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Preface

With the development of electro-optical technology, nano-Sci and Tech., and life
science and biology, the light imaging resolution, lithographic linewidth, and opti-
cal information mark size are required to reach down to subwavelength or even
nanoscale. However, these are restricted by the Abbe limit due to the diffraction
effect. Researchers have proposed a number of methods to fight against the Abbe
limit. These methods can be classified into two kinds, one is to change the point
spread function, such as scanning near-field optical probe microscopy, liquid
(solid) immersion lens, and phase-only pupil filter, etc. The other is to improve
the resolution through detecting the fluorescence signal, such as photo-activated
localization microscopy (PALM) and stochastic-optical reconstruction microscopy
(STORM), which are generally used in biomedical and life science. The stimu-
lated emission depletion (STED) is an excellent combination of two kinds of tech-
niques mentioned above. The STED is mainly used in biomedical imaging and life
science, and is also explored to apply to nanolithography in recent years.

This book first introduces the principle and technical schematics of common
methods for realizing nanoscale spot (Chap. 1), describes the third-order nonlin-
ear effects and characterization methods (Chaps. 2 and 3), and then analyzes the
strong nonlinear characteristics (including nonlinear absorption and refraction)
of semiconductor and metal-doped semiconductor thin films (Chap. 4). Chapters
5-7 focus on nonlinearity-induced super-resolution effects, including nonlinear
saturation absorption-induced aperture-type super-resolution, nonlinear refrac-
tion-induced self-focusing and interference-manipulation super-resolution, and
the combination of nonlinear thin films and phase-only pupil filters to compress
the side-lobe intensity and reduce the main spot size to nanoscale. Applications
in high-density optical information storage, nanolithography, and high-resolution
light imaging are presented in Chaps. 8 and 9, and some remarks are given at the
end of the book.

I hope that this book can drive nano-optics and nanophotonics to continue to
advance. The book is helpful for advanced undergraduates, graduate students,
and researchers and engineers working in related fields of nonlinear optics, nano-
optics and nanophotonics, information storage, laser fabrication, and lithography,
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and light imaging etc. It is unavoidable that some errors and incorrectness may
occur in this book, I hope that the readers can point them out. I also will further
correct them and improve my work on future releases.

The work in this book is partially supported by the National Natural Science
Foundation of China (Grant Nos. 51172253, 61137002, and 60977004). Here
please allow me to express my appreciations to my family, Prof. Fuxi Gan, and
Prof. Chenqing Gu due to their support in my work and life. It is a pleasure to
thank my colleagues and students for their help. Last but not least, I am delighted
to dedicate this book to my son, Yusen. Yusen is a smart boy, and he brings joy and
happiness to our family.

Shanghai, China Jingsong Wei
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Chapter 1

General Methods for Obtaining Nanoscale
Light Spot

1.1 Introduction

In 1873, the German physicist Ernst Abbe realized that the resolution of optical
imaging instruments is fundamentally limited by the diffraction of light. His
finding indicated that ultimately the resolution of an imaging instrument is not
constrained by the quality of the instrument, but by the wavelength of light
used and the aperture of its optics [1]. That is, the resolution of a conventional
optical-lens-based imaging system is restricted by the Abbe diffraction limit to
~A/2NA, where A and NA are the free-space wavelength of the imaging radi-
ation and numerical aperture of the lens, respectively. This diffraction-limited
phenomenon hindered the performance of optical microscopy for over a cen-
tury and was considered a fundamental, unbreakable rule. Beating the diffrac-
tion limit and realizing nanoscale light spot have become one of the primary
research focuses in modern optics [2]. Realizing nanoscale light spot is also
always a hot subject due to its important applications in high-density data stor-
age and nanolithography, etc. According to Abbe diffraction limit, to reduce
the light spot size, a short-wavelength laser source and a high NA lens need to
be used. However, in current far-field optical system, on one hand, it is diffi-
cult to shorten the laser wavelength further because of high product cost and low
transmission for optical elements. On the other hand, the NA of a commercially
available lens is close to the limit. Under such circumstances, numerous meth-
ods and techniques are proposed to overcome the Abbe limit. Let us give a brief
introduction to the working schematics and principles of general methods for
realizing nanoscale light spot.

© Science Press, Beijing and Springer-Verlag Berlin Heidelberg 2015 1
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2 1 General Methods for Obtaining Nanoscale Light Spot
1.2 Near-Field Scanning Probe Method

In far-field optical systems, the optical resolving power is generally constrained
to half-wavelength, namely half-wavelength limit. This is because the high spa-
tial frequencies of objects are such that the waves become evanescent in the cer-
tain direction. If the evanescent waves containing fine structure information can
be used to illuminate the object, the resolving power of half-wavelength limit can
be overcome. The generation of evanescent wave is key to break through the Abbe
limit. In 1972, Ash and Nicholls [3] proposed a concept of the super-resolution
aperture scanning microscope, where one can fabricate a small aperture of radius
r,(r/4Z < 1) in a thin diaphragm, and the object information of a comparably
small area can be obtained only if the object is located very close to the aperture.
The super-resolution aperture scanning microscope is actually a primary con-
figuration for generating and obtaining the evanescent wave because the distance
between the aperture and object surface is smaller than A.

