be re-solidified into a crys-

talline state [47, 49, 65]. The volume where the temperature reaches the amorphization

temperature (Ta) is assumed to fully transform to amorphorized silicon by the end of the

cycle. Figure 6.4a and Figure 6.4b, show the computed results of nondimensional surface

temperatures with constant average laser pulse power (Figure 6.4a) and energy (Figure 6.4b).

If a constant amount of power is applied, nondimensional power, Q, can be taken arbitrarily

1 (Q = 1). It was found from the results shown in Figure 6.4a that an increase in the pulse

width results in an increase in the surface temperature.

On the other hand, for a constant amount of energy (Q × τp = const. or Q = 1
τp

), the

energy would be applied at each pulse and the shorter pulse duration results in larger

surface temperature (Figure 6.4b).

Table 6.3 shows the different results of Raman peaks of a-Si (at 480 cm−1), an increase in
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No. Pulse dur-
ation (fs)

Power
(W)

Non-
dimensional
pulse duration
-τ

Non-
dimensional
power - Q

Non-
dimensional
temperat-
ure -Θ

Raman peak of
a-Si at 480cm−1

(a.u.)

1 200 8 2.514× 10−6 1.2192 0.06250 23.125
2 400 7.5 5.030× 10−6 1.1430 0.08288 -
3 700 7.2 8.802× 10−6 1.0973 0.10526 42.675
4 1400 5.4 17.604× 10−6 0.8230 0.11165 64.75
5 3500 5.2 44.001× 10−6 0.7930 0.17008 97.8

Table 6.3: Analytical and experimental results of the amorphorized silicon wafers

non-dimensional temperatures for different values of the experiments.

Figure 6.5: Analytical/experimental graphs of: a) non-dimensional surface temperature, b) raman peak of
amorphous silicon, c) light absorption at 630 nm

6.3.3 Effect of number of laser pulses

6.3.3.1 Effect of number of laser pulses on target surface temperature

The analytical/experimental results of the experiment for different parameters such as nondi-

mensional temperature, micro-Raman peaks of amorphorized silicon and light absorption
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of irradiated samples for different pulse widths and laser power levels are shown in Fig-

ure 6.5. The computed results in Figure 6.5(a) show that by increasing the pulse duration

(and decreasing the laser power at the same time) the surface temperature of the irradiated

area increased, which means that more energy was injected into the Si−substrate; thus, the

HAZ, or the volume where the temperature reaches the amorphization temperature, be-

came wider; it resulted in an increase of the amount of silicon converted from a crystalline

to amorphorized state as shown in the micro−Raman spectroscopy for the amorphorized

silicon peak at 480 cm−1 (Figure 6.5(b)). Moreover, it was found that the light−absorption

of the amorphorized sample improved by irradiation with longer laser pulses. Although the

calculated results are not actual parameters (nondimensional) and they may contain errors

due to the assumptions, the tendency of the surface temperature, amorphization rate and

improvement in light absorption in relation to pulse duration is quite clear and this can be

used to explain the phenomenon observed in experimental results [49].

After being irradiated by the femtosecond laser with variable scanning speed, the samples

were observed under a SEM. Figure 6.6 shows that the width of amorphous zones changed

with the various irradiation scanning speeds. The effective number of pulses, Neff , can

be calculated from scanning speed, ν, by Neff =
√
π2ω0f/ν. Corresponding to 25, 50, 75

and 100 mm/s, the numbers of pulses are 10712, 5356, 3570 and 2678, respectively. In

fact, the increase in the pulse numbers leads to an increase in the width of amorphorized

lines. As shown in Figure 6.7, the experimental results support such a conclusion. At the

same average input power of 7.2W , the width of the amorphorized zone enlarged with the

incident pulse number increasing. As the incident pulse number increases, more energy was

deposited; therefore, the heat affected areas would expand [41,72].

61



Amirkianoosh Kiani Chapter 6

Figure 6.6: SEM images of silicon samples after irradiated with 3500 fs laser at different number of pulses
(26 MHz), (a) 25 mm/s, (b) 50 mm/s, (c) 75 mm/s, and (d) 100 mm/s

Furthermore, analytical and theoretical methods were used to investigate the effects of laser

parameters. In the analyses for calculating the surface temperature after the end of the

laser pulse, ∆T , at the center of the spot area can be approximately calculated by [38,39]:

T (0, t) = T (0, tp)

(
tp
t

)1/2

=
√

2/πIa(atp)
1/2

k

(
tp
t

)1/2

(2.6)

where, tp is pulse duration, a is the thermal diffusion coefficient and k is the heat conduction

coefficient and Ia is the absorbed laser light intensity, which is estimated by the residual
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Figure 6.7: Width of amorphorized zone vs number of pulses for 2000 to 11000 (26 MHz)

energy coefficient, K, and the reflection coefficient, R, at a wavelength of 1030 nm as follows

[51,61]:

Ia = K(1−R) 4P
πd2tpf

(6.1)

where P is laser power, f is pulse frequency, and d is laser spot diameter. Substituting

Equation 6.1 in Equation 2.6, it is simplified to:

T (0, tp) =
√

2a
π3tp

4K(1−R)P
kfd2 (6.2)

The reflection coefficient of silicon at a wavelength of 1030 nm is calculated to be around
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0.325 [62]. Experiments showed that K for silicon is around 0.8 when the fluence is less than

the ablation threshold [63]. In the experiment, the thermal conductivity k is 155 W/(mK)

and the thermal diffusivity is 8.5 × 10−5m2/s [64]. The maximum surface temperature at

the end of the laser pulse is Tmax or Tm = T (0, tp), and Tmin is the minimum temperature

at the beginning of the following laser pulse, which is given by Tmin = αTmax. Here α is

the constant ratio for the previous maximum and the following minimum temperatures and

equal to α = (tp/tpp)1/2, where tpp is the pulse interval and equal to tpp = 1/f (f is pulse

repetition rate) and tp is pulse duration. From the mentioned relationships, the maximum

and minimum surface temperature of irradiated area can be approximately calculated as

[38,39]:

