NEAR-FIELD NANOPATTERNING AND ASSOCIATED ENERGY

TRANSPORT ANALYSIS WITH THERMOREFLECTANCE

A Dissertation

by

ALOK SONI

Submitted to the Office of Graduate Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, Sy-Bor Wen
Committee Members, C. Steve Suh
Choongho Yu
Chin Su
Head of Department, Andreas A. Polycarpou

August 2013

Major Subject: Mechanical Engineering

Copyright 2013 Alok Soni



ABSTRACT

Laser nano-patterning with near-field optical microscope (NSOM) and the
associated energy transport analysis are achieved in this study. Based on combined
experimental/theoretical analyses, it is found that laser nano-patterning with a NSOM
probes strongly depend on the laser conditions and material properties of the target: the
energy transport from the NSOM probes to the targets changes from pure optical to a
combination of thermal and optical transport when the pulse duration of laser is
increased from femtosecond to nanosecond. As a result, the mechanisms of nano-pattern
formation on targets changes from nano-ablation to nano-oxidation/ recrystallization
when the laser pulse duration is increased from femtosecond to nanosecond.

Also, with the laser nano-patterning experiments, thermal damage of NSOM
probes is observed which can be attributed to the low transport efficiency (10™ — 10)
and associated heating of the metal cladding of NSOM probes. The heating of NSOM
probes are studied with developed time harmonic and transient thermoreflectance (TR)
imaging. From time harmonic TR when the NSOM probes are driven with continuous
laser, it is found that the location of heating of NSOM probes is ~20-30pm away from
the NSOM tip. The strength of the heating is determined by the laser power (linear
dependence), wavelength of the laser (stronger with short 1), and aperture size of NSOM
probes (stronger when aperture size < A/2). From the transient TR imaging when the
NSOM probes are driven with pulsed laser, it is found that the peak temperature of the

NSOM probe shifts much closer to the tip. The possible reason for the change in the



location of peak temperature when continuous laser is changed to pulsed laser can be
attributed to the competition between the heat generation and dissipation rates at
different location of the probe: the tip experiences highest temperature with pulsed
heating as the entire heating processes is adiabatic. The tip also experiences highest heat
dissipation rate due to its large surface-to-volume ratio which overcomes the heat
generation at the tip under quasi-steady state resulting in shift of the hot spot. The
knowledge obtained in this study can be important in the future design of more efficient

NSOM probes and other nano-optic devices.



To my parents and my teachers



ACKNOWLEDGEMENTS

First and foremost, | would like to thank my committee chair, Dr. Sy-Bor Wen
for his guidance and support throughout the course of this research. I would also like to
thank my committee members, Dr. Steve Suh, Dr. Chin Su and Dr. Choongho Yu for
their guidance and helpful discussions.

I would like to thank my colleagues Vijay Sundaram, Young Kyong Jo, Yu Yang
and Chien-Fan Chen for their support in conducting my experiments and providing
valuable suggestions.

I would like to acknowledge the facilities available at Texas A&M University,
especially the Material Characterization Facility, Microscopy & Imaging center, Center
for Nanoscale Science & Technology and Texas A&M supercomputing facilities which
facilitated my research. Thanks also go to Dr. Richard Russo at Lawrence Berkeley
National Lab for allowing us to use his lab facility; Dr. Xianglei Mao and Vasileia
Zormpa at Lawrence Berkeley National Lab and Dr. Dave Diercks at the University of
North Texas for their helpful discussions and support.

Finally, thanks to my parents, brother and sister for their encouragement and

support.



ABSTRACT

TABLE OF CONTENTS

DEDICATION. ...ttt

ACKNOWLEDGEMENTS ..o

TABLE OF CONTENTS ...t

LIST OF FIGURES ...

LIST OF TABLES ... ..o

1.

INTRODUCTION ..o

11
1.2
1.3
14
15

LLBSEIS ettt e e
Nano-optic Devices and Near-field Optical Microscope (NSOM)......
Nano-machining With NSOM ..........ccccoiiiiiiiiii e
Energy Transport Analysis with Thermoreflectance Imaging.............
Scope of the DISSErAtioNn ..........ccocveeiiiiriiiie e

THEORY AND BACKGROUND ......cccoviiiiiiiiiiiicce e

2.1
2.2
2.3
2.4

ANALYSIS OF NANOPATTERNING THROUGH NEAR FIELD
EFFECTS WITH FEMTOSECOND AND NANOSECOND LASERS ON

Classical Diffraction LIMit...........cccooviiiriiiiniiiieiee e
Far-field and Near-field ...
Configurations 0f NSOM ..........ooiiiiiiiiii e
Energy Transport and Heating of NSOM Probes...........cccccoeeeiinennne

SEMICONDUCTING AND METALLIC TARGETS........ccooiiiicc,

3.1
3.2
3.3
3.4
3.5

L0 [ Tox [0
Experimental SEtUP..........ooeeiiiiiiii
RESUIS ..
DISCUSSIONS. ...t saaanes
SUMMEANY i e e a e e e e e e e nneaees

Vi

Vi

viii

Xiv

[

~NobhDNDPE



Page

4. NANO-PATTERN GENERATION ON PURE SILICON WAFER IN
ARGON AND AIR WITH SUB-DIFFRACTION NANOSECOND PULSES . 52

4.1 INFOTUCTION .. 52
4.2 Experimental Conditions ..........ccccveiiiieiiiiiiiiie e 53
4.3 Results and DISCUSSIONS ..........ceiiiuieiiiiieeiiiieesiieesiee e siee e 54
A4 SUMMATIY ..ottt e e e ekt e e e e e nbe e e e e annreee s 62
5. NON-INTRUSIVE TEMPERATURE MEASUREMENT OF NSOM WITH
THERMOREFLECTANCE ..ottt 64
5.1 INFOAUCTION ..o e 64
5.2 Thermoreflectance Imaging (Homodyne Method)...........cccccccvveinnnn. 66
5.3 EXperimental SEtUP.......coeeiiiii i 66
5.4 Results and DISCUSSIONS.........cccoiiuiiieeiiiiiiiee s e siies e svre e eivee e 74
5.5 SUMIMAIY ..ottt e s 86
6. NANOSECOND TIME RESOLVED THERMOREFELCTANCE IMAGING
WITH COHERENCE CONTROL OF LASER PULSES .......ccooiiiiiiieie, 88
6.1 INtrOAUCTION .....ovvieiiicie e 88
6.2  EXperimental SEtUP.......cccoiiiiieiiiiii e 89
6.3 SIMUIALION ... 91
6.4 Results and DISCUSSIONS.........ccciiiiiiieiiiiiiee e et eiree e 92
6.5 Temperature Evolution of NSOM Probe under Pulsed Operation....... 96
6.6 SUMIMAIY ...ttt e e e e s eeeas 98
7. CONCLUSIONS AND FUTURE WORK .......coiiiiiiiiieeciiee e 100
7.1 CONCIUSIONS .....vviieee i 100
7.2 FULUIE WOTK ... 103
REFERENGCES ...ttt ettt 105

Vi



Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

LIST OF FIGURES

Page
Diffraction through a circular aperture is illustrated using Hyugen-
Fresnel principle; Effect of aperture size on spatial distribution of
wave vectors in propagating (z-direction) and radial direction............ 10
Analogy between diffraction through circular aperture and imaging
resOlUtioN WIth @ 18NS ........coiiiiii e 11
Modes of operation of NSOM: a) illumination mode, b) collection
mode, c) reflection collection mode, d) reflection illumination mode
and e) reflection illumination and collection mode...............ccccoeeeee 15
Configuration of distance control: a) Shear-force mode, b) tapping
mode, ¢) tapping mode with cantilevered NSOM probe..................... 16
Temperature distributions a) during the 4 ns laser pulse and b) 100
ns after the 1aser PUISE.........oovei i 19
Effect of taper angle, aperture size and cladding material on
temperature profile of NSOM probe .........ccccoveiiieiiiiie e, 20
Schematic of experimental setup for nanosecond/femtosecond near
field laser-material INteraction ............ccccovveiiiiiiiie e 26

Patterns generated with nanosecond laser a) on silicon wafers before

BHF etching, b) on silicon wafers after BHF etching, c) on

viii



Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Page
germanium wafers; 3D nano-pattern shape after 900 pulses d) on
silicon and €) 0N germanium ...........ccoocuveeiieeeiiiee e 29
Nano-patterns generated with multiple number of femtosecond laser
pulses (a) on silicon before etching with BHF, (b) on silicon after
etching with BHF for 2 minutes, (¢) on germanium; 3D nano-pattern
shape e) on silicon after single (nano-crater) and 200 femtosecond
laser pulse (nano-protrusion) and d) on germanium after single
(nano-crater) and 200 femtosecond laser pulse (nano-crater).............. 31
Nano-patterns generated on Cr with a) multiple nanosecond laser
pulses and b) 3D nano-pattern shape on Cr with 50 laser pulses to
1000 18SEI PUISES. ...ttt 34
Nano-patterns generated on Chromium in air with multiple
femtosecond laser pulses when a) E~1 nJ, b) E~2.0 nJ and c¢) E~3.0
nJ; 3D nano-pattern shape on Cr with femtosecond laser with E~2.0
nJ d) after a single pulse and e) after 300 pulses..........cccveeviivireennne, 36
Patterns generated after 100 laser pulses using femtosecond laser for
E =1, 2and 3 nJon (a) Silicon wafer (b) Germanium wafer.............. 40
SEM images of a probe with laser induced thermal damage
indicating the gold melt region obtained from EDS analysis and (a) a

NEW NSOM PrODE......coiiiiiiiiiie et 42



Figure 3.8

Figure 3.9

Figure 3.10

Figure 4.1

Figure 4.2

Figure 4.3

Figure 5.1

Page
Schematic of the effect of sample absorption coefficient on nano-
PALLErN GENETALION ... .veeeiiiiie ittt 47
Schematic of the contribution of surface reflectivity on nano-pattern
GENETALION ......viiiiiiie et 47
Patterns generated on copper after 900, 1200 and 1800 using the
NANOSECON TASEI......vviiiiiiiie e 49
Nano-patterns generated on pure Si wafer with nanosecond laser
pulses: (a) in air before BHF processing, (b) in air after BHF
processing, (c) in argon before BHF processing and (d) in argon after
BHF PrOCESSING ..eoiiiiiiiiie et 55
Nano-protrusions after 50, 100, 200, 300 and 600 femtosecond laser
pulses (E ~ 2 nJ) (a) before BHF processing and (b) after BHF
PIOCESSING ... teeeietteeettee ettt e et e et e ettt e e st e et e e e tb e e e be e e e bbeeesrbeeenneeeeas 56
TEM image of a cross section of nano-protrusion generated on a
silicon wafer with nanosecond laser pulses. Pt(1) and Pt(l1) are the
two platinum layers deposited on the sample before the FIB dicing.
The solid red line corresponds to the average surface level before Pt
deposition. The dashed white lines are superposed on the TEM
image to provide an approximated interface among regions............... 59
Schematic of the experimental setup for homodyne

thermoreflectance imaging of NSOM probes..........cccociviiiiiinnnnn. 69



Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Page
Optical image of cantilevered NSOM probe (courtesy: Nanonics
Imaging Ltd.), the direction of deflection of probe during cyclic
heating IS SNOWN ........ooiiiiiii e 70
(a) SEM images of NSOM probe at different resolutions show the
different taper angles along the NSOM probe, (b) illustrates the
imaging configurations at the two tilt angles...........cccccooveiiiiniine, 73
Optical and thermoreflectance images of NSOM probe in two
different tilt positions a) optical image of NSOM probe, b)
thermoreflectance image with ~3° tilt, ¢) thermoreflectance image
with ~7° tilt, d) temperature plot obtained from combination of the
two images. The corresponding temperature is calculated with k = -
2.4x10™* /K. Within the shaded region, the surface deviates more than
+0.5 from the normal direction during the thermoreflectance imaging
and is out of the focus depth during the experiments............ccccceeeenee. 75
Temperature distribution along the NSOM probe under different
JASEI POWELS. ...ttt e e 77
Temperature distribution along the NSOM probe under different
modulation frequencies of pump 1aser..........ccccvviieiiiiiiec s 79
Effect of modulation frequency on the temperature response of

NSOM probe; a) schematic diagram of the temperature response of

Xi



Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Page
NSOM probe with modulation frequency b) cooling curve obtained
from the measured data..............ccoovveiiieiiiiiic 80
Temperature distribution along the NSOM probe under different
laser wavelengths (i.e. 650nm and 405NM)........ccccccovviiveeiiiiiinee i, 81
Temperature distribution along the two different NSOM probes (i.e.
150 nm and 250 nm aperture sizes) under blue laser as pump laser .... 84
Temperature distribution along the two different NSOM probes (i.e.
150 nm and 250 nm aperture sizes) under red laser as pump laser...... 84
SEM images of the NSOM probe after high power experiments
shows nano-craters on the surface along with melting of the tip.......... 85
Schematic of the experimental setup for nanosecond time-resolved
thermoreflectance IMaging.........cooovviiiiiiiiee i 90
3D model of gold resistor and quartz substrate and temperature
distribution after the pulsed heating ..........ccccoovieiiiiiii i, 92
Quiality of optical images a) without spectral broadening, b) without
angular diversity from the fiber bundle, ¢) with spectral broadening

and angular diversity from the fiber bundle and d) resulting TR

Xil



Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Page
Spatial temperature profile at various delay times from TR

measurements (in symbols) and from numerical simulation (in solid

Temporal evolution of temperature at central spot of gold resistor

from TR measurement (in symbol) and numerical simulation (in

solid line). Dashed blue line shows the electric pulse .............cc.c....... 95
Modified TDTR setup for TR imaging of NSOM probe. Shaded area
corresponds to the experimental configuration for gold resistor.......... 97
TR images of NSOM probe at different delay times under pulsed

NEALING ... .ee it 98

Xiii



Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

LIST OF TABLES

Page

Optical and thermal properties of silicon and germanium .................... 15
Nano-pattern size (i.e., average diameter of nano-crater/nano-

protrusion) for silicon and germanium..........cccccevveeiiiiniiiee e, 32
Nano-pattern size (i.e., average height of nano-protrusions and depth

of nano-craters) for silicon and germanium ............ccccevveeiiieeiiieennn, 33
Optical and thermal properties of chromium, copper and silver ........... 34
Nano-pattern sizes (i.e., average diameter) for chromium, copper and

SHIVET e 37
Nano-crater depths for chromium and silver..........c...cccoeviiiiiinen, 37
Nano-craters diameter and depth for COpper .........ccccoveeiiiiieiiieiinnn, 48

Xiv



1. INTRODUCTION

1.1 Lasers

Lasers (Light Amplification by Stimulated Emission of Radiation) are devices
providing amplified coherent radiation at wavelengths from infrared to ultraviolet. A
laser system typically composed with (i) an active medium to amplify electromagnetic
radiation, (i) a pumping process to excite the atoms (or molecules) present in the active
medium into higher energy states and (iii) a resonator to store the coherent
electromagnetic field and enable the field to interact with active medium for continued
amplification [1, 2].