In order to observe smaller fine structure of objects, Betzig and Trautman [4]
proposed to establish the near-field optical microscopy where the irradiation wave-
length is in the visible light. The basic configuration is a near-field pinhole probe,
as shown in Fig. 1.1. Figure 1.1a is a schematic of the pinhole probe, where the
fiber probe is coated with an Al thin film, and an aperture with a diameter of far
smaller than incident light wavelength is at the apex of probe. The incident light
passes through the fiber probe, and a very small light dot is formed at the aperture
of the apex of the probe. The light dot size is determined by the aperture diameter
(also see Fig. 1.1b). The light dot is evanescent wave and decays exponentially
along the optical axis. In real applications, the distance between the light dot and
object needs to be remained in the near-field range of less than the light wave-
length, or else it is difficult to obtain a resolution below the diffraction limit.

(b)

Near field

Far field

Fig. 1.1 Near-field fiber probe, a schematic configuration, and b real fiber probe
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1.2.1 Aperture-Type Probe

In the configuration of near-field optical microscopy, the design and fabrication
of the near-field probe are critical. The aperture-type probe is one of the probes
that are most widely used. The aperture-type probe can be fabricated by heating
and subsequent pulling method. An alternative method is by wet chemical etching,
where bare optical fibers are dipped in an etchant solution to produce a taper with
a sharp endpoint. Generally speaking, the probe surface needs to be coated with
Al to create an aperture smaller than 100 nm. The advantages are follows: (1) the
probe sharpness can be reduced down to 20 nm; (2) the light is easily delivered to
the end of the probe; (3) the flat endpoint is beneficial in imaging; (4) the small
lateral dimensions of the probe results in a good access to corrugated samples.
However, some drawbacks are difficult to overcome, such as the grainy structures
on the aluminum coatings resulting in poor optical imaging, highly asymmet-
ric polarization behavior, pinholes at the taper region disturbing the polarization
behavior of the tip, and low optical throughput and brightness etc.

In order to improve the probe performance, Veerman et al. [5] developed
focused ion beam (FIB) fabrication method. The steps are as follows. (1) The
fiber tips are pulled with a fiber puller, and the tip sharpness determines the min-
imum obtainable aperture size of the finished probe. (2) The Al is deposited on
the probes using e-beam evaporation. It is noted that evaporation at an angle of
approximately 75° with respect to the probe axis creates an aperture, while evapo-
ration at an angle of 90° covers the entire fiber end. (3) The probes are then put
into the FIB machine. In the FIB machine, the Gallium ions are used to remove
a very thin slice of material from the tip end, which results in the formation of
flattened aperture. The aperture size can be tuned by simply changing the thick-
ness of the slice that is milled. Figure 1.2 shows images of two FIB-etched tips.
Figure 1.2a is a flat-end face and well-defined circular aperture with a diameter of
120(£5) nm, a much smaller aperture of about 35(%5) nm is fabricated by tuning
the slice thickness in Fig. 1.2b.

Fig. 1.2 The images of probes fabricated by FIB method, the aperture diameter of a 120 nm and
b 35 nm. Reprinted with permission from [5]. Copyright 1998, American Institute of Physics
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(a) (b)
Apertureless probe

Far-field light
illumination

Incident light
Total internal reflector

< Evanescent wave

Sample surface

Fig. 1.3 Configurations of apertureless-type metal probe, the sample is illuminated a by far-field
light, and b by an evanescent wave

1.2.2 Apertureless-Type Metal Probe [6]

An alternative to design the probe is a scattering-type tip operated in the aperture-
less configuration, where a sharp tip is illuminated by far-field light and scatters
the light field locally at tip apex. The tip apex actually acts as a local source, as
shown in Fig. 1.3a, where the relevant near-field light signal needs to be extracted
from a large background of unwanted light from the sample surface.

One can decrease the stray light by using lock-in detection method, where
the tip is vibrated at certain frequency, and the detected near-field light signal is
demodulated with a lock-in scheme. Another method to reduce the unwanted scat-
tered light is using evanescent wave illumination by total internal reflection tech-
nique, as shown in Fig. 1.3b, where the evanescent wave is generated over the
sample surface and scattered by the probe, and the scattered light is collected by
external optics. Apertureless-type metal probe can obtain much better resolution of
below 10 nm by concentrating light field close to the tip apex, and the resolution is
determined by the apex radius.

1.2.3 Tip-on-Aperture-Type Probe

For apertureless-type metal probes, the far-field illumination by a focused laser
beam exposes a large area around the tip apex, which causes some problems, such
as the generation of background scattering signal and large area bleaching for
fluorescence imaging. In order to solve these problems, Frey et al. [7] designed
and fabricated tip-on-aperture-type probe, where the light fields can be optimally
concentrated at tip apex by fully exciting localized surface plasmons or antenna
resonance effect. The tip-on-aperture-type probe combines the advantages of
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Fig. 1.4 Schematic of fabricating process of tip-on-aperture-type probe. a An electron-beam-
deposited tip is grown on the aperture of a metallized glass fiber probe in a scanning electronic
microscopy, b one-sided deposition of Al metalizes the tip and forms an elongated and reduced
aperture in tip shadow. Reprinted with permission from [7]. Copyright 2002, American Institute
of Physics

aperture and apertureless probes and achieves low background noise and high light
throughput as well as topographical resolution. The fabrication process of tip-on-
aperture-type probe is as follows.