First pulse:
(Tmax)1 = Tm

(Tmin)1 = αTm;
(2.9)

Second pulse:
(Tmin)2 = α(1 + α)Tm

(Tmax)2 = (1 + α)Tm
(2.10)

n-th pulse:

(Tmax) = (1 + α + α2 + α3 + . . .+ αn−1)Tm = [(1− αn)/(1− α)]Tm

≈ (1− α)−1Tm(Tmin)n = α(Tmax)n
(2.11)

The surface temperature average over any i-th laser pulse and the time gap between the i-th

and the (i+1)-th is given by:
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T i = 1
tp + tpp

∫ tp

0
+tppTm,i(0, t)dt = 2αTm,i

(1− 2
3α)

(1 + α2) (2.15)

Finally, the average surface temperature after n pulses can be calculated by:

T n = 2α
(1− 2

3α)
(1 + α2)

Tm
(1− α)

(
1 + αn − α

n(1− α)

)
(2.19)

In the case n� 1 and α� 1:

T n ∼= 2αTm = 2Tm
(
tp
tpp

)1/2

(2.20)

The computed results are shown in Figure 6.8. Initially, the surface temperature increases

with the accumulation of number of pulses. After a certain number of pulses, the surface

temperature reaches saturation. Further increase in the number of pulses does not lead to

a significant rise in the surface temperature. This computation shows that at a constant

laser power of 5.6 W , the final surface temperature at 13 MHz is around 932℃, compared

to 1196℃ at 8 MHz. The final surface temperature at 26 MHz at a higher laser power of

6.5 W is 770℃. Although the calculated temperature may contain the large error due to

the assumptions, the tendency of the surface temperature in relation to the repetition rate

is quite clear, and this can be used to explain the phenomenon observed in Figure 6.1 and

Figure 6.6. At a constant laser power, the surface temperature at 8 MHz and 13 MHz is

marginally below the melting point of silicon. Therefore, a slight deviation in pulse energy

will result in the surface temperature rising above the threshold for material removal. It
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Figure 6.8: Change in surface temperature at different pulse repetitions and powers (pulse width of 214 fs)

can be concluded that the center-line ablated cracks shown in Figure 6.1 are not because

of the large number of pulses but the combination of higher pulse energy. In contrast, the

final surface temperature at 26 MHz is always maintained below the ablation threshold,

preventing the presence of visible damage at the center of the laser focus. The computed

results explain the fact that if the laser fluence is kept below the ablation threshold, no

ablation occurs no matter how many pulses irradiate the silicon substrate. This could be
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attributed to the heat diffusion in between successive pulses [38, 39, 41, 54]. It is important

to note that although the number of pulses incident on the silicon surface does not lead to

the increased surface temperature up to the ablation, the width of the amorphorized zone

becomes wider with increasing number of pulses [41].

6.3.3.2 Effect of number of laser pulses on the amorphization threshold

As indicated previously by researchers [71, 73], for lasers with the Gaussian beam profile,

the feature size can be calculated as follows:

D2 = 2ω2
0

{
lnφ0 − lnφth(N)

}
(6.3)

where, ω0 is the radius of the laser spot, φth(N) is the multi-pulse modification (amorphiz-

ation) threshold, which depends both on the number of pulses and material, and φ0 is the

maximum laser fluence which is given by:

φ0 = 2Epulse
πω2

0f
(6.4)

From Equation 6.3 and Equation 6.4, the multi−pulse amorphization threshold can be

estimated as [41]:

φth(N) = 2P
πω2

0f exp[0.5(D/ω0)2] (6.5)

Figure 6.9 shows the calculated results of φth(Ns) based on the analytical solution combined
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with the experimental results for the width of the amorphorized zone for different numbers

of pulses. As shown in Figure 6.9, the n-pulse amorphization threshold decreases with the

Figure 6.9: φ(N) vs number of pulses (26 MHz)

increase in the number of pulses. However, beyond 5000 pulses the amorphization threshold

nearly reaches saturation. This result agrees well with previous results obtained for the

ablation threshold [38,41,71,73].

Table 6.4 tabulates the measured amorphization line width at various repetition rate. It

is worth mentioning that even though the relative fluence (pulse fluence/φth(N)) is almost

constant (2. 35-2.1) at all repetition rates, the line width is larger at lower repetition rates,

which indicates that the dominating factor for line width is pulse energy.
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Rep.
(MHz) Power (W)

Pulse
Fluence
(J/cm2)

Speed
(mm/s)

Pulse
Number

Width
(µm)

φth(N)
(J/cm2)

8 4.8 0.71 100 900 5.80 0.302
13 5.6 0.51 100 1350 4.40 0.231
26 6.25 0.28 100 2700 4.05 0.131

Table 6.4: φth(N) at different powers and repetition rates (pulse duration: 214 fs).

6.4 Summary

In this chapter, the effect of laser parameters (repetition rate, number of pulses, pulse dur-

ation) on the quality of amorphorized silicon induced by high repetition femtosecond laser

pulses and hence the size of the amorphorized feature has been studied. The experimental

results outlined in this report demonstrate that the quality and controllability of amorph-

ization of silicon would be better at the higher repetition rate. It was also found that with

shorter pulse duration the width of the amorphorized zone became smaller as well.

A theoretical model of surface temperature has been developed to investigate the effect

of the number of pulses on the induced amorphorized area. From the experimental and

theoretical results, it was found that at constant laser power, surface temperature is low

at higher repetition rate, which is favorable for amorphization. However, with the increase

in the number of pulses, the width of amorphorized zone becomes larger and the n-pulse

amorphization threshold decreases as well [41].

Furthermore, a theoretical model of nondimensional surface temperatures has been used

to investigate the effect of the pulse width on an induced amorphorized thin layer on

Si−substrate, which was in good agreement with experimental results. Using high repe-
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tition laser pulses with the different pulse durations in the range of 200− 3500 fs enabled

us to control the laser fluence in the amorphization range, and finally a thin film of amor-

phorized silicon was fabricated on Si−substrate [49].
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Application of

Amorphorized/Oxidized Silicon

Thin-film

In this chapter, the feasibility of using the proposed technique as a solution for maskless

lithography will be carried out. The proposed approach enables a direct (single-step)

generation of an oxide/amorphous layer on a silicon substrate which also can act as an

etch stop in the wet etching process. The direct oxidation/amorphization of silicon induced

by the femtosecond laser is a maskless single-step technique which offers a higher flexibility

and reduced processing time. In addition this method allows for large-area patterning (in

mm scale) at fast writing speed under ambient condition.