Laser light has distinct properties such as high spatial/temporal coherences, small
divergence angle and high intensity, which are valuable in academic research (e.g.,
fluorescence microscopy, remote sensing, interferometry, laser diagnostics of
combustion and laser velocimetry [3, 4]) and industrial applications (e.g.,
photolithography, laser machining and optical communications [5, 6]). Laser can operate
either in a continuous (constant power over time) or pulsed mode (peak power for a short
duration). Continuous wave (CW) lasers are commonly adopted in applications requiring
low power and long exposure time, such as laser bar-code reader, laser printer, CD/DVD
reader/writer, photolithography, fluorescence microscopy and laser projection displays.
Pulsed lasers are mainly applied in applications requiring high intensity such as laser
cutting, laser drilling and laser surgery, in which materials are removed from a target

through different mechanisms (e.g. exfoliation, laser ablation). In addition to material



processing, pulsed lasers are also valuable in fast/ultrafast imaging owing to its
controllable short pulse durations (from micro to atto seconds).

In traditional laser machining, laser beam is focused on a target with a lens.
Absorption of the intense laser energy at a localized spot results in removal of surface
material through either thermal (i.e., heating, melting and evaporation) or non-thermal
processes (e.g., Coulomb explosion [7]). When the laser light is focused in the far field
with the traditional reflective or refractive optics, the minimum achievable size of the
laser spot (which is also the optical resolution of laser machining) is determined by
diffraction. Even with the highest numerical aperture and aberration free lens,
diffraction-limited minimum spot size is about half of the laser wavelength (~200 nm for
visible light) in the far field.

With the advancement in nanotechnology, there is a great desire to further
improve the optical resolution to the nano-scale (i.e., < 100 nm [8]) in order to bring the
benefits of laser processing to the nano fields. Compared with the existing nano-
fabrication techniques such as electron beam, x-rays, focused ion beam (FIB), laser
based nano-fabrication can have benefits in lower cost owing to its ability to be
conducted in a background gas, and fast processing speed owing to its high energy
output.

1.2 Nano-optic Devices and Near Field Optical Microscope (NSOM)

Nano-optic devices are optical components which can confine light to a region

<A/2 [9, 10] compared with traditional diffractive and reflective lenses. Compared with

far field propagating waves, in nano-optical devices, non-propagating electromagnetic



field which exists at the interface of two regions with different optical properties is
utilized. This non-propagating electromagnetic field, which decays exponentially within
a short distance (~ 10’s nm) from the interface, is named as evanescent wave. The
diffraction limit of evanescent waves can be much smaller (< A/2) compared with the
propagating light, and can resolve features in the nanoscale range [9-11]. Therefore, with
nano-optical devices utilizing evanescent waves, traditional laser based machining have
potential to be extended to the nanoscale.

The first nano-optical devices was conceptualized by Synge in 1928 [12]. Synge
proposed that a tiny particle smaller than ~A/2 can be brought very close to the sample
(e.g. a biological cell) and then the scattered light from the tiny particle can be collected
by an objective lens to achieve deep sub-wavelength resolution. He also suggested the
use of a tiny hole in an opaque screen (or conical waveguide) that can be utilized as
localized light source for achieving high resolution microscopy. Due to the fabrication
difficulties, the consequent optical devices (i.e., near field scanning optical microscope
(NSOM)) was not demonstrated until 1984 by Dieter W. Pohl [13]. As of now, NSOM
is still the only commercialized nano-optic device provides optical resolution better than
M2 for optical imaging and detections.

Typically, the NSOM system is composed with a deep sub-wavelength near-field
light source at the tip of an NSOM probe and a nano-positioning and scanning system to
bring this probe close to the surface of the target (<<A where the evanescent waves are
strong). The NSOM system can have an apertureless or apertured probe to provide

highly confined light source. In an apertured NSOM probe, a deep sub-wavelength near-



field light source can be provided through a deep sub-wavelength aperture at the end of
tapered optical fiber. In the aperture configuration light is focused to a sub-diffraction
region through multiple reflections within a tapered optical fiber with a metal cladding.
At the tip of NSOM probe the sub-diffraction size (i.e. 50-150 nm) aperture does not
allow the light to propagate further, instead creates a non- propagating localized near-
field. In the apertureless configuration, a sharp tip (with radius <<\) provides a confined
non-propagating electric field when illuminated with far-field radiation.

When the deep sub-wavelength light source is brought closer to the target surface
(<<A) with the nano-positioning system of the NSOM, the photon energy transfers from
the light source to the target through evanescent waves (i.e., photon tunneling from the
quantum point of view). The induced optical singles from the target then can be detected
in the far or near fields. With a x-y scanning of the NSOM probe on the target, the
induced optical signal from the target can be reconstructed into 2D optical image which
provides resolution better than ~A/2 and is determined by the feature size of the deep
sub-wavelength light source from the tip of the NSOM probe. In addition to deep sub-
wavelength optical microscopy, NSOM system is now commonly adopted in nanoscale
tip enhanced Raman spectroscopy (TERS), fluorescence detection for chemical and bio
studies. In most of these applications low power continuous laser is applied to construct
the deep sub-wavelength light source from the tip of the NSOM probes.
1.3 Nano-machining with NSOM

Through increasing the light intensity applied to NSOM probes, there is a high

potential to deliver intense laser light to a deep sub-wavelength region on the target. This



ultra-confined intense light on a target surface can be utilized in nano-machining,
chemical and material characterization (e.g. laser induced breakdown spectroscopy),
laser microsurgery, laser assisted chemical reaction (e.g,, laser based chemical vapor
deposition (LCVD), dry- etching) and laser surface modification with high spatial
resolution in a background gas environment.

Compared with far field laser ablations, high intensity light emitting from the
NSOM probes cannot be achieved by simply increasing the input laser energy.
Considering the light transport efficiency of NSOM probes are <0.01% and most of the
laser energy is dissipated into heat around the tip of the NSOM probes, higher laser
energy input can results in high temperature around the tip the probe especially in its
metal cladding. The consequent thermal damage of NSOM probes can (e.g., melting and
exfoliation of the metal cladding around the tip of the NSOM probes) cause malfunction
of the NSOM system during the operation [14-23]. For most NSOM probes, the damage
threshold of NSOM probes can be similar or even smaller than the required energy level
for surface patterning of the targets (depends on the optical and thermal properties of
target material) [24-26]. The limited range of the working laser fluence and the
sensitivity of the nano-patterning with respect to the physical and chemical properties of
target material can be the major challenges in applying NSOM probes in deep sub-
wavelength nano-machining.

1.4 Energy Transport Analysis with Thermoreflectance Imaging
To determine the light induced heating in order to control the undesired side

effects of heating during NSOM operation, especially under high light intensity, a



detailed study of the energy transport in NSOM probes based on experimental
determination of the temperature evolution of NSOM probe during operation is required.
Indirect temperature assessments of NSOM probes was carried out through measuring
the thermal expansion of the probe and relate the expansion to the temperature field with
a combined optics-energy transport analysis . Direct temperature measurement was also
carried out with single point micro thermocouple [27] and thermoreflectance
measurements [28] with. In the micro-thermocouple measurements, a temperature
profile was obtained by measuring temperature at different locations along the tapered
region of the NSOM probe. Temperature measurement with micro thermocouple
provides the spatial resolution limited to a few microns (i.e., size of the thermocouple
probe). In addition to the low spatial resolution, the thermal mass of the thermocouple
affects the temperature measurement especially when the size of NSOM probe is
comparable or smaller than the thermocouple. Single point thermoreflectance, on the
other hand, provides a nonintrusive measurement, which is preferred. However, single
point thermoreflectance measurement is time consuming for determining the entire
temperature profile of the NSOM probe since the same measurement has to be carried
out for a large number of positions along the NSOM probe.

The difficulties of single point thermoreflectance measurement in determining
the temperature profile of NSOM probes during their energy transport can be alleviated
with 2D thermoreflectance imaging when a single detector is replaced with a detecting
array such as CCD (charge coupled device). The 2D thermoreflectance imaging allows a

determination of the 2D temperature profile in a time efficient manner (i.e., from single



measurement). Since its first demonstration in 1997, 2D thermoreflectance imaging is
adopted for determining the quasi-steady-state temperature distribution and the
associated energy transport. Based on the above reasoning, 2D thermoreflectance
imaging is identified to be an appropriate tool for non-intrusive temperature
measurement of NSOM probes during operation and subsequent energy transport
analysis.

1.5 Scope of the Dissertation

In Chapter 2, the concept of far-field optics, near-field optics and the classical
diffraction limits are discussed. Based on the concept of near-field optics, working
principle of near-field optical microscope (NSOM) system and its configuration is
explained. After the introduction of NSOM, energy transport in NSOM systems and the
associated heating issues in NSOM systems are discussed.

In chapter 3, the developed methodology and experimental setup for direct nano-
patterning with NSOM systems are presented. Results from controlled experiments with
different laser and target material conditions are listed. From the morphology of the
nano-patterns from the experiments, possible mechanisms for nano-pattern generation on
different targets under different laser conditions are proposed.

In chapter 4, nano-pattern formation on silicon with nano-second laser pulse
under argon and air are specially studied. It is determined that the pattern formation
mechanism under this special condition is mainly through melting and recrystallization.

In chapter 5, the development of thermoreflectance imaging method for

temperature measurement of nano-optic devices (NSOM) under quasi-steady state



operation (e.g. cyclic heating under low frequency) is presented. The developed method
is also used for direct and non-intrusive temperature measurement of NSOM probes
under CW laser illumination.

In Chapter 6, a novel method for nanosecond time-domain thermoreflectance
imaging is presented. Major challenges of thermoreflectance imaging with pulsed laser
due to high coherence of the laser are described. Developed methods to overcome these
obstacles are demonstrated. The results of nanosecond non-intrusive temperature
measurement of a micro gold resistor and a NSOM probe with this new method under
pulsed laser heating are also presented.

In chapter 7, a conclusion of the contributions of the present work along with the

future applications is listed.



2. THEORY AND BACKGROUND

2.1 Classical Diffraction Limit

Deviation of light from rectilinear propagation (i.e. geometric optics) was first
reported by Francesco Grimaldi in 1600s and he coined the word “diffraction’ to explain
this remarkable behavior of light. In the 19" century, light diffraction was studied in
more detail by Augustin-Jean Fresnel and later by Christiaan Hyugens and G. Kirchhoff.
In a competition sponsored by French academy in 1818, Fresnel presented his theory of
diffraction which became a strong support for the wave nature of light. The Fresnel’s
theory later advanced by Christiaan Hyugens is known as Hyugens-Fresnel principle.
According to the Hyugens-Fresnel principle, when a wavefront of light is obstructed by
an object, every unobstructed point of the wavefront, at a given instant of time, serves as
a source of spherical secondary wavelets with the same frequency as of the primary
wave. The amplitude and phase of the optical field at any point beyond is determined by
the superposition of all these wavelets. The subsequent intensity distribution after the
superposition of these wavelets is called a diffraction pattern [29]. Figure 2.1 illustrates
the application of Hyugens-Fresnel principle to explain the diffraction of a plane wave

obstructed by a screen with a circular aperture.
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Figure 2.1: Diffraction through a circular aperture is illustrated using Hyugen-Fresnel
principle; Effect of aperture size on spatial distribution of wave vectors in propagating

(z-direction) and radial direction

The intensity distribution of the diffraction pattern on a screen at a distance ‘R’
from a small circular aperture with radius ‘a’ obtained from Hyugens-Fresnel principle

IS given by:

1(6) = 1(0) {%} (1.1)

where J; is first order Bessel function, g denotes the radial distance on the image plane.
This image shows an axially symmetric distribution, with a high irradiation central spot
(known as Airy’s disk) surrounded by alternating bright and dark rings (known as side
lobes) of decreasing intensity from g=0. The radius of the Airy’s disk can be obtained

from the first zero of the Bessel function J;(xX)=0 when x=3.832 that is,
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Figure 2.2: Analogy between diffraction through circular aperture and imaging

resolution with a lens

The light diffraction also limits the resolving power of a traditional imaging
system utilizing refractive optics such as lens. Based on Abbe’s definition, the resolving
power of an optical component is limited by the spreading out of each image point due
to diffraction. Each image point in an object can be treated as a circular aperture and the
resulting spread from each point forms an Airy disk on the imaging plane. When the two
imaging points are close enough that the Airy disks from the two points overlap (Figure
2.2) then the two points become indistinguishable in the image and determine the

resolution limit of the imaging system. Using the analogy with the circular aperture,
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according to Abbe’s criteria, the resolving power of a lens with focal length f, the lens
diameter D, is given by:

q, =1.22f—[f :1.22*27r*% (1.3)

0

where k, =27/). is the maximum value of corresponding wave number. With the highest
numerical aperture lens (i.e. f/D = 0.5) the resolution limit reaches roughly ~A/2 (>200
nm for visible light).

The focusing ability of the lens is also determined by the diffraction limit with
the same value as the imaging resolution based on the reciprocity relation [30].
Therefore, if traditional refractive and reflective optics (lens, mirrors) is used, the
maximum resolution of laser based detection, imaging and fabrication is limited to >~A\/2
when the propagating light in far field is applied.
2.2 Far-field and Near-field

The resolution limit (i.e., ~A/2) described in the previous section is only
applicable in far-field where only the propagating light is utilized. Higher resolution,
however, can be achieved in near-field. To understand the higher resolution in the near-
field, the light wave propagation is represented with the Helmholtz equation (i.e. time-

harmonic form of wave equation),
V’E+k *E=0 (1.4)
In this case, the electromagnetic wave E(R,t) can be represented with Fourier

expansion of the electric field:
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E(R,t) — z ECy (kr).e(ikzl*ikr-r*i“’t) (15)

ok,

where k,, and k. are spatial components of wave vector k, =+/k>+k > =27/A.

In the far field range with propagating light, wave vectors in all directions should
be real; therefore the wave vector k; in the normal to propagation direction, which
determines the spatial resolution on the imaging plane as must be less than k, =27/4.,
which lead to the far field diffraction limited resolution as in eq. 1.3 when kr~k0. In the

near field range, however, k. can be larger than k, when k, is imaginary, which

corresponds to E, = E,.e™V“ ™ a5 an exponentially decaying field in z-direction. This

exponential decay field in the transport direction is called ‘evanescent wave’ and decays
within a very short range (<<\). As a result, the spatial resolution with evanescent wave
(kr> ko) can be much higher than the far field diffraction limit.
2.3 Configurations of NSOM

The optical components which utilize the evanescent waves are named nano-
optic devices. The idea of nano-optic devices is not new. However, due to the lack of
modern fabrication and characterization methods, nano-optic devices were only at the
conceptual level before ~1980°s [12]. With the progress in micro/nano fabrication

processes, micro/nanoscale characterization and detection methods in past few decades,
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nano-optic devices have been fabricated and demonstrated for their capability in
achieving nanoscale manipulation of light. The most common and perhaps the only
commercially available nano-optic device is near-field scanning optical microscope
(NSOM) [13].