(1) An optical single mode fiber is thinned in an etching solution.

(2) The fiber is etched in a fourfold diluted solution to reduce the diameter to
15 pm, which makes a 2 wm length sharp tip be obtained because the fiber
core is etched more slowly than the cladding.

(3) The tip is covered with Cr adhesion layer with several nanometers and
Au layer of about 200 nm due to good contrast in the scanning electron
microscope.

(4) An aperture can be generated by pressing the tip on a glass surface and moni-
toring the far-field light throughput.

(5) The tip is obtained by focusing the electron beam to the center of the aperture
for several seconds at 8 kV acceleration voltage, also see Fig. 1.4a.

(6) Cr thin film of 3.5 nm and A1 thin film of 33 nm are then sequencially depos-
ited on the probe surface by evaporation technique at 45° incidence angle
(also see Fig. 1.4b).

In this way, the electron-beam-deposited tip is metalized on one side, and the orig-
inal aperture is reduced to a small and elongated aperture left by the tip’s shadow,
resulting in an asymmetric tip—aperture arrangement. The position of the tip coin-
cides with one edge of the new aperture.

1.2.4 C-Aperture Encircled by Surface Corrugations
on a Metal Film [8]

As reported, the light throughput of the 60-nm circular aperture follows an expo-
nential decay with the distance from aperture due to evanescent wave effect.
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However, the light throughput of C-aperture is decreased quadratically, which
may be because the propagating wave contributes an improvement and delivers
the energy into several hundred nanometers. The light throughput can be further
increased by the C-aperture encircled by surface corrugations on a metal film
where surface plasmon resonance is excited. It is well known that surface plas-
mon resonance depends on the momentum and energy matching conditions among
the incident photon, grating vector, and surface plasmons. A surface corrugation
(such as groove) corresponds to lots of grating vector components. Thus, the sur-
face plasmon resonance can be excited as long as some of grating vector com-
ponents fulfill the matching condition and the light throughput can be enhanced
accordingly.

In principle, the energy of surface plasmon resonance is from two parts: one
is propagating components parallel to the metal surface, and the other is an expo-
nentially attenuated component perpendicular to the metal surface. Thus, the field
distribution of the surface plasmon resonance is extended in the x—y plane but
exponentially decayed in the z-direction. However, for C-aperture with and with-
out the surface corrugations, the propagating component is toward the z-direction,
which causes larger light throughput than circular aperture.

For C-aperture encircled by surface corrugations on a metal film, the light
throughput is further enhanced compared with the C-aperture, which suggests
that excited surface plasmon resonance coexists with propagating waves, i.e., the
so-called hybrid effect. In the hybrid effect, the incident light can support propa-
gating waves and generate the surface plasmon resonance, which results in con-
structive interference concomitantly. Chen et al. fabricated circular aperture, single
C-aperture, and groove-encircled C-aperture by a FIB (as schematically shown in
Fig. 1.5). They also calculated the hybrid effect and found that light throughput
contributed by the hybrid effect can reach 6.79, a factor of 3.88 times larger than
that obtained with the single C-aperture and 10° times larger than that obtained
with a 60-nm circular aperture. These results were also verified by near-field scan-
ning optical microscope.

Circular aperture Groove-encircled C-aperture

Fig. 1.5 Fabricated a circular aperture, b C-aperture, and ¢ groove-encircled C-aperture.
Reprinted with permission from [8]. Copyright 2006, Optical Society of America
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Fig. 1.6 Si-based nonlinear self-focusing probe by using As>S3 as nonliear materials. (The
pyramidal waveguide is filled with As,S3, and the magnification image presents a parabolic beam
shape caused by the self-focusing effect). Reprinted with permission from [9]. Copyright 2002,
American Institute of Physics

1.2.5 Nonlinear Self-focusing Probe

A good method to increase near-field intensity at the probe aperture is using a
type of material with a very high third-order nonlinear refraction coefficient and
small linear and nonlinear optical losses. Figure 1.6 gives the basic concept of
the Si-based nonlinear self-focusing aperture, where a parabolic shape beam with
large cone angle near the focus is developed according to the self-focusing effect.
Optical image is simulated by a theoretical calculation through the modified non-
paraxial model at 1.3 mW laser power. The self-focusing angle 6y, defined as the
refractive angle of the self-focusing effect, is dependent on the incident beam
power. If 67 is larger than the 6, where 0 is the angle of the Si (111) plane bound-
ary, then the self-focusing distance zr depends on the incident light power. The
optical loss region is minimized until the beam size becomes in the order of half-
wavelength, and the local effective near-field excitation can be achieved.

For As;S3, the self-focusing beam size could be in the order of half-wavelength
due to the large nonlinear refraction coefficient at the wavelength in the Urbach
tail region. Song et al. [9] took the As>S3 as the nonlinear material and fabricated
nonlinear self-focusing probe on the basis of Si microfabrication technique. This
is a very simple fabrication process without any geometrical change near the aper-
ture. The experimental results indicated that the light throughput of the near-field
aperture with an aperture diameter of 100 nm increases over 100 times compared
with conventional tapered fiber tips.