Moreover, in this chapter, the feasibility of using a-Si thin film generated by the proposed
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method for solar cell fabrication is investigated. In this method, controlled laser fluence,

which is injected into the silicon substrate, causes the thin layer of crystalline Si-substrate

to be converted to a thin film of amorphous silicon. This method is single step and does

not need to have additive materials; in comparison with current a − Si thin-film solar cell

fabrication methods, both processing time and wafer damage are significantly reduced in

this method.

7.1 Maskless Lithography Using Oxidized/Amorphorized

Silicon Etch-stop Layer Induced by Mega Hertz

Repetition Femtosecond Laser Pulses

Photolithography is considered to be an important method in a wide range of applica-

tions such as fabrication of information storage media, micro and nano photonics, nano-

electromechanical systems (NEMS), microelectromechanical systems (MEMS), microfluidics

and LOC Systems [3, 5–9,15] .

Patterning layers of etch stop materials on substrates (such as silicon) is one of the most

important issues in the photolithography process. Silicon oxide is one of the most attractive

materials which is used as an etch stop during etching processes. In contrast to other etch

stop materials which suffer from one or more problems, silicon oxide offers a lot of desired

characteristics and advantages which make silicon oxide an evermore-valuable compound in

the photolithography method. Known methods for the generation of silicon dioxide (SiO2)

patterns generally involve either physical or chemical vapor deposition; the deposited films
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Figure 7.1: a) conventional lithography method, b) direct (single-step) silicon oxide patterning, c) direct
maskless lithography induced by fs laser

must be patterned subsequently using a resist and various etching techniques which are of-

ten accomplished through multi-step fabrication methods [51,74–80]. Additionally, conven-

tional photolithography technique is not well-suited to cost-effective, and high-throughput

processing since there are several steps in the fabrication process and this technique requires

a photomask for replication and its fabrication is time consuming and expensive [38,81,82].

Over the past few years, a number of novel techniques such as Scanning Electron Beam Litho-

graphy (SEBL) [16,83,84], Focused Ion Beam (FIB) [17,85], multi-axis electron beam litho-

graphy (MAEBL) [86], Interference Lithography (IL) [87, 88], Maskless Optical-Projection

Lithograph (MOPL) [89], Easy Soft Imprint Nanolithography (ESINL) [90], Scanning-Probe

Lithography (SPL), DPL [91,92], and TNL based on AFM [21,22,25,27] have been reported

for maskless replication of micro/nano scale patterns of silicon oxide on silicon substrates.
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This chapter attempts to use this oxidized/amorphorized layer as an etch stop in alkaline

etchant, such as KOH to develop a unique approach for single step maskless lithography

by a combination of direct-write femtosecond laser oxidation/amorphization of silicon (etch

stop layer) and chemical wet etching. Using megahertz frequency femtosecond laser pulses

makes it possible to control laser fluence below ablation threshold which causes crystalline

silicon conversion to an oxidized or amorphorized silicon. The induced thin layer of oxid-

ized/amorphorized silicon is then used as an etch stop in the following wet chemical etching

(e.g. KOH) for maskless lithography. In comparison with previous methods, this method

can be a promising solution for both direct generation of silicon oxide or amorphous silicon

pattern on Si-substrate (Figure 7.1(b)) and maskless lithography (Figure 7.1(c)); the direct

oxidation/amorphization of silicon (etch-stop layer) induced by femtosecond laser is a mask-

less single-step technique which offers a higher flexibility and reduces the processing time.

In addition this method allows for the large-area patterning (in mm-scale) at fast writing

speed under ambient conditions. In comparison to systems such as AFM, FIB and Electron

Beam (EB), which are employed in other techniques, lasers are much more economical and

can be acquired and operated at lower cost [93] which makes it particularly suitable for rapid

prototyping and custom-scale manufacturing for a wide variety of applications in MEMS,

NEMS, fabrication of semiconductor and LOC systems.
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7.1.1 Maskless lithography using thin-film silicon oxide as an etch

stop

Figure 7.2 shows morphology of the oxidized silicon patterns on Si-substrate after irradiation

with sub-ablation threshold femtosecond laser pulses. SEM images show bump lines around

7 µm width and 500 nm height induced with femtosecond laser pulses with a power of 3.3 W

supplied at 26 MHz. As shown in Figure 7.2, the embossed lines (made of silicon oxide)

can be generated consistently on a silicon surface with carefully controlled laser parameters.

Figure 7.2: SEM images of silicon oxide pattern induced by 214 fs laser pulses at the frequency of
26 MHz and the average power of 3.3 W (I = 0.15 J/cm2)

Generally in the silicon oxidation process, the final silicon oxide layer is approximately

54% above and 46% below the original silicon surface which is because of the difference in
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densities between Si and SiO2 [55]. Figure 7.3 represents optical microscope topography

images of the induced areas after irradiation. Cross sectional views show embossed lines

around 500 nm height and 7 µm width induced at the laser power of 3.3 W and frequency

of 26 MHz with the pulse duration of 214 fs. Due to this fact that the final oxide layer is

54% above and 46% below the original surface, it can be concluded that the real thickness

of oxide layer on Si-substrate is approximately 1 µm.

Figure 7.3: Optical microscope topography and cross sectional images (a) after irradiation (height:
500nm) and (b) after etching process (height: 1000 nm)

In order to verify the elemental composition of the irradiated area (embossed lines), EDX

and Raman spectroscopic analyses were employed. EDX results indicated the existence of

oxygen in irradiated lines which are explained to be due to the Si-O-Si bonds in an irradiated

area (Figure 7.4).
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Figure 7.4: EDX results of irradiated area

Raman spectroscopy was dominated by the signal at wavenumber of 519 cm−1 which is

the characteristic peak of silicon (Figure 7.5). Furthermore, a hump was observed at the

wavenumber of 954 cm−1 corresponding to silicon oxide [37]. Back scattering micro-Raman

analysis was performed under ambient conditions using the 532 nm line of an Ar ion laser

source. Consequently, it can be concluded that irradiated lines were converted to silicon

oxide.