The most common NSOM system developed in 1990’s consists of an NSOM
probe with an aperture much smaller than the wavelength of visible light (i.e. <A/2). The
aperture is brought in close proximity of a target either to illuminate or collect light from
the target in near-field. The aperture is constructed on the sharp end of a conical optical
waveguide such as optical fiber. The tapered region of the optical fiber is coated with a
metal film to prevent leakage of light guided in the optical fiber. The sharp tip facilitates
its positioning closer to the target irrespective of the roughness of the target. The NSOM
can be configured in different modes depending on the illumination and collection of the

visible light as shown in Figure 2.3.
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Figure 2.3: Modes of operation of NSOM: a) illumination mode, b) collection mode, c)
reflection collection mode, d) reflection illumination mode and e) reflection illumination

and collection mode

The resolution of optical imaging and contrast is determined by the aperture size
and optimum distance control between target as the evanescent waves in near-field
decays rapidly within a distance <<\. The common method of nano-scale distance
control is adopted from the scanning probe microscopy (SPM). The NSOM probe is
mounted on a tuning fork which vibrates the NSOM probe with fixed frequency and

amplitude. A piezo-electric module drives the probe closer to the target. As the probe
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reaches closer to the target (<<A) damping force due to Van der Waals interaction
between probe and target is measured by the feedback system. The close loop control
system maintains the driving motion of piezo-electric driver by measuring a set value to
damping force. The NSOM is mounted on the tuning fork horizontally or vertically in
either a shear-force or normal force (tapping mode) configuration respectively (Figure
2.4). A cantilevered configuration (figure 2.4c) is usually adopted in tapping mode.
Other less common distance control mechanism in NSOM system is based on bouncing
laser beam from the probe. The reflected beam from the probe is recorded with a photo-

diode to maintain the position.

i Tuning
T::kmg fork
nsom [T /‘ =/
probe NSOM
~ probe
«— Vibratin o ~— Optical
Vibrating direCtiO:I Vibrating fiber
direction R - direction
el 10 ot D0 iR bimd o el I S 127
e A LN A SN
(a) (b) (0

Figure 2.4: Configuration of distance control: a) Shear-force mode, b) tapping mode, c)

tapping mode with cantilevered NSOM probe

2.4 Energy Transport and Heating of NSOM Probes
In most of the NSOM applications, high power laser is confined to a nanoscale
region. Unfortunately, the light transport efficiency of NSOM probe is low (<10°-10%)

and most of the light is absorbed by the metal coating of the probe [8]. The large light
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dissipation in the metal coating and associated heating can result in thermal expansion
and change in aperture size of the NSOM probe, which can lead to the change in
throughput and deteriorate the recorded optical signal [14, 16, 17]. Also for NSOM
imaging, a high temperature NSOM probe is not desired since a heated probe close to
the sample (~10 nm) can heat and modify the sample significantly [18, 20, 26]. The
NSOM probe can also be damaged if the light induced heating is too strong [21, 22, 27,
31, 32].

The light transport efficiency of NSOM probe is dependent on the structure and
shape of the NSOM probe. To design an optimum NSOM probe for higher light
transport and lesser heating effects in metal coating, it is important to analyze the light
propagation through NSOM probe and estimate associated Joule heating of the metal
coating. The problem can be divided into two parts, first the light propagation through
the tapered optical fiber and second the thermal analysis of metal cladding.

Due to the complexity in the geometry of NSOM probe and characteristic size
(i.e. aperture size <A/2) wave type light propagation by solving Maxwell’s equations is
required. Previous studies have predicted the field propagation in a NSOM probe with
various numerical methods, such as the Green function method [33, 34] the multiple
multipole method [35], the finite-element method [36] and finite-difference time domain
(FDTD) methods and body of revolution (BOR) FDTD methods [37, 38].

To incorporate the size effects, polarization and geometry effects, the wave

propagation through NSOM probe to the target requires solving the time-domain
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Maxwell’s equations providing relationship between E (electric field), D (electric

displacement), and H (magnetic field) using FDTD method:

oD —

EOEZVX H (16)
i, %—T =-VxE (1.7)

Note that the standard 3D FDTD method requires an intensive computational effort and
is time-consuming. This approach can be applied in time-domain analysis such as
ultrafast target heating of target with NSOM probe and a femtosecond laser [38].
However, to analyze the nanosecond or longer laser pulse durations the wave
propagation can be obtained from the time-harmonic Maxwell’s equation providing
relationship between E (electric field), D (electric displacement), B (magnetic

induction) and H (magnetic field) within the NSOM probe is given by:

v.D=0 (1.8)
V.E=0 (1.9)
VxE =—jouH (1.10)
VxH = ja)grgoﬁ (1.11)

where ¢, is the relative permittivity of the material, ¢,=8.85418 x 10—12(F m—1) is the
permittivity of free space and i = 4w x 10—-7(N A-2) is the permeability. The induced

current density in the frequency domain is J= joD. With this approach the time average
joule heating Qay at each location can be determined fromQ,, = (1/2).Re(- joE.D").

The determined spatial distribution of joule heating from the optical analysis which is
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valid for longer laser pulses (i.e. nanoseconds) provides the required initial distribution
of the heat sources in the NSOM probe. The subsequent thermal analysis of the NSOM

probe after the pulsed heating can be obtained from transient heat conduction
piG % =V.(kVT)+Q, (1.12)

where p; is the density, ¢; is the heat capacity and k; is the conductivity of the materials

(i.e. metal cladding and fused silica core of optical fiber).

3200 K 600 K

273K
(a) (b)

273 K

Figure 2.5 Temperature distributions a) during the 4 ns laser pulse and b) 100 ns after

the laser pulse
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Based on this approach the temperature distribution of NSOM probe and a
silicon target under nanosecond pulsed heating was obtained and effect of various
parameters such as tapering angle optical fiber, cladding material and aperture size was
studied [26]. Figure 2.5 shows the temperature distribution on the NSOM probe after the
nanosecond laser pulse is delivered to NSOM probe and 100 ns after the laser pulse.
Figure 2.6 also shows the effect of taper angle, aperture sizes, and cladding material on
the heating effects of NSOM probe and target material.

From the theoretical analysis, it can be observed that the heating effects can be
controlled by optimizing the size, shape and structure of the NSOM probe. However the
theoretical analyses are based on several approximations which may not be valid in the
real operation of NSOM probe. For example, the NSOM probe fabricated with fiber
pulling method have continuous variation of tapering angle from tip to the bulk fiber
(i.e., ~20° - ~3°), whereas all the simulation results reported in literature uses a single or
double tapered geometry. The other geometric consideration such as uniform cladding
thickness may also not be valid. In the thermal analysis the bulk properties (e.g., thermal
and electrical conductivity) are considered. Though the metal cladding thickness is much
larger than the electron and phonon mean free path, the thin film properties especially at
the interface [39, 40] may be quite different. To validate the theoretical predictions of
energy transport in NSOM probe (or other nano-optic devices), direct non-intrusive
temperature measurement under different operating conditions is necessary. A

methodology for non-intrusive temperature measurement and associated energy
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transport analysis of NSOM probe under quasi-steady-state and transient conditions is

developed in this research and described in chapter 6 and 7.
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3. ANALYSIS OF NANOPATTERNING THROUGH NEAR FIELD EFFECTS
WITH FEMTOSECOND AND NANOSECOND LASERS ON

SEMICONDUCTING AND METALLIC TARGETS*

3.1 Introduction

As discussed in previous chapters, the confinement of laser light to deep sub-
wavelength spot (<A/2) can be achieved through a NSOM probe. Originally developed
for high resolution optical microscopy, NSOM probes was quickly recognized as an
important tool for surface modification [9]. It was proposed that if sufficient light
intensity can be delivered from the NSOM probe to the target, the confined light from
NSOM probe can be a potential tool for nano-machining. However, the small light
transport efficiency and subsequent heating of NSOM probe can be a limitation in
achieving nano-scale laser machining before it is thermally damaged.

Even with the limitations mentioned above, apertured NSOM probes were
demonstrated for their ability in generating nano-patterns on polymer film with photo-
sensitive dye [41]. The mechanism of nano-patterning was debated as nano-indentation
due to thermal expansion of NSOM probes, ballistic mechanism, photo-chemical
reaction and photo-thermal ablation [19, 41, 42]. In another group, nano-structuring of
metal thin films was demonstrated with NSOM probe along with femtosecond laser
pulses [43]. More recently, laser ablation on metal thin film with apertured NSOM probe
*Reprinted with permission from “Analysis of nanopatterning through near field effects with
femtosecond and nanosecond lasers on semiconducting and metallic targets” by Sundaram V.

M., Soni A., Wen S. B., 2010, J. Appl. Phys. 107, 074305, Copyright 2010 by American
Institute of Physics
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with aperture sizes >A, ~A and <A (but >A/2) along with either femtosecond or
nanosecond laser pulses was demonstrated [44] for potential application in high
resolution chemical detection with LIBS (laser induced breakdown spectroscopy) [45-
47]. With deep sub-wavelength apertured (i.e. <A/2) NSOM probe and femtosecond laser
pulses, nano-craters and nano-protrusions were generated on silicon wafer under
different background gases [26, 48, 49]. The change of pattern shape from crater to
protrusion was explained based on background gas effect.

From the above reported results, it was observed that the nano-pattern formation
and the underlying mechanism of nano-patterning with sub-wavelength NSOM probe
along with a pulsed laser is highly sensitive to the laser conditions, properties of target
material and background gas. Since the previous experiments by different groups were
conducted on different target materials under different experimental conditions (e.g,
laser pulse duration, laser pulse durations, laser energy, and background gas), the exact
mechanism of nano-patterning was not fully understood. Due to the lack of a proper
understanding of nano-patterning mechanism it is difficult to achieve desired nano-
patterning under certain experimental conditions. For example, it was demonstrated in
some experimental and theoretical analyses that a combination of fs laser and NSOM
probes with sub-diffraction limit aperture can generate nano-craters on pure silicon
wafers. However, the same prediction may not be valid when fs laser is replaced with ns
laser. Therefore, there is a need to conduct experiments with controlled conditions to
study parameters which may affect the formation of nano-pattern on a target. By

analyzing the results obtained from the controlled experiments, the mechanism of nano-
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patterning, and the contribution of parameters such as material properties, laser
conditions and background gas can be revealed.

To address the above issues and to better understand the characteristics and the
mechanisms of nano-patterning with a combination of pulsed laser and NSOM systems
along with their associated energy transport, my PhD study starts from experimentally
characterize the nano-patterning with near-field effects and pulsed laser on different
targets. Controlled experiments are conducted with various NSOM probes on different
types of targets with pulsed laser under different laser conditions (e.g., laser energy,
pulse duration and number of pulses). The contribution of each of these parameters on
nano-patterning is discussed from the obtained results. The next section describes the
experimental setup and experimental conditions used in this study.

3.2 Experimental Setup

Figure 3.1 illustrates the schematic of the experimental setup which is mainly
composed of a commercial NSOM system (Nanonics Inc.) and a ns/fs pulsed laser
source. For nanosecond experiment, Nd-YAG laser with optical parametric oscillator
(OPOTEK Vibrant 355 II) operating at 409 nm and a pulse duration ~4 ns was utilized
as the light source. For femtosecond laser experiments, Ti:Sapphire femtosecond laser
(Spectra Physics) operating at ~401 nm with ~10 nm spectral width and ~150 fs pulse
duration was utilized (Figure 3.1). The triggering of both lasers were synchronized with
the commercial NSOM system (Nanonics Inc.) through a delay generator (SRS DG535).
Emitted light from both lasers were conducted to the entrance of NSOM probes through

an optical fiber coupler (Thorlab Inc.). A camsplice is installed in the middle of the
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spliced NSOM optical fiber carrying laser energy from the optical fiber coupler to the
NSOM tip. The laser energy carried with the optical fiber was measured at the spliced
point with a pJ sensitive energy meter (Coherent Inc.). All the NSOM probes
(purchased from Nanonics Inc.) have an aperture ~200 nm with a thin gold coating
(~100 nm) outside in order to confine light to a sub-diffraction limit region around the
NSOM tip. During the experiments, a constant separation (~10nm) distance between the
NSOM tip and the targets was maintained through a closed loop control of the

commercial NSOM system.

ns/fs pulsed laser

Fiber coupler

CamSplice
———=l

Energy meter

Tuning fork

I |
Target
(controlled by NSOM system)

Figure 3.1: Schematic of experimental setup for nanosecond/femtosecond near field

laser-material interaction
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Targets examined in this study were pure silicon wafers, pure germanium wafers,
and chromium /copper/silver thin film coatings (~250-300 nm) on quartz plates. The thin
film metal samples were prepared with thermal evaporation (BOC Edwards 307
Evaporator). The depositions were conducted at ~10° Torr with a deposition rate of
0.02-0.2nm/s to ensure smooth surfaces. The generated nano-patterns after each
experiments were scanned with atomic force microscope (Veeco, tip diameter <2nm) in
order to obtain the topography images. To determine the presence of SiO; in the nano-
patterns generated under different experimental conditions, Si samples after near field
laser-material interactions were processed with buffered hydrogen fluoride solution
(BHF 7:1) for ten minutes and then scanned again with the AFM. Note that BHF
selectively etches silicon dioxide (SiO) and silicon nitride (SisN4) with an etching rate
of ~100 nm/min for SiO; and only ~0.5-1 nm/min for SisN4 [12].

3.3 Results

The obtained experimental results with the above experimental setup in this
research under different (a) target materials (Si, Ge, Cr and Ag), (b) pulse durations (fs
vs. ns), (c) laser energy, and (d) number of laser pulses are grouped and listed as follows:
A. Near field laser-material interaction with semi-conducting materials (Si & Ge)

Silicon and germanium were selected as the experimental targets considering
both materials have similar thermal properties but significantly different optical
absorption coefficient at A~400-410 nm (Table 1). Ge has much higher absorption
coefficient than Si at A~400-410 nm. Through comparing the experimental results from

Si and Ge respectively, we expect to reveal the contribution of optical absorption
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coefficient in the near field laser-material interaction along with the associated
mechanisms in nano-pattern generation. The results from Si and Ge with ns and fs laser

pulses are listed as follows:

Table 1: Optical and thermal properties of silicon and germanium

. . L Thermal
Boiling Heat of Absorption Conductivity e
Temperature Evaporation Refl((i;t)a nce coefficient W-mK™) Ie?:ﬁtﬁﬂgpn
(K) (k3/mol) 6 cm?) At 300K gth (cm)
Silicon 3538 369 42.72 0.964x105 149 6x10°
Germanium 3106 334 45 6.66x105 60.2 4x10°®

a. For nanosecond laser pulses

Si: Nano-patterns were observed on intrinsic Si wafers when E > ~1.8 — 2.0 nJ
after 300 pulses. The shape of the nano-pattern remained a protrusion for
different number of laser pulses (i.e. 300 to 1200 pulses, Figure 3.2 & Table 2).
The diameter of the nano-protrusions generated in air varied from 1200 nm to
1400 nm while the height of the protrusions increased from 6 nm to 18 nm (Table

3) after 300-1200 laser pulses.

28



0.0pm 5.0 00pm 5.0
55nr 0.0

0.0 pm 5.0

23.2nm
=14 nm

5.0

=59 nm

10 -7.7nr -31.3nm 90
T 1 T 1 T 1T 1
600 900 600 900 900 1200 1800
pulses pulses pulses pulses pulses pulses pulses
a) b) c)

10 nm
17 nm
-5 nm

y: 2.6 pym

d) e)

Figure 3.2: Patterns generated with nanosecond laser a) on silicon wafers before BHF
etching, b) on silicon wafers after BHF etching, ¢) on germanium wafers; 3D nano-
pattern shape after 900 pulses d) on silicon and e) on germanium

Ge: Nano-patterns were observed on intrinsic germanium wafers after 50 laser
pulses when the input laser energy was >1.7 nJ, which is about 0.1-0.3 nJ lower
than the damage threshold of Si wafers. Unlike the patterns generated on silicon,
the nano-patterns generated on germanium were in crater format for all the
number of laser pulses studied (figure 3.2). The diameter of the nano-patterns
increased from 700 nm to 900 nm after 900-1800 laser pulses (Table 2) while the
depths of the protrusions increased from 15 nm to 25 nm after 600-900 pulses

(Table 3).
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b. For femtosecond laser pulses

Si: Nano-patterns were observed on intrinsic Si wafers with femtosecond laser all
the three laser energies studied (i.e., 1, 2 and 3 nJ). The shape of nano-patterns
evolved from nano-craters (for single and few pulses) to nano-protrusions
gradually when the number of laser pulses increased from 50 to 300 for all the
three laser energies studies (c.f., figure 3.3). The diameter of the nano-patterns
increased from 500 nm to 1000 nm (Table 2) while the depth of the protrusion
increased from 8 nm to 50 nm at E ~2nJ (Table 3) after 50-600 laser pulses.