1.3 Solid Immersion Lens Method [10]

Solid immersion lens (SIL) is generally formed by grinding and fabricating the
transparent materials with high refractive index n. According to shape charac-
teristics, there is two type of SIL. One is semi-sphere-type SIL, and the other is
super semi-sphere SIL. Figure 1.7 presents the working principles. In Fig. 1.7a, the
focusing illustration of ordinary lens is given, where a collimated light beam passes
a lens and is focused into a diffraction-limited spot. The spot diameter is about

D ~ J/(ngsin0;) (1.1)



8 1 General Methods for Obtaining Nanoscale Light Spot

(a) (b)
l ! l F 5

Grinding surface

(c)

/' Grinding surface

‘w‘z 2]
el

Fig. 1.7 Principle of solid immersion lens, focusing a with ordinary lens, b semi-sphere-type
SIL, and ¢ super semi-sphere-type SIL

where ng sin ) = NA is the numerical aperture of lens, ng is refractive index of
medium, and 0 is maximum aperture half-angle of lens. X is light wavelength.
Figure 1.7b is a semi-sphere-type SIL. The light beam goes through the ordi-
nary lens and is focused onto the grinding surface of semi-sphere-type SIL. The
light wavelength inside the SIL is changed into Ay = A/n; thus, the spot diameter
onto the grinding surface of semi-sphere-type SIL is
As D

D ~ -
! ng sin 61 n (1.2)

Formula (1.2) indicates that the spot size is reduced down to 1/n times of ordinary
lens.

Figure 1.7c¢ is a super semi-sphere SIL, where the radius of the grinding sur-
face is (1 — 1/n), and r is the radius of sphere. The collimated light beam passes
through the ordinary lens and is refocused onto the grinding surface by the super
semi-sphere-type SIL. The focal point is also called as aplanatic foci. In super
semi-sphere-type SIL, the light wavelength is A; = A/n. The maximum aperture
half-angle is 6». Based on geometrical optics, one has sin 6, = nsin ;. Thus,

As A D

Dy ~ - - =
2 ngsin@, n-m-ngsin€;  n? (1.3)

Formula (1.3) tells us that the spot size is reduced down to 1/n? times of ordinary
lens. The reduction of spot size is very useful for improving the capacity of optical
memory. If the area density of optical memory is set to be €2, then

1
Q ooz = 2 ocnt (1.4)
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If one takes n = 2.5 of super semi-sphere SIL as an example, compared with ordi-
nary optical head (lens), the areal density is increased up to about 40 times.

1.4 Surface Plasmonic Lens

Surface plasmonic lens can be designed into different types. Here, concentric
ring grating-type plasmonic lens is introduced as an example. Figure 1.8a sche-
matically shows two-dimensional array of plasmonic lenses (4 x 2) fabricated
in a square lattice. The plasmonic lens consists of a nanoaperture surrounded by
15 through-rings on an aluminum film, where the aperture diameter, ring perio-
dicity, ring width, and aluminum layer thickness are 100, 250, 50, and 80 nm,
respectively. The plasmonic lens can obviously make the light become strong. For
example, if the light with a wavelength of 365 nm is incident onto the plasmonic
lens, the numerical simulation results show an intensity enhancement factor of 100
times and a focused spot of 80 nm. The spot size is obviously smaller than the
incident light wavelength, which indicates that the plasmonic lens can improve the
point spread function (PSF) of imaging or lithography system.

In order to generate high-throughput nanopatterning lithography using plas-
monic lens, Srituravanich et al. [11] adopted high-speed flying plasmonic lens
arrays, and the sample is placed on an air-bearing rotation stage, and the rotation
speed can reach up to 4-12 m/s. The plasmonic lens array enables parallel writ-
ing with high throughput. Figure 1.8b presents the schematic of high-throughput
maskless nanolithography using plasmonic lens array. The plasmonic lens array
is mounted on the flying head. The ultraviolet laser (A = 365 nm) is incident on
the plasmonic lens array and generates surface plasmons. The plasmonic lens then
concentrate surface plasmons into sub-100-nm spot in the near-field of the lens.
The sub-100-nm spot is directly coupled into the resist thin films to conduct nano-
lithography in the near-field range. The near-field range is generally maintained
at 20 nm between the plasmonic lens and the resist thin films. The smallest litho-
graphic line width obtained by the plasmonic lens can reach down to about 80 nm.

Ultraviolet
illumination

Lens

Plasmonic flying head
=Ll

B e

High — spee

Fig. 1.8 Schematics of surface plasmonic lens and lithography, a an array of plasmonic lenses,
and b schematics of high-throughput maskless nanolithography using plasmonic lens array head
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1.5 Stimulated Emission Depletion Fluorescence
Microscope Methods

Biologists need to have fine information images of cellular processes.
Unfortunately, due to the Abbe limit, two objects become indistinguishable if
the distance between them is close to the half-wavelength. One can improve the
resolution using short-wavelength laser or electron beam. The problem with the
approaches 1is that the higher energy associated with short-wavelength photon
and electron tends to require a vacuum and kill cells, which cannot be applied for
observing dynamic process or living cells. The microscope using laser-induced
fluorescence as light source is a good tool for resolving objects about 200 nm
apart. Usually, one calls the microscope as biological fluorescence microscope,
because the fluorescence labeling is used here, which is different from the conven-
tional light imaging techniques.

In 1994, Hell and Wichmann [12] proposed stimulated emission depletion
(STED) microscope. Compared with other super-resolution fluorescence micros-
copy techniques, its unique feature is that it is a purely optical method that does
not require any mathematical manipulation or image processing.