Figure 7.6 shows XRD data for the silicon samples before and after irradiation by laser.

XRD measurement of the samples was performed using an X-ray diffractometer equipped

with the X-ray source of Cu rotating anode generator (λ = 1.54184Å) operated in a large

angle rate of 10°-60°. In spite of the good resolution of XRD measurements, the spectra of

laser irradiated samples (post-irradiation) exhibits only one crystalline peak and no other

crystalline peaks of Si were detected. Moreover, the XRD graph of the laser treated samples

(post-irradiation) shifted to the lower level of intensity. Therefore, it can be concluded

that the irradiated area converted from a crystalline silicon to an amorphous silicon oxide
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Figure 7.5: micro-Raman spectroscopy results of irradiated samples before/after etching process

(a−SiOx) which is in agreement with other spectroscopy results obtained by micro-Raman

and EDX [54].

The manufacture of many micro/nano scale devices from silicon requires the use of an etch

stop layer to selectively stop the anisotropic etching of silicon in chemical etchant such as

KOH. Previous studies proposed by researchers have shown that the silicon oxide is an excel-

lent material for creating etch-stop layers on the silicon wafers [74–80]. Additionally, conven-

tional photolithography technique is not well-suited to cost-effective, and high-throughput

processing since there are several steps in the fabrication process and this technique requires

a photomask for replication and its fabrication is time consuming and expensive [38,81,82].

Figure 7.7, shows SEM images of the induced samples after etching in a 30% KOH alkaline

solution at temperature of 65 ℃ after 4 minutes. As shown, the silicon oxidized pattern on
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Figure 7.6: XRD results of pre/post-irradiated samples. XRD spectrum of pre-irradiated area is dominated
by the signals at 2Θ = 28, 56 and 47 (zoomed chart) which corresponds to crystalline silicon. The XRD
measurements on the processed samples shows only a peak shifted to lower level of intensity at 2Θ = 56

silicon substrate acted as an etch stop during the etching process and finally, micro scale

features were generated on the silicon substrate. Figure 7.3(b) shows optical microscope

topography images of induced Si samples after etching in KOH. As shown in cross sectional

view, the height of the generated lines after etching is around 1 µm supporting the fact that

bumps are made of silicon oxide and act as an etch stop in an alkaline etchant [54].

Figure 7.5 shows the micro-Raman spectroscopy results of the irradiated lines before and

after the etching process. The peak at 520 cm−1 which is corresponding of crystalline silicon

shifted to a lower energy level after an etching but the peak of silicon oxide remained nearly
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Figure 7.7: SEM images of silicon oxide pattern after etching in KOH (30%) at 65℃ after 5 min

in the same level of energy supporting the statement that the irradiated area converted to

a silicon oxide and acted as an etch stop during the etching process in KOH [54].

7.1.2 Maskless lithography using amorphous silicon etch-stop layer

To study the silicon amorphization, un-doped < 100 > oriented silicon wafers were used.

Prior to laser irradiation, the samples were cleaned with alcohol and ultra pure water.

As shown in Figure 7.8, silicon wafers were irradiated with femtosecond pulses with pulse

energy well below the damage threshold. Finally, the treated samples were etched in a KOH

solution [15].

Figure 7.9 shows morphology of irradiated samples during the etching process with alkaline

etchant (KOH 30%, temperature: 80℃). After etching, it was observed that the non-

irradiated area and the central region of the laser irradiated zone were etched by alkaline

etchant, whereas, the annulus around the central region of the laser spot was not etched.

Consequently, a ring feature stood out on the silicon substrate, suggesting that the amorph-

ous layer was resistant to KOH. This etch ratio value agrees well with the result of the etch
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Figure 7.8: Process of experiment

rate of amorphous silicon reported by Kawasegi et al. [27,29,94]. According to their reports,

the etch rate of amorphous silicon generated by magnetron spattering is about 30 times

lower than the etch rate of crystalline silicon < 100 >.

Because of the Gaussian distribution of the beam, the laser fluence at the center region

was above the surface damage threshold; therefore, ablation occurred in this area. It was

observed that after etching, the center zone was removed by the etchant. Thus, the cent-

ral zone was not in the amorphous state. However, in the surrounding annulus area, the

amorphous phase was formed on crystalline silicon, which acted as an etch stop during the

etching process.

In order to obtain a smaller circular dot instead of a donut feature, the laser beam should be

accurately controlled such that central peak of the Gaussian beam intensity does not exceed

the surface damage threshold. Figure 7.10 shows a SEM image of the circular feature

obtained after wet etching.
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Figure 7.9: SEM images of irradiated samples during etching process

Figure 7.11 presents a line feature with 1.4 µm thickness and 6µm width generated with a

scanning laser spot of 0.28 J/cm2 at 26 MHz. As shown in Figure 7.4, the irradiated zone

was not etched; however, the non-irradiated area was dissolved during etching and finally,

a pyramid-like structure was formed on silicon substrate. The etched (100) planes have a

slope with an angle of 54.7° as expected [95].

As shown in Figure 7.12, the amorphorized layers generated respectively at 8, 13 and 26MHz

had a better quality and repeatability at higher pulse frequency (at 26 MHz). It is due

to this fact that with higher pulse frequency at 26MHz, the fluctuation in laser power is
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Figure 7.10: SEM image of feature after 3 min etching - solid round at 0.2 J/cm2

Figure 7.11: SEM image at the incident angle of 35° of line feature after etching in KOH (Pulse energy:
0.28 J/cm2)

less in comparison with the power fluctuation at 8 and 13 MHz [15]. In actuality, the

silicon amorphization needs a strict parameter control, and the higher power fluctuation in

lower pulse frequencies (at 8 and 13 MHz), may result in ablation or poor quality of the

amorphorized layer.