Ge: Nano-patterns were also observed on intrinsic germanium wafers with
femtosecond laser, for all the three laser energies studied (i.e., 1, 2 and 3 nJ).
Compared with the results on Si wafers, the resulting patterns on intrinsic
germanium wafers were nano-craters for all laser energies and number of laser
pulses studied (i.e., 1 to 600 pulses, figure 3.3). The diameter of the nano-craters
varied from 500 nm to 900 nm (Table 2) while the depth of the nano-craters

increased from 15 nm to 55 nm (Table 3) after 50-600 laser pulses.
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Figure 3.3: Nano-patterns generated with multiple number of femtosecond laser pulses

(a) on silicon before etching with BHF, (b) on silicon after etching with BHF for 2

minutes, (c) on germanium; 3D nano-pattern shape e) on silicon after single (nano-

crater) and 200 femtosecond laser pulse (nano-protrusion) and d) on germanium after

single (nano-crater) and 200 femtosecond laser pulse (nano-crater)
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Table 2: Nano-pattern size (i.e., average diameter of nano-crater/nano-protrusion) for
silicon and germanium

Number of Laser Nanosecond Laser Femtosecond Laser
pulses
Silicon (hm) Germanium (nm) Silicon (hm) Germanium (nm)

50 Not observable 50050 500450
100 Not observable 600£50 60050
300 1200 £200 800100 700+100
600 1300 £200 1000450 900+100
900 1400 +£200 700+200

1200 1400 +£200 800£200

1800 900+200

B. Near field laser-material interaction with metallic thin film coatings (Cr and Ag)
Chromium and silver were selected in the near field laser-material interaction
with metallic materials considering their similar physical properties but significantly
different surface reflectivity at A~400-410 nm. The surface reflectivity of silver is ~10
times higher than that of Cr (Table 4). We expect to reveal the contribution of surface
reflectivity in the near field laser-material interactions through comparing the nano-
patterns generated on these two metallic materials. The results from Cr and Ag with

nanosecond and femtosecond laser pulses are listed as follows:
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Table 3: Nano-pattern size (i.e., average height of nano-protrusions and depth of nano-

craters) for silicon and germanium

Number of laser Nanosecond Laser Femtosecond Laser

pulses Silicon (hm) Germanium (nm) Silicon (hm) Germanium (nm)
50 Not observable 8+3 -15+5
100 Not observable 10+5 -30£10
300 6 £2 20+10 -50+10
600 10 £2 50+10 -55+20
900 15+3 -15 +2

1200 18 +3 -20 2

1800 -25 +2

a. For nanosecond laser pulses

Cr: Nano-patterns were observed on the Cr film with ns laser after 100 laser
pulses when E~1.8-2nJ. The shape of nano-patterns evolved from nano-craters to
nano-protrusions gradually. This transition happened when the number of laser
pulses >200 (figure 3.4). The diameter of nano-craters varied from 400nm to
600nm for 100-200 laser pulses (Table 5). Once the nano-protrusions were
generated under larger number of laser pulses, the diameter of protrusions kept
increasing with respect to number of laser pulses while the height increased
slightly from 10nm to 20nm after 600 -1000 laser pulses (c. f. figure 3.4 & Table

6).
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Ag: No observable patterns were generated on silver surfaces even after 2000
laser pulses when E ~1.8-2.0 nJ or even under the damage threshold energy of

NSOM probes (i.e. E ~2.5-3.0 nJ).

Table 4: Optical and thermal properties of chromium, copper and silver

Boiling Temperature Heat of Evaporation Reflectance Absorption
(K) (kJ/mol) (%) coefficient (cm™)
Copper (film thickness 250nm) 2835 300.4 3.7 ~6.86x10°
Silver (film thickness 300nm) 2435 250.58 82.1 ~6.14x105
Chromium (film thickness
300nm) 2944 339.5 4.3 ~1.13x106

30.0 nm
a)
-30.0 nm
1 1 1 1 1
1000 800 600 200 100
pulses pulses pulses pulses pulses
b)

8 nm

7 -13nm

x: 1.20pm 7y 1,05 pm

Figure 3.4: Nano-patterns generated on Cr with a) multiple nanosecond laser pulses
and b) 3D nano-pattern shape on Cr with 50 laser pulses to 1000 laser pulses
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b. For femtosecond laser pulses

Cr: Nano-pattern were observed on Cr targets with femtosecond laser pulses
under all the laser energy studied (i.e., 1, 2 and 3 nJ). The patterns changed from
nano-craters under single laser pulse to nano-protrusions for multiple laser pulses
studied in air (i.e., 50, 100, 200, and 300 pulses) (c.f. figure 3.5). The nano-
craters with single laser pulse have a diameter ~600 nm (figure 3.5) when E~2
nJ. The diameter and the nano-patterns show little dependence on the number of
laser pulses studied even when protrusions were formed (Table 5). However, the
height of nano-protrusions increased from 15 nm to 50 nm when the number of

laser pulses increased from 50 to 300 laser pulses (Table 6).
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Figure 3.5: Nano-patterns generated on Chromium in air with multiple femtosecond
laser pulses when a) E~1 nJ, b) E~2.0 nJ and c) E~3.0 nJ; 3D nano-pattern shape on
Cr with femtosecond laser with E~2.0 nJ d) after a single pulse and e) after 300 pulses

!

l

Ag: No observable patterns were generated on silver surfaces even after 2000
laser pulses with all three input laser energies studied (i.e., ~1, 2, and 3 nJ). Note
that 3 nJ is the maximum fs laser energy available to be coupled to the NSOM

probe under the present experimental setup.
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Table 5: Nano-pattern sizes (i.e., average diameter) for chromium, copper and silver

Number of Nanosecond Laser Femtosecond Laser
laser pulses
Chromium (nm) Silver (nm) Chromium (nm) Silver (nm)
50 Not observable 600+100 Not observable
100 400+100 Not observable 700+100 Not observable
200 500+100 Not observable 800+100 Not observable
300 500+100 Not observable 9004100 Not observable
600 600+100 Not observable Not observable
800 600+100 Not observable Not observable
1000 600+100 Not observable Not observable
Table 6: Nano-crater depths for chromium and silver
Number of Nanosecond Laser Femtosecond Laser
laser pulses
Chromium (nm) Silver (nm) Chromium (nm) Silver (nm)
50 Not observable Not observable 4045 Not observable
100 -4+2 Not observable 5045 Not observable
200 -6+2 Not observable 50+8 Not observable
300 Not observable 55+8 Not observable
600 10+2 Not observable Not observable
800 15+4 Not observable Not observable
1000 2014 Not observable Not observable
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3.4 Discussions

In the above paragraphs, we listed the evolutions of size and shape of nano-
patterns in different targets under different experimental conditions. To obtain a general
picture for the mechanisms responsible for nano-patterning which is the focus of this
study, we examine the influence of optical parameters on nano-pattern generation from
the experimental data. From these connections, we are able to link the generation of
nano-patterns to the potential physical mechanisms which can qualitatively explain the
obtained results under the conditions studied. In the following paragraph, we first
discuss the influences of (a) laser pulse duration, (b) laser pulse energy, and (c) number
of laser pulses (i.e, optical parameters) on the pattern generation with combination of
NSOM systems and pulsed laser sources. The proposed physical mechanisms, which are
responsible for nano-pattern generation in this study, are presented after the following
discussion.
A. Contribution of laser pulse duration

For all the materials studied in this research, femtosecond laser generated
patterns on targets with lower threshold energy compared with the nanosecond laser
under the same number of laser pulses. In addition, patterns generated with fs laser are
sharper with cleaner edges (figure 3.3). In contrary to the lower damage threshold to the
targets, the damage threshold of NSOM probes is significantly increased with fs laser (>
3 nJ) compared that with ns laser (<2.5-3 nJ).
Besides the contribution to the damage threshold of the NSOM probes and the targets

the laser pulse duration also affect the chemical composition of the resulting nano-
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patterns on different targets. We selected Si as an example in this study. Though
protrusions were generated on Si targets for large number of fs and ns laser pulses in air,
the protrusion generated from fs laser can be entirely removed with BHF while the
protrusions generated from ns laser cannot be entirely removed with BHF. The BHF
etching results suggest that the protrusions generated on Si wafer in air with ns laser has
components in addition to SiO,. Through the additional examination of the protrusions
generated with ns laser (i.e. through EDS, XRD and TEM scanning), we found that these
protrusions are composed with a significant amount of nano-crystalline Si which did not
appear in fs results [50]. A detailed discussion of this study is given in chapter 4.
B. Contribution of number of laser pulses

For all the materials studied in this research (i.e., Ge, Si, and Cr), the size of the
nano-patterns, more or less, increased with respect to the number of laser pulses.
However, the pattern shapes may change with respect to number of laser pulses (note
that this statement is not true for silver on which we observed no patterns). The change
in the shape of the nano-patterns happened in Si with fs laser pulses and Cr with both ns
and fs laser pulses. For the above three experimental conditions, the shape of patterns
evolved from nano-craters to nano-protrusion when the number of laser pulses increased.
We noticed that the major difference between Si/Cr group (on which the resulting nano-
pattern shape showed dependence on the number of laser pulses) and Ge target (on
which the resulting nano-pattern shape showed no dependence on the number of laser
pulses) is their oxidation compounds. Stable oxidation compounds (i.e., SiO, for Si and

Cr,03 for Cr) are formed on Si and Cr surfaces under low temperature heating (i.e.,
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<~500 K). However, close to melting temperatures are required for forming GeO, on Ge
surfaces.
C. Contribution of laser energy

For ns experiments, fixed pulsed laser energy (i.e., E ~1.8 — 2.0 nJ) was utilized
because no patterns were observed when E<1.6 — 1.8 nJ along with the fact that the
NSOM probes were damaged when E> 2.5 — 3.0 nJ. Experiments with femtosecond
laser were conducted under three different energies namely E~1, 2 and 3 nJ. Note that
the NSOM probes remain healthy under all three energy levels studied with fs laser. An
increase in the pattern height/depth was observed when the input fs laser energy was
increased (figure 3.6). The pattern shapes and diameters, on the other hand, showed little

dependence on the fs laser energy for the experimental conditions studied.
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Figure 3.6: Patterns generated after 100 laser pulses using femtosecond laser for E =1,
2 and 3 nJ on (a) Silicon wafer (b) Germanium wafer

Based on the observed contribution of optical parameters listed above, a physical

picture which is an extension from traditional microscale laser-material interaction is
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established to explain the optical/thermal energy transport from the NSOM probe to the
targets along with the resulting nano-pattern generation. These physical pictures fits with
the experimental data obtained in this study and allow us to predict the results for future
experiments under similar experimental conditions. A description of this physical
picture is as follows:

When ns laser was applied, significant light dissipation (mainly around the
NSOM tip) is converted into the thermal energy of the NSOM probe considering
>99.9% of optical energy is dissipated into heat during the transport within the NSOM
probe [51], the NSOM probe maintains a very high temperature around the tip while
carrying intense ns laser pulses [52]. As a result, in addition to the optical energy
transport from the NSOM probe to the target through near field effects, there is a
considerable amount of thermal energy transport from the NSOM probe to the target
during the experiments when ns laser pulses are applied. This additional thermal energy
transport induced by ns laser pulses can melt the sample (which was observed on Si
targets) or even the metal cladding of the NSOM probes (c.f., figure 3.7) as we observed

in this study when light intensity is above the threshold.
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Figure 3.7: SEM images of a probe with laser induced thermal damage indicating the
gold melt region obtained from EDS analysis and (a) a new NSOM probe

When fs laser was applied, the light fluence at the target with fs laser is ~10*
times higher than that with ns laser under the same E values. Due to the extremely high
laser fluence associated with fs laser pulses, non-linear (e. g., multiphonon) light
absorption especially for semiconducting materials is important. Strong surface heating
or even coulomb explosion [7] on semi-conducting materials can be induced through
non-linear optical absorption compared with ns laser cases. As a result, patterns are
formed on targets will lower threshold energy compared with that under ns laser pulses.
In addition to the non-linear optical absorption, the ultrashort pulse duration with fs laser

reduces the characteristic time for thermal diffusion (or heat affected zone, HAZ) in the
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targets. The smaller thermal diffusion region provides a better confinement of thermal
energy, which causes higher temperature in a small region around the laser spot when fs
laser is applied. Consequently, the pattern generation threshold is further reduced with
femtosecond laser if we consider the thermal effects induced by fs laser pulses. The
physical picture for fs laser-material interactions explains the reduction of the damage
threshold of Cr, Si and Ge targets in this study (which are the three targets on which
nano-patterns were observed) when fs was applied compared with ns laser results.

Besides lowering the damage threshold of the target, due to the ultrahigh photon
fluence associated with fs laser pulses, photoelectron emission can be induced at the
metal cladding of NSOM probes due to the high photon fluence when fs laser pulses are
carried through the NSOM probes [53]. The emission of electron carries a significant
amount of absorbed EM energy in the metal cladding to the surrounding. As a result, the
NSOM probes can maintain a low temperature when they are operating with fs laser
pulses. Consequently, much high energy fs laser pulses can be transported with NSOM
probes without any thermal damages compared with ns laser cases. This statement is
supported with the SEM observation of the NSOM probes after operating with fs and ns
laser pulses.

Three main mechanisms [54] can be induced on the targets after absorbing
energy from NSOM probes and are responsible for the nano-pattern generation in this
study. These three mechanisms are (a) nanoscale laser ablation of the target, (b)
nanoscale oxidation resulting from nanoscale heating of the target, and (c) nansocale

recrystallization resulting from nanoscale melting of the target. Nano-craters on the
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target can be formed through nanoscale laser ablation while nano-protrusion can be

formed either through nanoscale oxidation or nanoscale recyrstallization of the targets.

Note that more than one mechanism may attribute to the nano-pattern formation in each

experimental condition. The pattern formation induced by multiple mechanisms is

especially important when more than one laser pulses is applied.

When more than one laser pulses were applied to the targets, change in size and

shape of the nano-patterns as function of number of laser pulses can be understood from

following three scenarios,

Nano-crater is first generated for single or few laser pulses due to nanoscale laser
ablation. The crater depths keeps increasing with respect to the number of laser
pulsed since the additional laser ablations keep removing material from the
target. Nano pattern formation following this scenario was observed on targets on
which oxidation layers are difficult to be formed at low temperatures (e.g., Ge
with ns and fs lasers).

Nano-crater is first generated with single pulses due to nanoscale laser ablation.
Surrounding the ablated crater is an oxidation layer on the heated target. The
thickness of the oxidation layer increases with respect to the number of laser
pulses. As a result, the separation between the NSOM probe and the intrinsic
target becomes longer and longer when the number of laser pulses is increased.
The semiconducting oxides (or metallic oxides) act as a buffer layers between
NSOM tip and the intrinsic target. Consequently, near field light intensity at the

intrinsic target surface from the following laser pulses becomes weaker because
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of the thicker oxidation layer, which increases the separation between the NSOM

tip and the intrinsic target. After certain number of laser pulses, the effective light

intensity at the intrinsic target is not enough to induce a nano-scale laser ablation.