The basic idea of STED microscopy is to improve the PSF (Point Spread
Function). In addition to the conventional laser beam that excites the fluorophores,
a donut-shaped depletion laser beam is used to de-excite the peripheral fluores-
cence through stimulated emission, and thus, only fluorescence emission from the
sub-diffraction-limited center is left out to be recorded. In other words, the res-
olution enhancement is essentially based on switching off the fluorescence mol-
ecules of stimulated emission using intense laser light in the outer region of the
diffraction-limited excitation spot. This intense irradiation causes almost all of the
excited molecules to return to the ground state, leaving only the region which is
close to the center of the excitation spot. Fluorescence from the remaining excited
dye molecules is then detected and used to form the high-resolution images.

Figure 1.9 presents the schematic of the basic principle of STED microscope.
In Fig. 1.9a, a short pulse laser beam spot, called as stimulation light with a wave-
length of 405 nm, irradiates onto the fluorescence labeling materials. For the fluo-
rescence molecules in the spot, the electrons in Sp band of ground state are excited
to ST band of the first excitation state. The electrons quickly jump to the lowest
energy band Sp of the first excitation state in the form of vibrational relaxation.
Another hollow circular laser beam spot (called as STED light) with a wavelength
of 635 nm, which has a long wavelength compared with the stimulation light,
depletes excited state fluorescence molecules in the marginal area of stimulation
light spot. Therefore, the electrons in the S; state return to the S band of ground
state and then vibrationally relaxes to the So band of the ground state, as shown in
Fig. 1.9b. The resulting spots are schematically given in Fig. 1.9c, where the blue
is stimulation spot, and the red is hollow circular STED spot. The combination of
stimulation spot and STED spot causes the formation of a very small fluorescence
spot marked in green.
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Fig. 1.9 Schematic of the (a) Dielectric Dielectric Sample
STED principle, a optical Detector mirror Mirror  Lens
setup, b energy band
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For STED microscope, the small green fluorescence spot is actually PSF. One
can use the green fluorescence spot to scan the sample and generate high resolving
image. Compared with the stimulation and STED light spots, the green fluores-
cence spot is greatly reduced, and thus, the PSF is improved. The laternal resolu-
tion size of the green fluorescence spot can be calculated as

)
X =
2NA /T F Inax/Tsat (15

where NA is numerical aperture of imaging lens, Imax is the maximum focusing
intensity of STED light, and I, is the saturation intensity. One can define the satu-
ration factor & = Inax/Isa. Formula (1.5) indicates that Ax — 0 at £ — o0; thus,
STED resolution is theoretically unlimited by indefinitely increasing the deple-
tion laser power. In order to improve the resolution, one can also reduce the Igy.
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The Iy is inversely proportional to lifetime tg, and cross section of stimula-
tion emission oy, of fluorescence molecules. Therefore, one can use the fluores-
cence labeling materials with long lifetime and large cross section of stimulation
emission.
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Chapter 2
Third-Order Nonlinear Effects

2.1 Introduction

The book focuses on utilizing the third-order nonlinear effects (including
nonlinear absorption and refraction) to break the diffraction limit and form super-
resolution nanoscale spot. In this chapter, let us give a brief introduction to the
characteristics of the third-order effects.

When a light beam with a frequency of w is incident on the isotropic nonlinear
medium, the nonlinear effect occurs, and the second-order nonlinear susceptibility
x @ can be neglectable. The whole polarization is expressed as [1]

PIE@] =PV +PY =[xV + 31V E@FP]E@ @)

where PV and P® the linear and third-order nonlinear polarization. ¥ and x®
are the linear and third-order nonlinear susceptibility, respectively. The polariza-
tions are marked into the real and imaginary parts as follows

PO = P bl 2
P® = p 1 ip® 22

The x 1V and x @ can be also marked into real and imaginary parts as follows

noo.od
X = Xl(es) * lXI(; (2.3)
2@ = 1 +ix® :

where X1(e1) and Xl(e3) are real part and directly related with the refraction. Xl(l) and

X7~ are imaginary parts and related with absorption.
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2.2 Nonlinear Refraction

For isotropic (homogeneous) materials, the nonlinear refraction can be con-
sidered to be from a four-wave interaction and the third-order nonlinearity is
mainly field dependent. Accordingly, the nonlinear polarization is written as
POE(w)] = 3eox,(eg)|E(w)|2E(w). Assuming that the refractive index is meas-
ured using a single laser beam method, such as single beam z-scan technique, the
four-order and higher terms can be neglectable. Then, the total polarization of the
material system is

PRIE@)] = P’ + PR = 01" + 35 |E@)PE(@) = eoxiE(@) 2.4

where x ,(Q]) is the real part of linear susceptibility. Here, one defines the effective

susceptibility as x°ff = Xféﬁ +1i X,eff, where the Xfeﬁ and X,eff are the real and imagi-
nary parts of effective susceptibility, respectively. According to formula (2.4), the

X Igff is written as

a8 =1k + xR IE@) 2.5)
with
XRIE@) = 3% |E@)I? 2.6)

If all of the nonlinear susceptibility is thought to be effective susceptibility, one
can obtain

3 3
KR VE@)” ~ xg” [E@))? 2.7
The electric displacement vector is

D=¢E+P=c¢p [1 + X}(al) + X,(g3)|E(w)|2}E(a)) (2.8)