Figure 7.13 presents the smallest lines generated with reduced pulse energy of 0.1 J/cm2 at a
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Figure 7.12: SEM images at different pulse repetition rates ](pulse duration: 214 fs)

frequency of 26 MHz. The line width obtained with the 10µm laser spot is around 150 nm,

which is around 1/67 of the laser spot’s diameter. Using the same technique, sub-100 nm

ablated features generated with a laser spot of 2µm diameter were reported in previous

research work [38].

In order to investigate the chemical and structural properties of the generated layer by femto-

second laser pulses on a silicon substrate, Micro-Raman and EDX spectroscopy analyses

were performed. EDX analysis of the irradiated zone excluded the possibility of compound

formation and a generated layer on the top surface has not been converted to a chemical

compound, such as silicon oxide and silicon hydroxide (Figure 7.14).

Raman Spectroscopy analyses of different zones after laser irradiation showed a sharp peak

at the wavenumber of 517 cm−1, which is the characteristic peak of crystalline silicon.

Furthermore, another peak was observed at the wavenumber of 506.9 cm−1, which is the

characteristic of amorphous silicon [62](See Figure 7.15). Therefore, it can be concluded

that the irradiated zone was converted from crystalline silicon into amorphous silicon.

84



Section 7.2 Amirkianoosh Kiani

Figure 7.13: 150 nm line width at pulse energy of 0.1 J/cm2 (at 26 MHz)

7.2 Enhancement of the Optical Absorption of Thin-

film of Amorphorized Silicon for Photovoltaic En-

ergy Conversion

The use of thin film silicon is one of the most important approaches in photovoltaic devices

and solar cell fabrication due mainly to its low material cost and ease of manufacturing

[11–13].

One major challenge, however, is to improve the light absorption efficiency of thin film silicon
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Figure 7.14: EDX analysis of irradiated zone

solar cells. Over the last decades, many approaches have been proposed by researchers to

modify the optical properties (reducing reflection and improving light trapping) of thin film

silicon solar cells [96, 97]. These approaches are usually achieved through new solar cell

structures and fabrication techniques that improve light trapping and energy conversion

capability [97–100]. These new structures depend on thick and thin layers of silicon in

different phases and compounds such as amorphous silicon (a-Si), hydrogenated amorphous

silicon (a-Si:H), micro and nanocrystalline silicon (m/nc-Si or m/nc-Si: H), silicon oxide

and other Thin-Film Silicon (TF-Si) accomplished via CVD, Liquid Phase Epitaxy (LPE)
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Figure 7.15: Raman spectroscopy graph

or wet and dry thermal oxidation [11,13,101,102]. By using some modified techniques such

as replacing chemical vapour deposition with PECVD or dry oxidation with wet oxidation,

process temperatures can be decreased in order to reduce both processing time and silicon

wafer damage [103–105]. Although, these techniques have some advantages, they still suffer

from some limitations such as surface damage, process time and the high cost of fabrication.

To have a viable technology based on thin-film solar cells it is important to realize a low-

cost and high throughput technique compared to the previous techniques as well as to

demonstrate a suitable technique for rapid prototyping and custom-scale manufacturing in

solar cell fabrication [49].
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In this chapter, a new method for single-step fabrication of a thin film of amorphous sil-

icon (a-Si) on silicon substrate induced by megahertz frequency laser pulses under ambient

conditions was demonstrated. Using high repetition laser pulses with the pulse duration in

the range of 200 to 3500 femtosecond enables us to control the laser fluence in the amorph-

ization range of silicon, and finally a thin film of amorphorized silicon of predetermined

design would be generated on the silicon substrate. In comparison with previous solar cell

fabrication methods based on thin film amorphous silicon, the proposed method is single

step and both processing time and wafer damage are significantly reduced. In this method

laser energy which is injected into the silicon substrate causes the thin layer of crystalline

Si-substrate to be converted to a thin film of amorphous silicon. In other words, this tech-

nique does not need to have additive materials, and the amorphorized layer of silicon is

grown from a Si wafer substrate [49].

7.2.1 Results and Discussion

With carefully controlled laser parameters, amorphorized lines can be created consistently at

some points: laser power of 5.2, 5.4, 7.2, 7.5 and 8 W at a pulse width of 3500, 1400, 700, 400

and 200 femtoseconds respectively at a scanning speed of 100 mm/s and pulse frequency of

26 MHz. Figure 7.16 illustrates parallel amorphorized lines fabricated on silicon substrate

at a repetition rate of 26 MHz with the pulse duration of 3500 and 1400 femtosecond

(fs) [49].

The irradiated Si samples were coated with gold, before being observed under the SEM, in

order to make the surface conductive. In Figure 7.17, EDX results only showed the presence
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Figure 7.16: SEM images of amorphorized silicon (Frequency: 26 MHz, Power: 5.4 W , Scanning speed:
50 mm/s, Pulse duration: 3500 fs (left), 1400 fs (right))

of silicon (Si) and gold (Au) in irradiated lines which excluded the possibility of compound

formation since no trace of oxygen or other materials was observed.

Figure 7.17: EDX results of irradiated area (samples were coated with gold for better spectroscopy results)

In an effort to verify the crystal properties of the irradiated lines which are believed to be

made of amorphous silicon, a micro-Raman spectroscopic analysis was conducted. Back
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scattering micro-Raman analysis was performed at ambient conditions using a 532 nm line

of an Ar ion laser source. The Raman spectroscopic measurements on the processed samples

showed (Figure 7.18) a sharp peak at the wavenumber of 519 cm−1, which is the characteristic

peak of crystalline silicon. Moreover, a secondary peak was observed at the wavenumber

of 480 cm−1 indicating the existence of amorphorized silicon in the irradiated area [106].

Therefore, it can be concluded that the irradiated area was converted from crystalline silicon

to amorphorized silicon.