After that only oxidation resulting from laser heating of the target can occur and

dominates the patterns formation, which causes the transition of pattern shape

from nano-craters to nano-protrusions. Nano-pattern formations following this
trend were observed on targets on which oxidation layers are formed under low
temperatures (e.g., Si with fs; Cr with ns and fs).

iii.  Nano-protrusion is first generated for single or few laser pulse since the energy is
not enough to ablate the target. The protrusions can be formed either from
nanoscale oxidation [55] or nanoscale melting and recrystallization of the target
[50]. The height of protrusion increases slowly with respect to the number of
laser pulses due to the increased separation distance between the NSOM probe
and the intrinsic target when the protrusions were formed. Nano-pattern
formation following this trend was observed on targets with high ablation
threshold and low oxidation temperature (e. g., Si with ns).

When the laser energy is increased, as long as it is higher than the pattern
generation threshold, the efficiency of ablation and/or oxidation is enhanced. Deeper
craters or higher protrusions were generated on the same target through ablation and
oxidation separately when the fs laser energy is increased. Note again that we didn’t vary
the ns laser energy in this study since the damage threshold of the target is very close to

the damage threshold energy for NSOM probe.
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The above physical picture describes the energy transport from NSOM probe to
the target along with the target response and associating nano-pattern generation as
functions of optical conditions and the chemical properties of the target material. The
physical picture does fit with the experimental data obtained in this research under all
the conditions studied.

A sharper picture can be obtained when we compare the results on different
targets under the same optical conditions. From this comparison the contribution of
optical properties of different materials on nano-pattern formation can be revealed. The
first example is the significant differences in pattern size and shapes on Si and Ge. Both
materials have similar optical reflectivity under the wavelength tested. In addition, both
materials have similar thermal properties (i.e., thermal conductivity and heat of
vaporization (Table 1). However, because of the smaller band gap of Ge (~6 eV)
compared with Si (~11 eV), Ge has absorption coefficient ~7 times higher than that of Si
(Table 1). A surface type light absorption occurs in Ge compared with a more volumetric
type light absorption in Si. The stronger light absorption in a smaller volume induces a
strong mass removal during near field laser material interaction on Ge compared with
that on Si under the same laser conditions (c.f., figure 3.8). As a result, larger craters
were observed on germanium surfaces under all the experimental conditions studied
(note that there are even no craters observed on Si surfaces under certain experimental
conditions). Another example obtained in this study is the dramatic difference in the
pattern formation on Cr and silver. No pattern was observed on Ag surfaces under all the

experimental conditions studied. The zero pattern generation on silver in this study can
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be attributed to its extremely high surface reflectivity (~90%) compared with Cr (<~5%)
at A~400-410 nm. Little amount of incident light from the NSOM tip enters the silver
target due to this extremely high surface reflectivity, which prevents nano-pattern

generation (c.f., figure 3.9).

Reflected Light Intensity

/

Incident light
Heat Affected Zone /
I Si l Ge

Figure 3.8: Schematic of the effect of sample absorption coefficient on nano-pattern

generation
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Figure 3.9: Schematic of the contribution of surface reflectivity on nano-pattern

generation
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A supplementary ns laser experiment has been conducted on Cu in air in order to
verify the physical picture we obtained in this study for understanding the nano-
patterning on targets as a function of optical/chemical properties of the targets. Cu has
similar thermal properties compared with silver and Cr. Like Cr, Cu has very low
surface reflectivity (r ~ 0.08) at A~400-410 nm. However, compared with Cr, copper
oxide can only be formed efficiently under high temperature [56]. Therefore, because of
the absence of thick oxidation layers, we expected to get nano-craters on Cu under all
the experimental conditions studied. The supplementary experimental results do fit with
our prediction. When ns laser was applied to the Cu target with NSOM, nano-craters
with diameter ranged from 300 to 600 and depth ranged from 5 nm to 7 nm were
observed after 900 to 1800 number of laser pulses when E ~ 2 nJ (figure 3.10 & Table

7).

Table 7: Nano-craters diameter and depth for copper

Number of Laser Pulses Nano-crater diameter (nm) Nano-crater depth (nm)
900 300+100 -4+2
1200 500+100 -542
1800 600+100 742
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Figure 3.10: Patterns generated on copper after 900, 1200 and 1800 using the

nanosecond laser

3.5 Summary

Near field nano-patterning through NSOM probes was conducted on selected
semi-conducting targets (i.e. Si and Ge) and metallic targets (i.e. Cr, Cu and silver) at A
~400-410 nm. The contributions of laser pulse duration (i. e., fs vs. ns), number of laser
pulses, and laser energy on different targets were studied with controlled experiments in
this research. Based on the results, fs laser showed a prevention of the NSOM probes
from damages under high laser energy while thermal damages of NSOM probe was
observed with ns laser pulses when E>2.0-2.5 nJ. Furthermore, because of the non-linear
optical absorption along with a smaller HAZ, the damage threshold of targets with fs
laser pulses (<1nJ) is much lower than that with ns laser pulses (~1.8-2.0 nJ) when they
are delivered with NSOM probes to the targets.

The formation of the nano-patterns on different targets can be explained with

nanoscale laser ablation, nanoscale oxidation and nanoscale melting/recrystallization on
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the targets. The increment of input laser energy merely enhanced the pattern formation
mechanisms and the resulting size of the patterns on the targets under all the
experimental condition studied. The number of laser pulses, however, can change the
size and the shape of the resulting patterns on different targets. For materials on which
both nanoscale ablation and nanoscale oxidation dominate nano-pattern generation (e.g.,
Si & Cr), the contribution of nano scale ablation become weaker in the following laser
pulses due to a thick oxidation layer from previous laser pulses. The thick oxidation
layer reduces the light intensity at the intrinsic target and prevents further nanoscale laser
ablation on the targets after certain number of laser pulses.

Besides the contributions of the optical (laser) conditions on nano-pattern
formation, the optical properties of the targets can significantly change the resulting
nano-patterns obtained from a combination of NSOM probes and pulsed lasers. Targets
with higher absorption coefficient formed larger craters due to a stronger energy
absorption within a confined area on the targets. Targets with higher surface reflectivity,
on the other hand, experience limited laser-material interaction during each laser pulse,
which results in small or even no craters after the experiments.

When ns laser is applied in the study, a hot NSOM provides additional energy
transport (i.e. thermal energy transport) compared with that with femtosecond laser. This
additional thermal energy transport can lead to thermally induced modification of the
target surface (e.g., melting and nanoscale recrystallization of the heated spot on the
target (e.g. silicon)). To detailed understand the additional thermally induced surface

modification with NSOM probes when ns laser is applied and may not exist with fs
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laser, we performed a microscopic target characterization of the target around the spot
where intense laser energy is transported from the NSOM probe. The detailed

description in presented in the next chapter.
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4. NANO-PATTERN GENERATION ON PURE SILICON WAFER IN
ARGON AND AIR WITH SUB-DIFFRACTION NANOSECOND LASER

PULSES*

4.1 Introduction

The femtosecond results presented in the last chapter under different energy,
material and background gas conditions can be appropriately explained with nanoscale
oxidation and ablation. The dominant mechanisms for the formation of nano-patterns
with fs laser were oxidation when oxygen was presents in the background gas. When
oxygen was absent, e.g. with pure argon as the background gas, laser ablation was
dominant and nano-craters resulted after multiple laser pulses. However, such
explanation cannot be applied for the corresponding results with ns laser. For example
nano-protrusions formed in the air as a background gas with the nanosecond laser pulses
on silicon target could not be removed through the BHF etching suggesting that the
nano-protrusion may not be due to oxidation of silicon. Also, nano-craters were not
observed on silicon in the nanosecond experiments even with the highest possible laser
pulse energy (i.e. ~2.5nJ)

It is expected that mechanism in addition to mass removal through ablation
should happen with ns laser and are attributed to these abnormal results. Note that no
nano-patterning results have been published with a combination of nanosecond laser and
*Reprinted with permission from “The generation of nano-patterns on a pure silicon wafer in air

and argon with sub-diffraction limit nanosecond laser pulses” by Soni A., Sundaram V. M., Wen
S. B., 2010, J. Phys. D: Appl. Phys. (43) 145301, Copyright 2010 by 10P Publishing
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sub-diffraction limit apertured (<0.5 ) NSOM probes. There is a concern whether this
combination can provide enough energy transport to a target compared with a previous
femtosecond study since the ablation threshold with a nanosecond laser is considerably
higher than that with a femtosecond laser particularly for semiconducting materials. To
identify these additional mechanisms, and to answer these questions, we conducted
another detailed experimental study for generation of nano-patterns on silicon wafers
with multiple nanosecond laser pulses through near field light transport in different
background gas (e.g., air and argon). The chemical composition of nano-patterns formed
after large numbers of laser pulses were examined with chemical analysis tool (i.e. EDS)
as we expected that these protrusions could be composed of other chemicals than silicon
oxides. Also, the physical structure of nano-protrusions was analyzed with TEM to
identify any possible recrystallization of silicon oxide after melting and cooling. The
details of the experimental conditions and subsequent chemical and physical analysis are
discussed in next sections.
4.2 Experimental Conditions

In this study, the same experimental setup illustrated in previous chapter (Figure
3.1) is used. NSOM probes with ~ 200 nm aperture diameter and ~ 100 nm gold
cladding (UV NSOM probe purchased from Nanonics Inc.) were utilized. Nanosecond
laser pulses from an OPO system (OPOTek Vibrant 355 Il) at a wavelength of 409 nm
and a pulse width of ~ 4 ns were selected as the light source. The selected wavelength is
larger than two times the diameter of the aperture, which satisfies the sub-diffraction

limit requirement of this study. Pure intrinsic silicon wafers were used as the targets for
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comparison with our previous femtosecond experiments. Both air and argon were
selected as the background gases. The surface topography images were determined first
from an NSOM scanning and then from a high resolution scanning with an atomic force
microscope (Veeco AFM) before and after each experiment. The consistent results from
the double scanning scheme ensure the reliability of the obtained surface topography
after each experiment. To analyze the chemical composition of the nano-patterns, the
samples after the experiments were (a) dipped in a buffered hydrogen fluoride solution
(BHF 7:1) for 2 min and then scanned again with an AFM, (b) examined with an energy
dispersive x-ray spectrometer (EDS) and an x-ray photoelectron spectroscope (XPS), (c)
diced with a focused ion beam (FIB) and then studied with a transmission electron
microscope (TEM).
4.3 Results and Discussions

The characteristics of the nano-patterns generated in air and in argon separately
through a combination of a NSOM probe and nanosecond laser pulses are listed as
follows. Note that the pattern shape shows no dependence on the number of laser pulses
and the pattern size increases linearly with respect to the number of laser pulses. Also,
the pattern heights are too shallow to be determined with AFM when the pulse number is
less than 50. Therefore, only results from a large number of laser pulses are presented.

I.  When air was used as the background gas, nano-protrusions were generated on
silicon wafer surfaces after multiple nanosecond laser pulses for an input laser
energy of ~ 1.8-2 nJ. The diameters of protrusions increased from 1000 to 1200

nm and heights increased from 6 to 15 nm when the number of laser pulses
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increased from 600 to 900 (Figure 4.1(a)). Note that the protrusions formed on

the silicon surface in air cannot be dissolved by the BHF solution, which are

different from those obtained with a femtosecond laser (Figure 4.2). Therefore,

these nano-protrusions generated in air are not composed of SiO- only.
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Figure 4.1: Nano-patterns generated on pure Si wafer with nanosecond laser pulses: (a)
in air before BHF processing, (b) in air after BHF processing, (c) in argon before BHF

processing and (d) in argon after BHF processing
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ii.  When argon was used as the background gas, similar nano-protrusions were
generated on the silicon surface after multiple nanosecond laser pulses for an
input laser energy of 1.8-2 nJ. These protrusion results with a nanosecond
laser in argon are entirely different from the crater results obtained with a
femtosecond laser in argon in a previous study [48]. The diameter of the
protrusions increased from 1000 to 1100 and the heights changed slightly
from 2 to 4 nm when the number of laser pulses increased from 600 to 900
(Figure 4.1(c)). However, unlike the protrusions formed in air, these much
smaller protrusions can be completely etched into nano-craters after
immersing them in the BHF solution (Figure 4.1(d)). The diameter of these
craters obtained after etch is ~ 250 nm with depths of ~ 4-6 nm.
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Figure 4.2: Nano-protrusions after 50, 100, 200, 300 and 600 femtosecond laser pulses

(E ~2nJ) (a) before BHF processing and (b) after BHF processing
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Since no nano-craters were observed on the targets even in Ar after thousands of
laser pulses, we concluded that laser ablation is not one of the major pattern generation
mechanisms when nanosecond laser pulses were applied on Si targets. Note that the
selected nanosecond laser energy (E ~ 1.8-2 nJ) is very close to the maximum laser
energy which can be afforded with the selected sub-diffraction limit NSOM probe.
Slight damage (i.e. melting of the metal cladding of the NSOM probes) was observed
when E > ~ 2.5-3.0 nJ after <100 laser pulses. Therefore, it is adequate to claim that
laser ablation cannot be achieved on Si targets through a combination of a nanosecond
laser and sub-diffraction limit NSOM probes on Si targets before the damage of the
probes. Note that no damage of the NSOM probe was observed after all the number of
laser pulses tested when the energy was less than the damage threshold.

To determine the formation mechanism of nano-protrusion with nanosecond laser
pulses, we examined the chemical compositions of the protrusions first. Three chemical
elements exist around the sub-diffraction limit confined laser spot during the
experiments, namely gold (the metal cladding of the NSOM probe), SiO; (the core of the
NSOM probe and the intrinsic oxidation layer of the silicon wafer) and Si (the target
material). EDS and XPS were applied to check the chemical composition of the nano-
protrusions. Both EDS and XPS spectra showed no evidence of gold element on the
target. Therefore, the protrusions formed on the silicon surface in air, which cannot be
fully dissolved with BHF, should be due to the presence of a significant amount of pure
silicon. The protrusions formed on the silicon surface in Ar, which can be fully dissolved

with BHF, should be composed mainly of SiO..
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To further understand the generation mechanisms of nano-protrusions under
nanosecond laser pulses, we generated a large protrusion ( ~ 120 nm in height and ~ 1
pm in width) in air after ~ 3000 laser pulses when E ~ 2.8 nJ. The nano-protrusions
were diced with a FIB and then examined with TEM (Figure 4.3). According to the TEM
images, the nano-protrusions are actually a hump of a large recrystallized region
composed of SiO, and nano-crystalline silicon (nc-Si). This recrystallized region is
separated from the Si base by a flat and uniform SiO; layer. Although the SiO, layer is
pretty flat in most regions, the TEM image showed a very slight extension of the SiO;
layer into the Si base in the region beneath the centers of the nano-protrusions. The
diameter of this additional extended SiO; region into the Si base is ~ 100-200 nm with

depths < ~ 10 nm into the Si base.