Based on D = €E, the total permittivity is

e = e[ 1+ 1" + 1 IE@)] (2.9)

The relative permittivity is

€ 1 3
Er:a=1+X1(a)+X](e)lE(w)|2 (2.10)

The refractive index is defined as

n=/enr (2.11)
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where ., is relative permeability and generally equals to 1 for non-magnetic mate-
rials. Thus

n=e (2.12)
Substituting formula (2.10) into formula (2.12), one has

n= \/1 + )+ 1 E@))? (2.13)
The linear refractive index is defined as
=1+ (2.14)

Thus, formula (2.13) is rewritten as

1
3) 272
|4 KR AZOT |E2(a))| ] 2.15)

n=ny
n
0

Generally, the XI(QS) |E(w)|? /n% term is much smaller than 1. Using the Taylor series

expansion, the formula (2.15) can be expressed as

X(3)
n = ny+ 2L |E() (2.16)
2ng

Generally, the refractive index can also be written as
n=ng+ An=ng+ yl (2.17)

where An is the third-order nonlinear susceptibility-induced refractive index
change and y is nonlinear refraction coefficient. I is light intensity and can be
defined as

VEr€Q

1= (E(w,0?) (2.18)

where v = c/ng is light speed in the medium. E(a), t) is time-dependent optical
field, and €, ~ n%, thus

1 ~
I~ Zéocny (E(w,1)?) (2.19)

If the optical field is of the form [2]
E(w,1) = E(w) exp (—iwt) + c.c., (2.20)

one has
(E(w, %) = 2E(0)E*(0) = 2|E(w)[* 2.21)

According to formulas (2.19) and (2.21), one has
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Table 2.1 Typical values of y and response time for linearly polarized light [2]

Mechanism y(m? /W) Response time (s)
Electronic polarization ~ 10720 ~ 1071
Molecular orientation ~ 1018 ~ 10712
Electrostriction ~10~18 ~107°

Saturated atomic absorption ~ 10~ ~ 1078

Thermal effects ~ 10710 ~ 1073
Photorefractive effects® Large Intensity

dependent

4 The photorefractive effect can cause large nonlinear effect, which cannot usually be described
with nonlinear susceptibility x @ (or y). The nonlinear polarization process of the photorefractive
effect is not the same as the other physical mechanisms listed

E(w)|* = I (2.22)

€pCny
Substituting formula (2.22) into formula (2.16), one obtains

3)

XR
I 2.23
2eqcn} 23)

n~ng-+

Based on formulas (2.17) and (2.23), the nonlinear refraction coefficient is written as

&
= 2.24
v 2eqcn} 24

According to formula (2.24), one can obtain y value. The different physical mecha-
nisms can cause different y values. The typical y value and response time are listed in
Table 2.1. In formula (2.24), y < 0 corresponds to self-defocusing effect and y > 0
can lead to self-focusing effect. The self-focusing effect can generate the nanoscale
spot, which is very useful for nanolithography and high-resolving light imaging, etc.

2.3 Nonlinear Absorption

Similar to the real part of polarization, the imaginary part of polarization is
1 3 . 1 3
PlE@)] = P + P =ieo [ 3" + 1V E@P]E@)  23)

For isotropic medium, on the basis of the slowly varying-envelope approximation,
one has

dE . iw
dz ~ 2egcng

(2.26)

Substituting formulas (2.22) and (2.25) into formula (2.26), one has
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9 o[22 1 )E (2.27)
dz 2eng ! 2€0c2nd ! ‘

One defines the following

o o Ao w (1) w 3)
_ = — _— = I
2 2 + 2 2cng Xi 2e0c2n} X1 (2.28)

From the formula (2.28), the formula (2.27) is rewritten as

dE_ g 2.29
dz 2 (2.29)
So
o
E(W) = Eoexp (—3L) (2.30)
where L is medium thickness. The intensity decaying accordingly is
I(L) = Ipe™*L (2.31)
Thus,
1
{ Ly (232)
_ o (3) .
Ao = €oc2n? x T

Thus, « is defined as linear absorption coefficient, and A« is nonlinearity-induced
intensity-dependent absorption coefficient change and is

Aa = pI (2.33)
where B is nonlinear absorption coefficient and is
60 3
p=—5x1" (2.34)
€ocony

For some materials, such as semiconductors, B < 0 is saturation absorption, and
B > 0 means reverse saturation absorption or multi-photon absorption.

As described in formula (2.31), the light goes through the nonlinear materials,
and the intensity changes with the traveling distance z inside the materials. The
intensity decaying process can be rewritten as

ol

— = —aol — BI?
5, = ol =B (2.35)

The exiting light intensity from the materials is [3]

_ Iy exp(—agL)
7 1+ BloLesr (2.36)
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with
1 —exp(—agL)
L= L exp(-aol)
0

For g — 0, the linear absorption of materials is neglectable, and the third-order
nonlinear absorption is dominant. In this case, exp (—aoL) ~ (1 — apL), thus
Legr ~ L. Based on formula (2.36), the exiting light intensity becomes
Iy
14 BIhL
An alternative way to obtain the exiting light intensity is through the formula
(2.35) with g = 0, which yields

(2.38)

e

o _ —BI? (2.39)
0z
Formula (2.38) can be solved by the separation of variables, which yields
I(z) = N (2.40)
1+ Bloz

Formula (2.40) is consistent with formula (2.38) and can be used to calculate the
light spot intensity profile after passing through the nonlinear absorption materials
with weak linear absorption characteristics (eg — 0).