Figure 7.18: Mico-Raman spectroscopy results of amorphorized silicon with various pulse durartion (200 to
3500 fs)

The detailed (zoomed) Raman chart in Figure 7.18, shows the peak of amorphization shifts

to the higher level of intensity (at the same Raman test parameters) by increasing the pulse

duration, which means the concentration of amorphorized silicon on the irradiated area in-

creased by increasing pulse duration. The following calculations illustrate how increasing

the pulse duration in the experiment corresponds to an increase in the temperature distribu-

tion and the amount of energy injected into the target, which leads to a larger amorphorized
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area at a longer pulse duration [48].

Figure 7.19: Scanning near-field optical microscopy of irradiated samples (Left: surface morphology, Right:
light absorption analysis)

Figure 7.19 shows topographic and corresponding reflection images of the amorphorized

lines induced by laser pulses at 26 MHz repetition and pulse duration of 3500 femtoseconds

using Scanning Near-field Optical Microscopy (SNOM). The SNOM images of the scanned

area on the sample exhibit a rich light-absorption in the irradiated (amorphorized) area.

These results provide a proof of concept for this technique that can be used to improve the

light absorption of solar cells based on thin-film amorphorized silicon [49].

In order to investigate the optical properties of irradiated samples, the reflection spectrum

was measured using the USB2000+RAD spectroradiometer (Ocean Optics, Dunedin, Flor-

ida, USA). The light reflection was measured for wavelengths in the range of 550−1000 nm,

with 1 nm increments. The spectrometer provides a resolution of 0.35 nm and captures and

stores a full spectrum into memory every millisecond. As shown in Figure 7.20, the reflection

of the amorphorized silicon surfaces using laser irradiation at wavelengths of 500− 1000 nm

is decreased when compared to the untreated surfaces. Furthermore, it was found that by
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Figure 7.20: Light spectroscopy of amorphorized area induced by laser pulses with (a) different pulse duration
and (b) scanning speed

increasing the pulse duration from 200 to 3500 femtosecond the light absorption of the irra-

diated area in the visible region increases approximately up to 40% (Figure 7.20(a)). It is

due to this fact that the amorphorized area (heat affected area) becomes larger when laser

pulses with longer pulse duration are applied to the silicon substrate (See detailed (zoomed)

Raman chart in Figure 7.18).

Generally, amorphous structure has a higher absorption rate of light in comparison with the

crystalline structure of the same materials; as reported by researchers, amorphorized silicon

has a higher band-gap than silicon in a crystalline state [107]; thus, amorphorized silicon

can absorb the visible part of a solar spectrum more effectively than the infrared portion of

the spectrum.

After being irradiated by laser pulses with variable scanning speed, the irradiated samples

were analyzed using a light spectrometer. Figure 7.19(b) shows that the light-reflection of

the amorphorized zones decreased with the various irradiation scanning speeds. The effective
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number of pulses, Neff , can be calculated byNeff =
√
π/2ω0f/V , where, ω0 is the machining

spot radius, f is the laser repetition rate and Î½ is the galvoscanning speed. Corresponding to

15, 20, 30, 35, 40 and 100mm/s, the numbers of pulses are 11405, 8554, 5700, 4890, 4277and1710,

respectively. In fact, the increase in the pulse number results in the increase of the volume

of amorphorized area which leads to improved light absorption. In fact, as the incident

pulse number increases, more energy was deposited; therefore, the amorphorized zone (heat

affected area) would become larger [72].

No. Pulse
width
(fs)

Power
(W)

Non-
dimensional
pulse dura-
tion - τ

Non-
dimensional
power - Q

Non-
dimensional
temperat-
ure −Θ

Raman
peak of
a-Si at
480 cm−1

(a.u.)

Increase
in light
absorp-
tion at
630 nm
(a.u.)

1 200 8 2.514× 10−6 1.2192 0.06250 23.125 504
2 400 7.5 5.030× 10−6 1.1430 0.08288 - 867
3 700 7.2 8.802× 10−6 1.0973 0.10526 42.675 927
4 1400 5.4 17.604× 10−6 0.8230 0.11165 64.75 1162
5 3500 5.2 44.001× 10−6 0.7930 0.17008 97.8 1286

Table 7.1: Analytical and experimental results of the amorphorized silicon wafers

Table 7.1 shows the different results of Raman peaks of a-Si (at 480 cm−1), an increase in

light absorption at 630 nm and non-dimensional temperatures for different values of the

experiments.

The analytical/experimental results of the experiment for different parameters such as nondi-

mensional temperature, micro-Raman peaks of amorphorized silicon and light absorption

of irradiated samples for different pulse widths and laser power levels are shown in Fig-

ure 7.21. The computed results in Figure 7.21(a) show that by increasing the pulse duration

93



Amirkianoosh Kiani Chapter 7

Figure 7.21: Analytical/experimental graphs of: a) non-dimensional surface temperature, b) raman peak of
amorphous silicon, c) light absorption at 630 nm

(and decreasing the laser power at the same time) the surface temperature of the irradiated

area increased, which means that more energy was injected into the Si-substrate; thus, the

HAZ, or the volume where the temperature reaches the amorphization temperature, be-

came wider; it resulted in an increase of the amount of silicon converted from a crystalline

to amorphorized state as shown in the micro-Raman spectroscopy for the amorphorized

silicon peak at 480 cm−1 (Figure 7.21(b)) Moreover, it was found that the light-absorption

of amorphorized sample improved by irradiation with longer laser pulses. Although the

calculated results are not actual parameters (nondimensional) and they may contain errors

due to the assumptions, the tendency of the surface temperature, amorphization rate and

improvement in light absorption in relation to pulse duration is quite clear and this can be

used explain the phenomenon observed in experimental results [49].
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7.3 Summary

In this chapter, a new method for direct-write maskless lithography, using a combination

of femtosecond laser oxidation of silicon and alkaline chemical etching was proposed. The

formed oxidized pattern acted as an etch stop in an alkaline etchant, and micro features were

generated on a silicon substrate after the etching process. Using megahertz frequency (MHz)

femtosecond pulse laser makes this technique suitable for rapid prototyping and custom-scale

manufacturing of MEMS, NEMS, Integrated Circuit (IC) and LOC systems, which demand

flexibility in re-designing. This proposed method has a potential of fabricating features in

a micro/nano scale by optimizing etching and laser parameters such as employing a laser

beam of shorter wavelength, a higher Numerical Aperture (NA) focusing lens and reducing

pulse energy [53,54].