58



Pt (II)

: Prntrusmn
-Hé'r {Fn‘.EEw;.taHPF'd requ:-nj

Figure 4.3: TEM image of a cross section of nano-protrusion generated on a silicon
wafer with nanosecond laser pulses. Pt(l) and Pt(ll) are the two platinum layers
deposited on the sample before the FIB dicing. The solid red line corresponds to the
average surface level before Pt deposition. The dashed white lines are superposed on the

TEM image to provide an approximated interface among regions

The formation of the nc-Si cannot be due to a pure oxidation process. However,
through fast melting and recrystallization of the existing SiO, region, abundant nc-Si can
be formed in the recrystallized SiO,. A similar example is the microscale direct laser

heating (annealing) of silicon rich (or pure) SiO, with nanosecond (or longer duration)
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laser pulses, which results in microscale protrusions (>10-20 um) composed of nc-Si
and SiO; [21, 57]. We suggest that a similar mechanism can be attributed to the
formation of nano-protrusions composed of SiO, and nc-Si in this study. The formation
of a large protrusion on Si in air with nanosecond laser pulses can be understood from a
sequence of physical processes as follows:

I.  The intrinsic SiO, layer is melted and recrystallized into a small protrusion
(composed of SiO; and nc-Si) resulting from the optical/thermal energy transport
from the NSOM probe to the target during and after the first nanosecond laser
pulse.

ii.  An additional thin SiO; layer is formed beneath the recrystallized region due to
the oxygen diffusion into the Si base shortly after the nanosecond laser pulse.

iii.  The recrystallized region along with the underlying SiO, layer from the previous
laser pulses are melted and recrystallized by the following laser pulses. As a
result, the size of the nano-protrusion is increased after each laser pulse in air.
More and more nc-Si will be present in the nano-protrusion after each laser
pulse, which prevents the nano-protrusion from getting entirely etched with BHF.
For the experiment in Ar, since there is no continuous oxidation of the Si base as

described in step 11 due to the lack of oxygen atoms, the increase in the protrusion height
is very limited compared with the results in air. Also, the size of the protrusion in Ar
does not increase obviously with respect to the number of laser pulses. Much fewer nc-Si
are present in these smaller protrusions in Ar, which allows the protrusions to be entirely

removed with BHF. When the SiO, is removed with BHF, nano-craters of diameters ~
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100-200 nm and depths of ~ 4-6 nm are revealed at the end of BFH etching for
experiments in Ar. These shallow craters correspond to the shallow extension of the
SiO;, layer into the Si base as indicated in the TEM image (Figure 4.3). The formation of
this additional shallow SiO, , since it overlaps with the regions where strong light
intensity appears during the experiment, can be attributed to the laser enhanced oxygen
diffusion from the recrystallized region to the Si along with the resulting formation of
shallow SiO; in the Si base.

The lack of melting and recrystallization mechanisms in nano-pattern formation
in previous femtosecond experiments but important in the present nanosecond laser
study can be understood from the significant heating of NSOM probes with intense
nanosecond laser pulses but not with femtosecond laser pulses. The significant melting
of the NSOM probe after conveying intense nanosecond pulses (i.e. ~ 2.5-3 nJ), which
was not observed in femtosecond experiments, is strong evidence of the heating of the
NSOM probe with nanosecond pulses but not with femtosecond laser pulses.

Although a lower nanosecond laser energy (E ~ 1.8-2 nJ) was applied in this
study to prevent the damage of the NSOM probes, the temperature of the probe can still
approach the melting ( ~ 1337 K) or even boiling temperature ( ~ 3129 K) during the
experiment [26]. The hot NSOM probe can transport its thermal energy directly to the
target surface through conduction and radiation. The strong thermal energy transport
from the NSOM probe to the target can result in the melting and recrystallization of the
target and the formation of nano-protrusions. Such strong thermal energy transport does

not appear in experiments with femtosecond laser pulses, which prevents the formation
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of the melting and recrystallization structure in our previous study. Note that the heat
transfer phenomena associated with the hot NSOM probe (e.g. the thermal expansion of
the NSOM probe due to the high temperature) induced by nanosecond laser pulses are
difficult to observe with the existing NSOM systems. The existing NSOM systems have
a feedback control frequency of < ~ 100-300 kHz, which is not enough to capture the
transient heating phenomena induced by a nanosecond laser pulse with a characteristic
time scale of ~ tens to hundreds of nanoseconds.
4.4 Summary

In summary, when a nanosecond laser was combined with a sub-diffraction limit
NSOM system for nanoscale laser patterning, laser ablation is no longer one of the
dominant pattern generation mechanisms on Si targets. Instead, the nano-protrusions are
formed primarily due to the melting and recrystallization of the Si target along with the
possible oxidation of Si base when O is present in the background gas. These unique
nano-protrusions are composed of SiO; and a significant amount of nc-Si which was not
observed in previous femtosecond experiments. The melting and the recrystallization of
the target, which are important with nanosecond laser pulses but not observed in
previous femtosecond experiments, can be attributed to the strong heating of the NSOM
probes when they are operating with nanosecond laser pulses. The hot NSOM probes
transport a significant amount of thermal energy to the target, which results in the
melting and formation of nc-Si rich recrystallized structures on the Si targets. Through
proper control of the melting and recrystallization mechanisms with nanosecond laser

pulses along with the oxidation and ablation mechanisms observed in previous
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femtosecond experiments, we expect that a versatile nanoscale direct patterning
methodology can be achieved with a sub-diffraction limit NSOM system by controlling
the optical conditions during the experiments.

From this study, one of the major concerns when using nanosecond laser is
significant heating effects of NSOM probe. This limits the ability to achieve laser
ablation through NSOM probe with nanosecond laser pulses. In most academic and
industrial applications, a nanosecond laser is the more preferred pulsed light source
compared with a femtosecond laser considering its lower cost and ease of maintenance.
There is a concern whether this combination can provide enough energy transport to a
target since the ablation threshold with a nanosecond laser is considerably higher than
that with a femtosecond laser particularly for semiconducting materials. On the other
hand the damage threshold of NSOM probe with nanosecond laser is still too low (e.g.,

~2.5-3.0 nJ in this study).
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5. NON-INTRUSIVE TEMPERATURE MEASUREMENT OF NSOM PROBES

WITH THERMOREFLECTANCE*

5.1 Introduction

Light induced heating in the metal cladding of NSOM probe leads to
malfunctioning (noise in the signal, thermal stress and thermal expansion) and ultimate
failure under higher laser intensities. The low light transport efficiency and the resulting
undesired heating effects are the major concerns in adopting NSOM probe for sub-
wavelength laser processing/machining. To conquer these limitations, correlations
between the NSOM configuration and the associated heating under different operating
conditions should be identified through a detail study of energy transport and resulting
temperature evolution in NSOM probe [35, 58]. The corresponding theoretical analysis
is presented in chapter 2 and provides us a basic understanding. However, due to the
limitation of computation resources, the theoretical model is very simplified and need to
be justified with a direct measurement of temperature distribution in the NSOM probe
during operation [26, 38].

Indirect assessment of the temperature profile of NSOM probes has been carried
out in 90’s through measuring the thermal expansion of the probe and relate the
expansion to the temperature field with a combined optics-energy transport analysis [14-
16, 22, 59, 60]. Direct temperature measurement was carried out with single point
*Reprinted with permission from “Non-intrusive temperature measurement of NSOM probes

with thermoreflectance imaging” by Soni A, Wen S. B., 2012, J. Phys. D: Appl.
Phys. (45) 185101, Copyright 2012 by 10OP Publishing
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thermoreflectance measurement [28] and with micro thermocouple [27]. In the micro-
thermocouple measurements, a temperature profile was obtained by measuring
temperature at different locations along the tapered region of the NSOM probe.
Temperature measurement with micro thermocouple provides the spatial resolution
limited to few microns (i.e., size of the thermocouple probe). Also, the thermal
capacitance of the thermocouple can significantly affect the accuracy of the temperature
measurement especially when the size of NSOM probe is less than a few microns. A
single point thermoreflectance, on the other hand, provides a nonintrusive measurement,
which is preferred. However it is a time consuming approach to measure the
temperature profile of the entire NSOM probe and relies on high reproducibility of the
experimental results under the same conditions.

A direct non-contact 2D temperature imaging through recording the change of
the optical reflectance as a function of the surface temperature can be utilized in
determine the temperature profile of the NSOM probe in a time-efficient manner [61-
65]. A charge coupled device (CCD) camera based thermoreflectance measurement was
adopted in this study to obtain a 2D thermal image of NSOM probe in place of
integrated photo detectors in traditional single point thermoreflectance [66]. Review of
this newer thermoreflectance method can be found in the references [61]. The spatial
resolution of the deployed 2D thermoreflectance can be close to diffraction limit (e.g.
<300 nm) with a temperature resolution ~10mK [67, 68]. Through this time-efficient
nonintrusive method, we studied dependences of the energy transport in the NSOM

probes under different operation conditions. Contributions of the key parameters on the
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temperature profile of NSOM probes determined with the 2D thermoreflectance method
are presented in the following sections.
5.2 Thermoreflectance Imaging (Homodyne Method)

Thermoreflectance imaging is a non-contact optical method which measures
change in temperature from the change in the reflectance of the object under periodic
heating [61]. The change in the reflectance of a metal surface is almost linearly
proportional to the change in the surface temperature and can be related with the
following:

1R AR ~1AR

T {Ea_T) ?:(1{) = (1.13)
where ‘k’ is the thermoreflectance coefficient, and is of the order 10/K for most
metals. An appropriate choice of probing wavelength for the given sample can ensure a
higher ‘x> and hence the sensitivity of the thermoreflectance imaging [69]. In the
homodyne thermoreflectance imaging, the required high single to noise ratio (i.e., O(10
) for thermoreflectance imaging is achieved through averaging 1000’s of images to
diminish the random noises recorded during the measurements [68].
5.3 Experimental Setup

Figure 5.1 illustrates the experimental setup for the homodyne thermoreflectance
imaging of the NSOM probe. A highly stable DPSS laser (100mW, 532nm, DPSS Laser
System, OEM Laser Systems Inc.) was used as a probe laser. The NSOM probe was
heated with diode lasers of different wavelengths (405 nm or 650 nm). A non-polarizing

beam splitter (NBS) was used to direct the probe laser beam to illuminate the NSOM
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probe with an objective lens (OBJ). Due to the coherence property of probing laser,
speckle patterns from random optical interference are generated in the images of the
NSOM probes. There are several ways to remove speckles in imaging such as by
spinning the azimuthal incidence angle [70], using a oscillating reflector [71] or using
fast scanning micro-mirror [72]. In this set-up, a diffuser (ground glass diffuser 1500
GRIT, Thorlabs) mounted on a high frequency vibrating stage was installed before the
beam splitter to provide diffused illumination in order to avoid speckles in the optical
imaging. The probe beam was enlarged to provide an even intensity distribution over the
object plane. Vibrating diffuser provides additional divergence and evenness to the
probe beam. The NSOM probe was mounted on a tilt platform assembled to an x-y
translation stage so that position and tilt angle could be adjusted. The reflected images
were captured with a 16-bit depth B/W CCD camera (Opteon 1000 base T camera 120
fr/s, Opteon Corporation) externally triggered with a pulse generator (Model 575
pulse/delay generator, Berkeley Nucleonics Corporation) to achieve the required
capturing frequency. The pulse generator was also synchronized with a function
generator (Model 645 50MHz function/arbitrary waveform generator, Berkeley
Nucleonics Corporation) to control the emission of the laser diode. The heating of
NSOM probe follows almost the square waveform of the pump laser from laser diode
with a small phase lag due to thermal diffusion. The main phase lags which can cause

the measurement error are the thermal diffusion through the depth of the metal coating
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(~100 nm) and the thermal diffusion of the metal coating along the NSOM probe (~350
pum). The diffusion time for the two length scales are ~0.07 ns and ~0.96 ms respectively
[73]. Both time scales are much smaller than the smallest modulation time (~31 ms) used
in this study. Therefore, the error in the thermoreflectance imaging due to phase lag in
thermal cycle may not be significant in the selected experimental conditions of this
study. The input power of the pump laser to the NSOM probe was measured with a
power meter (Coherent Inc., Model LaserMate Q) at the fiber end before each
experiment as illustrated in Figure 5.1. The spatial resolution of the set-up is determined
either by the diffraction limit or the digital resolution of the camera (the larger one
among the two values). The spatial resolution of our imaging is ~1.1 um limited by the
digital resolution based on the effective NA 0.29, 10X magnification and CCD pixel size
5.5 um. The temperature resolution is estimated based on the number of images captured
(>5000) and bit depth of CCD camera (16 bit). The detailed relation can be found in

[68]. Based on the relation, the resolution of our temperature measurement is <1 K.
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Figure 5.1: Schematic of the experimental setup for homodyne thermoreflectance

imaging of NSOM probes

Two different type of NSOM probes were selected at the beginning of the study,
namely, (a) gold coated cantilevered NSOM probes (Figure 5.2) and (b) gold coated
straight NSOM probes (both from Nanonics Imaging Itd.). A large deflection of the
cantilevered NSOM probe (>1 um) due to laser induced heating was observed even with
low laser intensity (<ImW). Since any observable deflection can destroy the required
precision of thermoreflectance imaging, straight NSOM probe (showing no deflection

under all laser energy tested) rather than cantilevered NSOM probes were used for the
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thermoreflectance experiments. Note that the straight NSOM probes may also show
deflection during periodic heating if the metal coating and/or the shape of pulled fiber is
non-symmetric. The straight NSOM probes from Nanonics Imaging Ltd. used in the
experiments showed no observable deflection for all experimental conditions used in this

study.

Arrow shows
the direction
of deflection

_

Figure 5.2: Optical image of cantilevered NSOM probe (courtesy: Nanonics Imaging

Ltd.), the direction of deflection of probe during cyclic heating is shown

The SEM images of the straight NSOM probe used in the experiments are shown
in Figure 5.3. It is observed that the tapering angle of the NSOM probe changes
continuously from the pulled tip to the bulk region. The tapering angle varies slowly
from 7° (5-100 pm) to 3° (100-500 pm). When it is very close to the tip (i.e. <5 um) the
taper angle increases sharply to 10°-20°. Since the thermoreflectance imaging requires
close to normal incidence and collection of the reflecting signals, the NSOM probes

were titled at 7° and 3° with respect to the object plane for imaging the tip region (~5-
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100 pm) and the region far away from the tip (~100-500um) respectively. Note that the
thermoreflectance imaging at larger tilt angles (10-20°) corresponds to the region (0-5
pm) around the tip of the NSOM probe, where the taper angle changes sharply. The
corresponding large change of the curvature as shown in Figure 5.3 causes main
difficulty in the temperature measurement around the tip (within 0-5 pm) with
thermoreflectance imaging. With high magnification optical setup additional noises of
reflected signal due to large curvature around the tip [63] surpass the thermoreflectance
signal and prevents the readable temperature measurement of the NSOM probe around
the tip (within 0-5 pm). Similarly the end facet of NSOM probe cannot be imaged as the
size of the end facet (<1 um) is beyond the diffraction limit of the optical setup. For
regions away from the tip (>5um, refer to figure 5.3), the taper angle changes smoothly.
The tilt angles 3° and 7° are the optimized angles we selected to measure the temperature
of the specified NSOM probes to cover a region 5-80 um and 150-350 um away from
the tip within an angle accuracy of +0.5°. Figure 5.3(b) illustrates the imaging
configuration applied in the measurements. In order to image the region of NSOM probe
where the tapering angle is ~7°, the probe was tilted by 7° with respect to the object
plane. In this position, the top surface of the NSOM probe where the tapering angle is
~7° is parallel to the object plane and can be well focused. This tilting position provides
the thermoreflectance image of NSOM probe within 5-100 um measured from the tip.
Similarly when NSOM probe is tilted by 3°, the thermoreflectance image of 100-500 um
region of the NSOM probe can be obtained. Figure 5.4 shows the optical image and

thermoreflectance images of the NSOM probe for the two tilt angle settings used in the
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experiments. The temperature plot of the NSOM probe from 5 to ~500 pum was obtained
by combining the two thermoreflectance images with different tilt angles (Figure 5.4d).
The shaded region in Figure 5.4d (i.e. 80-150 um) shows those parts of NSOM probe
which are slightly out of focus in the two tilt angle settings used in the experiments. The
error induced by change of incident angle can be estimated by a simple relation as
angle?/2 for a wavy target within focus depth of optical/thermal imaging. For a surface
with an monotonically increasing taper angle, the surface can eventually become out of
the focus depth of imaging and causes even larger errors than that predicted with the
simple relation during the temperature measurements with thermoreflectance [63]. As a
result, the thermoreflectance imaging does not provide reliable temperature values at
these regions. It is observed from Figure 5.4d that the main temperature increment of the
NSOM probes is confined within <100 pum distance measured from the tip of the probe,
which is well covered with the combined thermoreflectance imaging with two tilting

angles for all the conditions studied.
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LENS