The nonlinear refraction can induce self-focusing super-resolution effect (for
y > 0), and the nonlinear absorption can lead to the generation of aperture-type
super-resolution effect (for § < 0), or subwavelength energy absorption region
(for B > 0), which can be applied to the nanolithography and nanoscale optical
data storage, etc.
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Chapter 3
Characterization Methods for Nonlinear
Absorption and Refraction Coefficients

3.1 Introduction

There are lots of methods for measuring the nonlinear refraction and absorption
coefficients of materials. The z-scan is one of the most simplest and sensitive meth-
ods and has been well developed since Sheik-Bahae et al. [1, 2] gave the principle
and experimental setup, such as time-resolved z-scan [3], beam dimension meas-
urement z-scan [4] two-beam multi-functional z-scan [5, 6]. In this chapter, the
basic theory of z-scan method is introduced, and some issues for measurement of
semi-transparent samples and thin films are pointed out. The improved z-scan sche-
matics are presented, and the data processing methods are described accordingly.

3.2 Theory and Setup of Basic z-scan Method

3.2.1 Description of Basic Principle

In a basic z-scan setup, a collimated laser beam is focused through a lens, and
the sample is scanned along the z-axis (optical axis) through the focus (as shown
in Fig. 3.1). If there is nonlinearity in the sample, the light intensity at different
z-scan position either increases or decreases depending on the positive or negative
sign of the nonlinearity. The recorded z-scan curves are compared with the theoret-
ically determined fitting curves, and the nonlinear index is subsequently extracted.

In z-scan measurement, the nonlinear refraction and absorption coefficients can be
determined. For nonlinear refraction coefficient measurement, an aperture is placed
in front of the detector to measure the transmitted light intensity. The sample display-
ing nonlinear refraction acts as a lens with variable focal length as it is moved along
the optical axis (z-axis). Assuming that the sample thickness is less than the diffrac-
tion length (also named as Rayleigh length zp) of the incident laser beam, the sample
exhibits negligible nonlinear effect when it is far from the focus due to the low light
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Fig. 3.1 The basic z-scan Lens Focus
1

setup Detector

Aperture

Laser device Sample |

+z

intensity. For positive nonlinear refraction, the sample acts as a positive (or called
as convex) lens diverging the light beam and shifting the beam waist as the sam-
ple is moved toward the focus, which causes a large spot at the aperture. The effect
increases as the sample is moved to the focus because the light intensity increases;
thus, a minimum transmittance occurs when the sample is just in front of the focus.
The transmittance minimum (valley) moves to a maximum (peak) as the sample is
moved further and the light beam becomes collimating as a result of the convex lens-
ing by the sample (as shown in Fig. 3.2). The transmittance will return to the linear
value as the sample is moved further far from the focus. For the sample possing a
negative nonlinear refraction, the transmittance change is inverted.

However, in most cases, the nonlinear refraction occurs usually in conjunction
with nonlinear absorption, which means the data of closed-aperture mode z-scan
measurement contain both nonlinear refraction and nonlinear absorption. In order to
exclude the nonlinear refraction, the aperture in front of the detector shown in Fig. 3.1
ought to be removed, which is called as open-aperture mode z-scan. The transmit-
tance curve obtained in open-aperture mode z-scan measurement is independent on
nonlinear refraction, and only dependent on nonlinear absorption. For positive non-
linear absorption, the curve forms a valley curve that is symmetric around the focus
(shown in Fig. 3.3a), and a peak curve that is also symmetric around the focus can be
generated for negative nonlinear absorption (shown in Fig. 3.3b). The pure nonlinear
refraction curve can usually be obtained through dividing the data of closed-aperture
mode (as shown in Fig. 3.3c) by those of open-aperture mode (shown in Fig. 3.3d).

Fig. 3.2 Typical closed- I
aperture mode z-scan curves
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Fig. 3.3 The typical z-scan measurement curves. Open-aperture mode z-scan curve a for posi-

tive nonlinear absorption and b for negative nonlinear absorption; ¢ closed-aperture mode z-scan
curve, and d pure nonlinear refraction curve obtained through dividing of ¢ by a

3.2.2 Data Analysis for z-scan Curves [1]

3.2.2.1 Nonlinear Refraction

In z-scan experiment, a TEMgy mode Gaussian laser beam with an electric field
E;(z,r,t) is incident on the sample and induces a phase shift A¢(z, r,t) inside the
sample due to nonlinear refraction. The incident electric filed is written as

wo
— €X
w(z)

r2 ikr? .
Ei(z,r,t) = Ep(t) p [ ] exp [—ip(z,1)] 3.1)

w2(z)  2R()

where k = 27 /2 is the wave vector, and 4 is the laser wavelength. w(z) and R(z)
are sample position z-dependent beam radius and the radius of curvature of the
wavefront, respectively.

2
Z

w@)=wi| 1+ 5 (3.2)
20

Z2
Rz =z 1+ -
20 (3.3)
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with
20 = kw}/2 (3.4)

E(?) contains the temporal envelope of laser pulse and denotes the electric field at the
center of beam waist position. For z-scan measurement, only the radial phase variation
Ag(r)is concerned; hence, exp [—i¢(z, t)] can be ignored in the data analysis.