In the future, more investigations should be carried out to reduce the feature size in a

sub-micro scale by optimizing laser parameters and the etching process [54].

Furthermore, a new method for single-step fabrication of a thin film of amorphorized silicon

(a-Si) on silicon substrate induced by high repetition femtosecond laser pulses under ambient

conditions was demonstrated. Using high repetition laser pulses with the different pulse

durations in the range of 200 − 3500 fs enabled us to control the laser fluence in the

amorphization range and finally a thin film of amorphorized silicon could be fabricated

on the Si−substrate. In comparison with previous methods proposed for a-Si thin-film

solar cells, the proposed method is single step; there is no need for additive materials and

finally, processing time and wafer damage are considerably reduced, which leads to promising
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solutions for thin-film silicon solar cell fabrication [49].
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Summary and Future Research

8.1 Summary

In this thesis, a new method for direct micro/nano amorphization/oxidation of sil-

icon using femtosecond laser irradiation, was demonstrated. The applications of this

method in maskless lithography and solar cell fabrication were explored. A systematic

theoretical and experimental study of the influence of the laser parameters on the quality

of the amorphorized/oxidized area and the size of the features fabricated through amorph-

ization/oxidation has been studied.

This research aimed to investigate the feasibility of using megahertz femtosecond laser pulses

for direct amorphization of silicon on silicon substrates. A thin layer of amorphous silicon

of predetermined pattern was first generated by irradiation with a femtosecond laser of

megahertz pulse frequency (the average laser fluence: 0.15 ∼ 0.35 J/cm2 at repetition rates
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of 13 and 26 MHz, dwell time of 0.1 ms, and scanning speed of line features in the range

of 100− 150 mm/s). The following KOH etching revealed that the amorphous silicon layer

acted as an etch stop. Linewidths less than 1/67 of the focused spot size was demonstrated

and hence the proposed method has the potential of producing submicron and nano-scale

features by employing a laser beam of shorter wavelength and a high NA focusing lens.

The method for direct patterning of silicon oxide on a silicon substrate by irradiation with

a femtosecond laser of megahertz pulse frequency under ambient condition was presented.

Embossed lines of silicon oxide with around 3 ∼ 4 µm width and less than 100 nm height

were formed by controlling the parameters such as laser pulse power and frequency rate

(1 W ( 9 J/cm2), at 13 MHz and 0.35 W ( 1.65 J/cm2), at 26 megahertz with a scanning

speed of 500/mm/s). It was found that the direct oxidation with femtosecond laser requires

stringent parameter controls. Even a slight deviation in laser parameters, for example,

fluctuation in laser power, will result in ablation. Therefore, higher pulse frequency is

preferred for oxidation since at the same laser power the pulse energy fluctuation is lower at

higher pulse frequency. Furthermore, the absolute power fluctuation is less in lower powers

such as 0.35 W rather than 1 W and higher. This explains why better repeatability was

observed at 26 MHz during the experiments. This study indicates that an oscillator, which

has higher repetition rate and lower average laser power, is more suitable for this task than

the amplified system used for this experiment.

Additionally, this research work aimed to study the effects of laser parameters on direct

silicon amorphization. It was found that higher repetition rate of laser pulses gives smooth

morphology with better repeatability. Increasing pulse duration and number of pulses were

seen to increase the line width. However, increasing the number of pulses does not result
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in ablation of the target area. An analytical model is developed for the calculation of the

average surface temperature after n-pulses; it was found that for a constant power and a

constant repetition rate, an increase in the pulse number does not correspond to a significant

increase in the surface temperature.

Moreover, at the controlled laser power level, the surface temperature will not exceed the

melting point of silicon. Therefore, thermal induced damage is not observed during the

amorphization. Furthermore, the effect of laser pulse width was investigated by devel-

oping an analytical model for the calculation of the non-dimensional surface temperature

with various pulse widths; it was found from experimental and analytical results that for

a constant power and repetition rate, an increase in the pulse duration corresponds to a

significant increase in the surface temperature which results in an increase in the amount of

amorphorized material as well as improvement of light absorption.

The feasibility of using this technique as a promising solution for maskless lithography was

carried out in this research; the direct oxidation/amorphization of silicon induced by the

femtosecond laser is a maskless single-step technique which offers a higher flexibility and

reduced processing time. In addition this method allows for large-area patterning (in mm

scale) at fast writing speed under ambient condition.

A new method was demonstrated for the single-step fabrication of a thin film of amorphous

silicon (a-Si) on silicon substrate induced by megahertz frequency laser pulses under ambient

conditions. Using high repetition laser pulses with the pulse duration in the range of 200

to 3500 fs enables us to control the laser fluence in the amorphization range of silicon, and

finally a thin film of amorphorized silicon of predetermined design would be generated on
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the silicon substrate. In comparison with previous solar cell fabrication methods based on

thin film amorphous silicon, the proposed method is single step, and both processing time

and wafer damage are significantly reduced. In this method laser energy, which is injected

into the silicon substrate, causes the thin layer of crystalline Si-substrate to be converted

to a thin film of amorphous silicon. In other words, this technique does not need to have

additive materials, and the amorphorized layer of silicon is grown from a Si wafer substrate.

The main contribution of this research is highlighted as follows:

• Demonstrated a new method for micro/nano scale direct writing of amor-

phorized/ oxidized silicon on silicon substrates induced by megahertz fre-

quency femtosecond laser pulses; using megahertz femtosecond laser pulses enable

us to control the laser fluence below the ablation threshold; thus, a thin-film of amor-

phorized/oxidized silicon can be generated on silicon substrate.

• Developed a new technique for micro/nano maskless lithography; the pro-

posed technique is a maskless single-step technique which offers a higher flexibility

and reduced processing time. In comparison with conventional methods, the proposed

technique allows for large-area patterning (in mm scale) at fast writing speed under

ambient conditions.