Figure 5.3: (a) SEM images of NSOM probe at different resolutions show the different
taper angles along the NSOM probe, (b) illustrates the imaging configurations at the

two tilt angles

The conversion between the change of the thermoreflectance of the gold coated
NSOM probes to the temperature distribution of the probe is through thermoreflectance
coefficient ‘k’ of the gold coating of the NSOM probe. Documented ‘«” of bulk gold is
~-2.4x10* /K at 532 nm [69]. An in-house calibration of the thermoreflectance
coefficient of ~200 nm Au film on a fused silica substrate (closer to the configuration of
NSOM probes) shows that thermoreflectance of gold film varies linearly with
temperature for temperature range 30°C-450°C with a calibrated ‘x’ -3.97x10™* /K. The

related temperature from the thermoreflectance of NSOM probe with both published and
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in-house calibrated values of ‘k” were considered in the results presented in following
sections. The probing laser (i.e.532 nm) was selected as it has higher thermoreflectance
response (i.e., change of reflectivity with respect to temperature) compared to other
wavelengths (except ~490 nm) [69]. The probing laser power was at least three orders
smaller than the pump laser used in this study to prevent the disturbance of the probe
during the temperature measurement.
5.4 Results and Discussions

The heating of the NSOM probe is a strong function of the coupled light since
the thermal process of the NSOM probe starts from the absorption of the incident optical
energy at the metal coating of the probe and the resulting Joule heating. Lasers of
different wavelengths, powers and the modulation frequencies can result in different
heating behavior of the NSOM probe during the operation. In addition, the laser induced
heating is affected by the configuration of the NSOM probes (e.g., the aperture size of
the probe). In this study, four common variables in NSOM experiments that can affect
the heating of the probes were examined, namely, (a) power, (b) modulation frequency
and (c) the wavelength of the input laser along with (d) aperture sizes of the probe. The

contribution of each factor on the heating of NSOM probes are discussed as follows.
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Figure 5.4: Optical and thermoreflectance images of NSOM probe in two different tilt
positions a) optical image of NSOM probe, b) thermoreflectance image with ~3° tilt, ¢)
thermoreflectance image with ~7° tilt, d) temperature plot obtained from combination of
the two images. The corresponding temperature is calculated with x = -2.4x10™ /K.
Within the shaded region, the surface deviates more than +0.5 from the normal direction
during the thermoreflectance imaging and is out of the focus depth during the

experiments
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A. Effect of input power of pump laser

To study the effect of laser power on temperature profile of NSOM probes, three
laser powers (i.e. 0.3 mW, 0.6 mW and 1.2 mW) were used. A blue laser (405 nm) was
selected as the pump laser considering the higher temperature induced by blue laser and
the ease of temperature measurements. The pump laser was coupled to NSOM probe
with 150 nm aperture (Figure 5.1). The modulation frequency of the pump laser was
fixed at 0.5 Hz. It is observed in Figure 5.5 that the location of the peak temperature
(~20-30 um away from the tip) and the exponential decay trend of the NSOM probe
temperature after the peak location are the same for the three examined laser powers.
The peak temperature, however, varies almost linearly with respect to the input laser
power. The linear temperature response with respect to the laser power suggests that
convection and conduction are likely to be the dominant mechanisms of heat dissipation
from the NSOM probe to the environment since both mechanisms have linear
relationships between the dissipative power and temperature difference compared with
thermal radiation [73]. The linear relationship may not be true at higher temperatures
when thermal radiation dominates the conduction and convection however the probe
may already be damaged at higher temperatures. From the obtained data, an empirical fit
for estimating peak temperature for the given laser power is given by: AT = 600*P? —
86*P+82, where P is power in mW. Note that the absolute temperature may be higher
than the AT. Also this relation is applicable only for the 150 nm NSOM probe used in

the current study.
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Figure 5.5: Temperature distribution along the NSOM probe under different laser

powers

B. Effect of modulation frequency

To examine the contribution of the modulation frequency of the pump laser on
the heating of NSOM probes, blue laser with laser input power 0.6 mW was coupled to
NSOM probe with 150 nm aperture. Five modulation conditions namely, 0.5 Hz, 2 Hz, 4
Hz, 8 Hz and 16 Hz were examined (Figure 5.6). Figure 5.7a illustrates the effect of
modulation frequency on the amplitude of the temperature of the NSOM probe between
the laser on and off states. Note that laser is periodically turned on and off and it causes
periodic heating of the NSOM probe during the homodyne thermoreflectance imaging of

NSOM probes. When the modulation frequency increases, the amplitude of the resulting
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modulated NSOM probe temperature decreases as the cooling rate of NSOM probe is
closer to the modulating speed at higher frequency. As a result, stronger historic heating
accumulates in the NSOM probe at higher modulation frequencies. On the other hand,
for smaller modulation frequencies, the NSOM probe has enough time to dissipate its
energy to the environment between two successive heating cycles. As a result, the
maximum temperature (during laser on) and the minimum temperature (during laser off)
of the NSOM probe can reach the quasi-steady-state values for very low modulation
frequency. The similar trend between the NSOM probe heating and the modulation
frequency of pump laser was observed in previous study with single point
thermoreflectance [28]. When AT vs (2/modulation frequency) is plotted (Figure 5.7b),
an exponential decay of the AT with respect to the cooling duration (2/modulation
frequency) for different modulation frequencies is observed. An approximate value of
time constant T = 97 ms was obtained from fitting the exponential curve, which indicates

the characteristic cooling time of the selected NSOM probe.

78



250 — — 0.06

— 0.5 Hz
— 2Hz
; N 1 0.05
200 4% Increasing  4Hz
i{} modulation

frequency 1 0.04

AT (K)

1 0.02

0.01

5 55 105 155 205 255 305 355
Distance from tip (pm)
Figure 5.6: Temperature distribution along the NSOM probe under different modulation

frequencies of pump laser

C. Effect of wavelength of pump laser

To study the effect of wavelength of pump lasers on the heating of NSOM probe,
red laser (650 nm) and blue laser (405 nm) were selected as pump lasers. A straight
NSOM probe with aperture 150 nm was coupled to pump laser (405 nm/650 nm) with
laser power maintained at ~1.2mW. Figure 5.8 shows the temperature profile of NSOM

probe
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Figure 5.7: Effect of modulation frequency on the temperature response of NSOM
probe; a) schematic diagram of the temperature response of NSOM probe with

modulation frequency b) cooling curve obtained from the measured data

under the two wavelengths. The locations of hottest spot (i.e. peak temperature) is
similar (i.e. 20-30 um away from the tip) for both wavelengths. However, the peak
values of temperature reached with the two wavelengths are significantly different. The

peak temperature of the NSOM probe with blue laser is ~10 times higher than that with

red laser under the same laser power.
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Figure 5.8: Temperature distribution along the NSOM probe under different laser

wavelengths (i.e. 650nm and 405nm)

The significant difference in the heating behavior of NSOM probes for the two
wavelengths can be understood from the dramatic change of light absorptivity of gold as
a function of wavelength. The absorptivity of gold increases sharply when the
wavelength is less than ~570 nm [74]. As a result, the gold film absorbs most of the
incident blue light and causes a significant heating of the NSOM probe, while it reflects
most of the red light and keeps the NSOM probe cool during the operation. To reduce
the heating of NSOM probes with short wavelength lights (e.g., blue light), gold coating
of NSOM probes may be replaced with a material with low absorptivity at shorter

wavelengths (e.g., silver) [74].
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D. Effect of aperture size of NSOM probe

To study the effect of aperture size on temperature profile of NSOM probe, two
different NSOM probes with aperture size 150 nm and 250 nm were used. Both red and
blue lasers were used as pump lasers for separate experiments. The input laser power
(1.2 mW) and the modulation frequency (0.5Hz) were fixed in each experiment. The 150
nm probe is less than the diffraction limit of both blue and red lasers. However, the 250
nm probe is larger than the diffraction limit of the blue laser but less than the diffraction
limit of the red laser. Figure 5.9 & 5.10 shows the temperature profiles of the two
NSOM probes (i.e. 150 nm and 250 nm) operating under blue and red lasers
respectively. The peak temperature is two times larger for 150 nm aperture NSOM probe
than the 250 nm aperture NSOM probe when blue laser is applied (Figure 5.9). With red
laser, aperture size shows much less effect on the probe heating: the NSOM probe with
150 nm aperture is only ~25% hotter than the NSOM probe with 250 nm aperture
(Figure 5.10). The pronounced effect of aperture size on NSOM probe heating with blue
laser can be attributed to the significant amount of light leakage from the higher-than-
diffraction-limit aperture (i.e. 250 nm) which does not happen in the sub-diffraction-
limit aperture (i.e. 150 nm). For experiment with red laser, both 150 nm and 250 nm
apertures are less than the diffraction limit of the red light (>300 nm). Therefore, the
change of the aperture size on the temperature of the NSOM probe with red laser is not
as significant as that with the blue laser. Figure 5.9 and Figure 5.10 show a slight shift
(~15 pum) in the location of peak temperature for the two NSOM probes used in the

experiments. The diameter corresponding to the location of peak temperature for the 250

82



nm probe was 40% larger than that with the 150 nm probe (~7 um) as observed in the
SEM images of the two probes. The geometric shape (i.e. taper angle) of the probe
changes among probes with different apertures due to difference in parameters in a
programmable fiber puller for preparing tapered NSOM probes [8]. This may be one of
the reasons of the shift in location of peak temperature with the two probes with different
apertures. For probes with the same apertures, the obtained straight probes from
Nanonics Imaging Ltd. showed good consistency in terms of the geometry based on the
SEM images taken before the experiment. Note that the temperature profile obtained
from thermoreflectance measurement showing a hottest region about 20-50 pum away
from the tip is true for the selected NSOM probes with small tapering angle and gold
coating used in this study. For other NSOM probes with different tapering angle,
aperture size, and coating material (e.g., highly reflective silver and aluminum), the
position of the hot spot along with multiple hot spots appearing closer to the tip may

occur during the operation [21, 22, 27].
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It was found in the experiments that the gold coating of the NSOM probes
showed a decay in its quality under long term operation at higher operating laser powers
(e.g., ~2-3 mW for blue laser). Figure 5.11 shows the SEM images of NSOM probe
after the experiments with high laser powers (~2-3 mW). Nano-craters were observed all
over the region close to the tip (=50 pm). The nano-craters could be induced by the
thermal stresses occurring during the strong cyclic heating of NSOM probes during the
experiments. Also, a damaged tip can be observed in the SEM image (Figure 5.11)
which can be due to high temperatures (close to the melting temperature of gold coating)

reached during the experiments.

craters

Figure 5.11: SEM images of the NSOM probe after high power experiments shows nano-

craters on the surface along with melting of the tip
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5.5 Summary

The contributions of power, modulation frequency and wavelength of the pump
laser along with the aperture size of NSOM probes on the heating of NSOM probes were
studied with non-intrusive 2D thermoreflectance imaging. The measurement indicated
strong heating at ~20-30 um away from the tip. The change in wavelength of input laser
shows no significant effect on the location of the hottest spot. However, the temperature
of NSOM probes is dramatically different for the two wavelengths of pump laser
selected in this study. The blue light (405 nm) provides significant heating of NSOM
probes compared with red light (650 nm). For each wavelength, the temperature of the
NSOM probe varies almost linearly with the input laser power. The modulation
frequency of pump laser to the NSOM probe also shows contributions to probe heating.
It was observed that the fluctuation of temperature during periodic heating decreases
with higher modulation frequency of input light. In addition, the aperture size of NSOM
probe is another parameter that can affect its heating during operation. NSOM probes
with sub-diffraction-limit aperture can result in stronger heating of the NSOM probe
than that of higher-than-diffraction-limit aperture since the large aperture size allows
pump laser to leak from the aperture and reduces heating during operation.
The possible thermal expansion of the NSOM probe was not observed in the current
experimental set-up which has a spatial resolution limited with far field optical imaging
(i.e. >1 um). However, bending of the NSOM probe can be clearly observed during the
laser heating when the geometry of the NSOM probe is not axisymmetric (e.g.,

cantilevered NSOM probes). Therefore, to prevent the unwilling direct contact and the
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resulting mechanical damage of NSOM probes under higher laser intensities, straight
NSOM probes can be a better choice than the cantilevered NSOM probes. Note that the
developed thermoreflectance imaging can only resolve the regions larger than ~5 um
from the tip of the probe. For regions between 0 to 5 um from the tip of the probes,
alternative methods such as finite element analysis will be required to determine the
temperature profile. The developed 2D thermoreflectance imaging can be further
extended to have nanosecond (ns) time resolution for transient heating of NSOM probes
when the continuous laser is replaced with ns pulsed laser. The study of the transient
thermal response of NSOM probes with the newly developed ns time resolved TR is

presented in the following chapter 6.
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6. NANOSECOND TIME RESOLVED THERMOREFELCTANCE IMAGING

WITH COHERENCE CONTROL OF LASER PULSES*

6.1 Introduction

To extend the temporal resolution of 2D thermoreflectance imaging, which is
typically in ps to ms range, to nanosecond (ns) level, ns pulsed light with high enough
intensity is required in the generation of TR images [75-77]. Nowadays, high intensity
laser can provide intense light with femtosecond or even attosecond pulse duration. The
laser light, due to the stimulated emission, is spatially and temporally coherent. The
highly coherent light is undesired in optical imaging because of the formation of
speckles (high-contrast fine-scale granular pattern) and large fringe patterns [70, 78-80]
which ruin the imaging features of the target. To eliminate the formation of speckles and
large fringe patterns in a time-domain thermoreflectance (TDTR) imaging with lasers,
the relationships between the speckles and large fringe patterns with the temporal and
spatial coherence of laser light should be identified and controlled. It is found that large
fringe patterns are mainly attributed to the high spatial coherence (statistical similarity
over large coherence area) of reflected light from smooth patterns on a substrate. Small
stationary speckle patterns, on the other hand, are mainly attributed to the high temporal
coherence (statistical similarity over time) of the illumination light which provides less
variation of phases and results non-uniform illumination [72, 80]. Both interference
*Reprinted with permission from “A methodology for nanosecond (or better) time resolved
thermoreflectance imaging with coherence control of laser pulses” by Soni A., Sundaram V. M.,

Wen S. B., 2013, Appl. Phys. Lett. 102, 203112, Copyright 2013 by American Institute of
Physics
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patterns are undesired and cause noise signal which can easily overwhelm the
temperature information carried in the reflected light. Traditional techniques in reducing
the coherence of light include moving diffusers, fiber bundle with varying length fibers
and moving mirrors in a continuous wave (CW) laser illumination, which provides
destruction of spatial coherence and increased fluctuations of phase with time [70, 72].
Unfortunately, these techniques suffer from low response time (ms) and cannot be
directly applied in fast TDTR requiring ns response.