• Demonstrated a new method for fabrication of thin-film amorphorized sil-

icon for solar cell fabrication; This method is single step and, in comparison with

conventional a−Si thin-film solar cell fabrication methods, both processing time and

wafer damage are significantly reduced. Moreover, this technique does not require

additive materials.
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This is the first time that the concept of direct growing micro/nano scale of amorphor-

ized/oxidized silicon from the surface of a Si substrate is proposed, and verified and de-

veloped by experiment. The key features of this method are as follows:

• the processing is fast and single step

• can be used for micro/nano scale patterning

• can be done under ambient conditions

These key features make this technique suitable for rapid prototyping and low-volume man-

ufacturing, and also can lead to improvements in efficiency, cost and durability.

8.2 Further Research

The following would be the directions for future work in applying and enhancing the current

work with more accuracy.

• Further study of physics of amorphization/oxidation of silicon induced by laser pulses

at various pulse wavelengths;

• Study different polarizations of irradiation on silicon substrates with pulse energy well

below ablation threshold and the effect of different polarization on the thickness of the

generated amorphous/oxide layer of Si substrate;

• Study double pulse laser beam irradiation (530 and 1040 nm) and its effect on the

process of oxidation or amorphization;
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• Investigate the feasibility of using the generated features (via lithography, as mentioned

previously) as a stamp for soft lithography and fabrication of micro and nano channels

for various applications in LOC and biomedical systems;

• Increase the light absorption and photovoltaic conversion efficiency of the current

method for a-Si thin-film solar cell fabrication, by generation of weblike fibrous nano-

structures consisting of agglomerated silicon nanoparticles on the generated amorph-

orized silicon layer. This combined nanofiber and thin=film generation technique can

result in a significant drop in reflectance of the irradiated surfaces in the visible range.

This is attributed to the increase in surface area of the laser irradiated surfaces which

in turn increases the absorption of incident light.
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Properties of Silicon at Room

Temperature

Structural and Mechanical
Atomic weight 28.09

Atoms, total (cm−3) 4.995× 1022

Crystalline structure Diamond (FCC)

Lattice constant (Å) 5.43

Density (g/m3) 2.33

Density of surface atoms (cm−2)

(100) 6.78× 1014

(110) 9.59× 1014

(111) 7.83× 1014

Young’s modulus (GPa) 190

104



Appendix A Amirkianoosh Kiani

Yield strength 7 (111) crystalline orientation

Fracture strain 4%

Poisson ratio, υ 0.27

Knoop hardness (kg/mm2) 850

Electrical
Energy gap (eV) 1.12

Intrinsic carrier concentration (cm−3) 1.38× 1010

and resistivity (Ω− cm) 2.3× 105

Dielectric constant 11.8

Intrinsic Debye length (nm) 24

Mobility (drift) (cm2/V s)
1500 (electrons)

475 (holes)

Temp. coeff. Of resistivity (K−1) 0.0017

Thermal
Coeff. Of thermal expansion (℃−1) 2.6× 10−6

Melting point (℃) 1414

Specific heat (j/kgK) 700

Thermal conductivity (W/m K) 150

Thermal diffusivity (cm2/s) 0.8

Optical

Index of refraction
3.42 λ = 632nm

3.48 λ = 1550nm
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Energy gap wavelength (µm) 1.1 Transparent at larger wavelength

Absorption

> 106cm−1 λ = 200− 360 nm

105cm−1 λ = 420 nm

104cm−1 λ = 550 nm

103cm−1 λ = 800 nm

< 0.01 cm−1 λ = 1500 nm

Table A.1: Properties of silicon at room temperature [10]
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List of Publications

1 Refereed Journals

1. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, V. Venkataramanan, Maskless

lithography using silicon oxide etch-stop layer induced by megahertz repetition femto-

second laser pulses, Optics Express 19, 10834 (2011); (impact factor: 3.7);

2. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Enhancement of the optical ab-

sorption of thin-film of amorphorized silicon for photovoltaic energy conversion, Solar

Energy 85, 1817 (2011); (impact factor: 2.9)

3. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Direct laser patterning of amorph-

ous silicon on Si-Substrate induced by High repetition femtosecond pulses, Journal of

Applied Physics 108, (2010) [Selected into November 2010 issue of Virtual Journal

of Ultrafast Science]; (impact factor: 2.2)[Number of citation:1];

107



Amirkianoosh Kiani Appendix B

4. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Direct patterning of silicon ox-

ide on Si-substrate induced by femtosecond laser, Optics Express 18, 1872 (2010);

(Impact Factor: 3.7) [Number of citation:6];

5. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Micro/nano scale amorphization

of silicon by femtosecond laser irradiation, Optics Express 17, 16518 (2009); (Impact

Factor: 3.7) [number of citation: 6];

6. Amirkianoosh Kiani, Palneet Singh Waraich, Krishnan Venkatakrishnan, Bo Tan,

Synthesis of 3D nanostructured metal alloy of immiscible materials induced by mega-

hertz repetition femtosecond laser pulses,Nanoscale Research Letters (2012) [accepted-

to be published], (impact factor: 2.7)

2 Refereed Conference Papers

1. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Optical absorption enhancement

of thin-film amorphous silicon induced by femtosecond laser pulses for solar cell fab-

rication, Nanotechnology 3, 709 (2011);

2. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Maskless Lithography Using Pat-

terned Amorphous Silicon Layer Induced by Femtosecond Laser Irradiation, Nano-

technology 2, 276 (2010)

3. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Direct-write maskless lithography

using patterned oxidation of Si-substrate induced by femtosecond laser pulses, SPIE
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Advanced Lithography (2013) [accepted -to be published]

3 Submitted to Refereed Journals

1. Amirkianoosh Kiani, K. Venkatakrishnan, B. Tan, Enhancement of the optical ab-

sorption of nano sandwich thin-film of amorphorized silicon coated by 3D silicon oxide

nanofibrous structures for photovoltaic energy conversion, Progress in Photovolta-

ics: Research and Applications [submitted -under review]
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