In this study, the reduction of temporal coherence is achieved by spectral
broadening of the pulsed laser in a non-linear medium [81]. The reduction of spatial
coherence is achieved by sending light through an optical fiber bundle with variation of
lengths to induce spatial angular diversity [72]. Quantitatively, the level of coherence
reduction required to achieve desired contrast in interference patterns in an imaging
system can be estimated using the reduction factors due to wavelength and angular
diversities [80, 82].

6.2 Experimental Setup

To validate the above idea, a laser based ns-TDTR imaging system with reduced
light coherences is developed in this study (Figure 6.1). An Nd:YAG laser operating at
second harmonic (A~532 nm) with E~60 mJ is adopted as the probe light. To suppress
the temporal coherence, the probe light is first delivered to a glass cell filled with CS,
liquid [81] to achieve a spectral broadening of ~0.2 nm which increases the wavelength
diversity factor by ~6 times (original spectral width of laser ~0.03 nm). To suppress the

spatial coherence, this probe light is further delivered to a fiber bundle composed with
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~7000 multimode fibers which provides effective angular diversity factor >80 [82]. The
combined reduction factor in the intensity contrasts of the interference patterns is ~500

which provide speckle-free and large fringe patterns free images in the TDTR imaging.
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Figure 6.1: Schematic of the experimental setup for nanosecond time-resolved

thermoreflectance imaging

To obtain a fixed spatial intensity profile of the probe light, a multimode-fiber
acting as a spatial mode filter is inserted between the fiber bundle and CS; liquid cell
during the experiments. The probe light with reduced temporal and spatial coherences is

collimated and projected on the target through non-polarizing beam splitter and an
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objective lens as in Figure 6.1. The reflected images are captured by a CCD camera
(Opteon, 120 fr/sec, 16 bit, B/W). A gold resistor (8 um % 40 um with 100 nm thickness,
Figure 6.2) fabricated on a thick quartz plate is selected as a transient heating target to be
examined with the developed ns-TDTR imaging. The gold resistor is heated with pulsed
signals gated with a pulse/delay generator (Berkeley Nucleonics 575 pulse/delay
generator). Two images are captured for each pulsed heating of the resistor: reference
image is captured before the electric pulse and the TR image is captured at a fixed delay
time with respect to the electric pulse (as shown in the oscilloscope image of Figure 6.1).
The two images are subtracted to obtain the change of the thermoreflectance profile at a
given delay time. Measurements are repeated ~6400 times to achieve ~1 K temperature
resolution from the averaged results [68]. The temporal resolution of the developed ns-
TDTR imaging is determined by the pulse duration of the probe light (~4 ns in this
study). Higher temporal resolution can be achieved when the ns probe light is replaced
with ps probe light in the future. The spatial resolution of the imaging setup is ~1.1 um,
limited by the digital resolution based on the effective NA 0.29, 10 X magnification and
CCD pixel size ~5.5 um.
6.3 Simulation

The pulsed heating of fabricated gold resistor was simulated with FEM method
in commercial software (COMSOL 4.2a). To replicate the 3D geometry of the fabricated
resistor the length and width of the resistor was obtained from SEM image and the
thickness was measured using an AFM system (Veeco Inc.). The voltage pulse from

pulse generator followed by the homemade amplifier was measured with an

91



oscilloscope. Figure 6.2 shows the 3D model of the gold resistor on quart substrate. The
simulation solves the transient heat diffusion equation with heat source from Joule
heating. Bulk properties (i.e. thermal conductivity, electrical conductivity, specific heat
and density) for gold and quartz substrate. The temperature profiles at different times
during and after the electric pulse were recorded and plotted in SciDAVis along with the

measured results for comparison.
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Figure 6.2: 3D model of gold resistor and quartz substrate and temperature distribution

after the pulsed heating

6.4 Results and Discussions
Qualities of the reflected images of the micro gold resistor when the probe light

from the laser strikes the resistor (a) after passing through optical fiber bundle only, (b)
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after passing through CS2 liquid only and (c) after passing through the CS, liquid
followed by optical fiber bundle are illustrated in Figure 6.3. When the temporal
coherence of the laser light is reduced with spectral broadening in the CS; liquid, the
speckle patterns are suppressed but large fringe pattern are still observed due to spatial
coherence. When the spatial coherence of the laser light is also reduced by further
delivering the light through an optical fiber bundle, the large interference patterns are
also suppressed. The resulting optical image (Figure 6.3c) is speckle-free with no large
interference patterns and fixed spatial intensity distribution. This high quality optical

image is the basis for the success of ns-TDTR imaging in this study (Figure 6.3d).

(d) Contact pads
A ——

| —

Resistor

Figure 6.3: Quality of optical images a) without spectral broadening, b) without angular
diversity from the fiber bundle, c) with spectral broadening and angular diversity from

the fiber bundle and d) resulting TR image



70°C 70°C

0
200°C 70°C
0 0

Figure 6.4: 2D thermoreflectance (TR) profiles on gold resistor at different delay times

To examine the validity of the ns-TDTR, the 2D thermoreflectance profiles of a
gold resistor under ~110 ns pulsed heating is recorded at different delay times (Figure
6.4). A lab calibrated thermoreflectance coefficient -2.4x10* K™ [64, 69] is used to
convert the TR data to temperature profiles (Figure 6.5 and 6.6). The resulting spatial
and temporal temperature profiles and the corresponding numerical results of gold
resistor are illustrated in Figure 6.5 and 6.6. The deviation between the measured and
predicted spatial temperature profiles (Figure 6.5) can be attributed to the fabrication
defects in the geometry of the gold resistor, which are not considered in the numerical
simulation. The deviation between the experimental and theoretical values in the
temporal response (Figure 6.6) can be attributed to the parasitic capacitance/inductance

of the heating circuit/elements, geometric effects on electrical/thermal conductivity, and
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the contact resistance between the resistor and substrate [83], which are not included in
the numerical simulation.
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Figure 6.5: Spatial temperature profile at various delay times from TR measurements (in

symbols) and from numerical simulation (in solid lines)
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Figure 6.6: Temporal evolution of temperature at central spot of gold resistor from TR
measurement (in symbol) and numerical simulation (in solid line). Dashed blue line

shows the electric pulse
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6.5 Temperature Evolution of NSOM Probe under Pulsed Operation

The ns-TDTR setup was further modified for temperature measurement of
NSOM probe under the nanosecond pulsed operation. The modified ns-TDTR setup
includes the nanosecond pumping of NSOM probe with nanosecond (OPOTek) laser
providing ~4 ns laser pulses to NSOM probe, the x-y translation and tilting stage for
controlling the position and tilt of NSOM probe during thermoreflectance imaging
(Figure 6.7). The pump and probe laser were synchronized with the CCD camera with
the delay generator. The pulse energy ~2nJ was delivered to the NSOM probe and
thermoreflectance images were recorded for delay time 0 to 50 ns with respect to the
pumping laser. Figure 6.8 shows the temperature evolution of the NSOM probe at

different delay times.
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Figure 6.7: Modified TDTR setup for TR imaging of NSOM probe. Shaded area

corresponds to the experimental configuration for gold resistor

As observed in the Figure 6.8, the location of peak temperature is close to the tip
and the entire heating region is ~100 um. Compared to the quasi-steady state operation
as studies in last chapter the peak temperature occurs closer to the tip. This can be
understood from the competition between the heat generation and heat dissipative rate at
different location along the NSOM probe: at the tip location with strongest joule heating
per unit volume. As a result, the tip experiences the highest temperature during pulsed
heating when the pulse duration is short and the entire heating processes is also

adiabatic. In addition, to the strong heating, the tip also experiences highest heat
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dissipation rate due to its large surface-to-volume ratio. This strong heat dissipation is
expected to overcome the strong heat generation at the tip under quasi-steady state
heating. As a result, the quasi-equilibrium temperature of the tip is lower than the region

close to ~20 pum location from tip under continuous laser pulse. As the time progresses

the energy is dissipated toward larger heat capacity regions (i.e. bulk fiber).
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Figure 6.8: TR images of NSOM probe at different delay times under pulsed heating

6.6 Summary

In conclusion, a new methodology of ns-TDTR imaging allowing ns (or even ps)
time resolution with diffraction limited spatial resolution is proposed and demonstrated
in this study. Coherent pulsed laser is selected as the illumination source to achieve the
required temporal resolution. Parasitic interference patterns, which are the main

obstacles in applying laser in optical imaging, are diminished through identifying their
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origins. Methods demonstrated in this study to reduce spatial and temporal coherence of
pulse light without changing the pulse duration are spectral broadening in non-linear
media and increased angular diversity with optical fiber bundle, respectively. The
effectiveness of the developed ns-TDTR imaging is validated with the temperature
measurement of a micro gold resistor under ~110 ns pulsed heating. The same
methodology can be applied for ps time resolution TDTR measurements when a ps laser
is applied.

This new time resolved thermoreflectance method is also applied to study the
transient heating of NSOM probes. It is observed that the transient temperature profile of
the NSOM probe is entirely different from the quasi-steady-state.. This temperature
measurement also explanation the causes of the differences in the location and type of
thermal damage of NSOM probes as a function of laser pulse duration (Figure 3.7 and
Figure 5.11). The developed new methodology is valuable in the non-contact study of
energy transport, defect detection and property characterization in microelectronic and

photonic devices under pulsed or high frequency heating (e.g. with ultrafast lasers).
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7. CONCLUSIONS AND FUTURE WORK

7.1 Conclusions

Laser machining is a popular fabrication method owing to the cleanliness, fast
speed and higher precision compared to other fabrication processes. Compared to other
nano-fabrication methods such as Focused ion beam, x-ray lithography, e-beam
lithography laser fabrication can be conducted in a background gas which makes it more
cost effective compared with other nano-fabrication processes. The spatial resolution of
traditional laser fabrication is limited due to the application of far-field optics. In past
few decades there is a demand for novel nano-fabrication methods and laser matching
can be a potential method. The development of nano-optics devices enabled us to
achieve deep sub-wavelength resolution. With the use of nano-optic devices there is a
high potential to apply laser machining for nano-fabrication. However the poor light
transport efficiency and associated thermal damage are the main challenges in applying
nano-optics devices for laser nano-machining. The possibility of laser nano-machining
with a commercial nano-optic device (i.e. near-field optical microscope (NSOM) probe)
was explored in this research. The nano-pattern formation mechanism with a NSOM
probe and pulsed lasers on different target material was studied through experiments. To
understand the heating effects in NSOM probe, thermoreflectance imaging was adopted
for measuring the temperature of NSOM probe under operation. To extend the
thermoreflectance measurement to pulsed operation of NSOM probe a novel method was

developed to achieve nanosecond time resolved thermoreflectance imaging.
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In the first part of the research, nano-patterns were generated with a pulsed laser
(ns/fs) along with a commercial NSOM system. A systematic study was conducted to
understand the size and shape of nano-patterns generated on selected semiconducting (Si
& Ge) and metallic (Cr, Cu and Ag) targets under different laser pulse durations, laser
energies and number of laser pulses. Based on the experimental results, femtosecond
laser pulses, compared with nanosecond laser pulses, provide lower damage thresholds
to the targets but higher damage thresholds to the NSOM probes at the wavelength
(~400-410 nm) studied. Furthermore, the resulting nano-patterns showed a significant
dependence on the optical properties (i.e., absorption coefficient and surface reflectivity)
of the target material. By comparing the obtained experimental results, we conclude that
the optical energy transport from the NSOM probe to the target dominates the pattern
generation when femtosecond laser is applied to the NSOM system. When nanosecond
laser is applied, both the thermal and optical energy transported from the NSOM probe
to the targets attribute to the obtained morphology of nano-patterns on different targets
under the experimental conditions studied.

To further understand the morphology and chemical composition of nano-
patterns on silicon under nanosecond pulses, which showed deviation from the
femtosecond results, a detailed examination of the nano-patterns was conducted through
chemical analysis with EDS and XPS and then the nano-patterns were cut with FIB and
observed under TEM. Compared with previous experimental results with femtosecond
laser, nano-patterns in a format of protrusion generated under this new combination

cannot be understood with surface oxidation and ablation (appeared in previous fs
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experiments). Instead, the nano-patterns were generated through nanoscale melting and
recrystallization when nanosecond laser pulses were applied. These nano-protrusions
were composed with SiO, and nano-crystallized Si (nc-Si). The concentration of nc-Si in
the nano-protursions showed a dependence on background gas studied (i.e., air and Ar).

From the above studies, it is concluded that light induced heating and subsequent
damage of NSOM probe is the main limitation in adopting NSOM probe as a tool for
nano-machining. NSOM probes can be easily damaged under moderate intensity laser
pulses even before generating any pattern on the target. The second part of this research
was focused on estimating the heating effects in NSOM probes under operation. A
nonintrusive optical measurement technique (i.e., thermoreflectance method) was
adopted to study the light induced heating of near field scanning optical microscope
(NSOM) probes. The thermoreflectance measurements indicate that there is a hot spot at
20-30 um away from the tip of the probe. The location of the hot spot is not a strong
function of laser wavelength for a fixed type of NSOM probe. The temperature of the
NSOM probes increases almost linearly with respect to the input laser power. The
shorter wavelength light (405 nm) provides stronger heating of gold coated NSOM
probes compared with longer wavelength light (650 nm). The modulation rate of the
input laser also shows contribution to the heating of the NSOM probes: the temperature
variation of NSOM probes decreases with increase in the modulation frequency of the
input light. In addition to laser conditions, the NSOM probe with smaller apertures

suffers stronger heating compared with that of larger aperture.
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The laser machining usually applies a short pulsed laser as heating source due to
the smaller heat affected zone which provides better spatial resolution and high precision
in laser machining. To extend the energy transport analysis with thermoreflectance
imaging of nano-optic devices it is necessary to increase the time-resolution of TR
imaging to nanosecond or picosecond level. In the last part of the research, a time-
domain thermoreflectance imaging (TDTR) methodology with pulsed laser illumination
was developed to achieve nanosecond time resolution with diffraction limited spatial
resolution. Validation of the proposed new methodology through a transient temperature
measurement of a micro gold resistor under ~110 ns pulsed heating was demonstrated,
which shows consistency with the corresponding numerical simulation. The new
approach allows us to determine of the transient energy transport in miniature structures
such as microelectronic and nano-photonic devices. This newly developed setup was
used to determine the temperature profile of NSOM probe under nanosecond pulsed
operation which showed difference in temperature profile compared with the quasi-
steady state operation. From the observed results it was concluded that due to the short
pulse duration under nanosecond pulsed operation, the heat generation rates overpowers
the heat dissipation rate and provides much more confined heating closer to the tip.
Under quasi-steady state operation the heat dissipation rate catches up with the heat
generation rate and provides much large heated region.

7.2 Future Work
The current study can be extended for the energy transport study of new nano-

optics and plasmonic devices. It was concluded from this research that the existing
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NSOM probes need further modifications in the geometry (e.g. larger taper angle) to
provide higher transport efficiency with minimized heating effects. This study can be
extended to modify the design of NSOM probes or develop new types of NSOM probes
with varying geometry. To precisely construct a more robust NSOM probe for laser
machining the following factors should be studied in the future.
I.  Effect of taper angle on light transport efficiency and higher damage threshold of
NSOM probes.
ii.  In situ measurement of output of NSOM probe and estimation of optical and
thermal energy transport from NSOM probe to the target.
iii.  Deep UV transient thermoreflectance imaging with a spatial resolution of 100-

200 nm.
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