Under the irradiation of laser beam, the refraction index of sample is expressed as

n
n=no+72|E|2=no+y1=no+An 3.5)

where ng is the linear index of refraction, and / denotes the irradiance intensity
(MKS) of the laser beam within the sample. ny and y are related through the con-
version formula

(esu) cno m? 36
mesu) = —y | —
2 207"\ W (36)
where ¢ (m/s) is the speed of light in vacuum, and W is laser power unit of Watt.
The basic assumption conditions for data processing need to be considered as
follows:

1. The sample is thin enough that the changes in beam diameter within the sample
due to either diffraction or nonlinear refraction are negligible. In this case, the
self-refraction process is referred to as “external self-action.” For linear refrac-
tion, this implies that L < zg, where L is sample thickness, while for nonlinear
refraction, L < zo/A¢ (0), which is automatically met since A¢(0) is small in
most experiments. Thus, L < zg is more restrictive than it needs to be for linear
refraction, and it is sufficient to replace it with L < zg.

2. Fresnel reflection losses from sample are usually ignored such that, for exam-
ple, Io(?) is thought to be the irradiance within the sample.

3. The far-field condition for aperture plane Lgyr—field > 2o needs to be satisfied,
where Ly fielq 18 the traveling distance of exiting electric field from sample
surface to the aperture plane.

The assumptions simplify the problems considerably; in slowly varying envelope
approximation (SVEA), the changes of intensity and phase of the electric field
inside the sample are expressed by the following differential formula

w — An(Dk 3.7)
dz
=0 (3.8)

where 7' is the propagation depth within the sample. a([), in general, includes lin-
ear and nonlinear absorption terms; here, it should be noted that z’ should not be
confused with the sample position z.
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If the nonlinear absorption is negligible, a phase shift A¢(z, r, t) formed by the
nonlinear refraction at the exiting surface of sample is

2r2
Ap(z,r,1) = A¢o(z, 1) exp [_Wz(z)} 3.9
with
_ ADy(1)
A‘PO(ZJ) - 1+ % (310)
20

where A®(¢) is the on-axis phase shift at the beam waist position and defined as

A®(1) = kAng(t)Les (3.11)
with
1— —aoL
(o40]
Ang(1) = ylo(1) (3.13)

where o is linear absorption coefficient, and /y(f) is the on-axis intensity at the
focus (r = z = 0). The complex electric field at the exiting surface of the sample
containing the nonlinear phase distortion is

E(z,r,1) = Ei(z,r,1) exp (—aoL/2) exp [iA¢p(z, 1, 1)] (3.14)

The far-field light beam pattern at the aperture plane can be obtained using the
Huygens principle by conducting a zeroth-order Hankel transformation of
E.(z,r,t). To simplify the calculation, the Gaussian decomposition (GD) approach
is implemented by Sheik-Bahae et al. [1].

If only small phase changes are considered, the E.(z,r,t) is decomposed into
a summation of Gaussian beams through a Taylor series expansion of nonlinear
phase term as follows

> {[iA¢o<z,r>]’" [ 2mr2”
—,—¢Xp (3.15)

exp [iAg(z,r,1)] = Z m! w2(2)

m=0

Each Gaussian beam travels individually to the aperture plane where they are
resumed to reconstruct the beam. Considering the initial beam curvature for the
incident-focused beam, the resultant electric field pattern E,(z,r,t) at the aperture
is as

L\ <= [ [iAdo(z, DI Wi 2 ikr?
Ey(ert) = Ei(or = 0.0)exp (,1) ) {Muexp (,LZ _ ke Hgm)}
Wiy m

2 m! w,
m=0 m
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Setting g = 1 + d/R(z), the remaining parameters in formula (3.16) are written as

w2y = ;;255)1 (3.17)
W = Wing (g2 + j;) (3.18)
g -1
Rmzd(l _g2+d2/dg,> (3.19)
O = tan"! <d/:’"> (3.20)
dy = szfm) (3.21)

The transmitted laser power Pr[A®(#)] through the aperture is obtained by spa-
tially integrating E,(z,r,t) of formula (3.16) up to the aperture radius r, and can
be calculated as

Fa
Pr[A®((1)] = ceonom { |Ea(z, 7, 1) |*rdr (3.22)

with €q the permittivity of vacuum, the normalized z-scan transmittance is

IR PrIAD()]dr
T(z) = Sff£ Prn)dt (3.23)
with
2
Pit) = ”WOTIO“) (3.24)
2r2
S=1—exp (_wg) (3.25)

where P;(¢) is the instantaneous incident laser power (inside the sample), S is the
linear transmittance through the aperture, and w,, is the beam radius at the aperture
plane. Formula (3.23) tells us that for a given A®y, the magnitude and shape of
T (z) are independent on the geometry and the light wavelength.

In the experimental setup, the aperture size S is important since large aper-
ture reduces the variations of 7'(z). For a very large or no aperture (S = 1), the
variations of 7'(z) do not occur and 7'(z) = 1 and thus cannot reflect the nonlinear
refraction signal.
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To simplify the analysis, an easily measurable quantity ATp_y is defined as the
difference between normalized peak and valley transmittances. ATp_y is a func-
tion of |A®y| and linear dependence on a specific aperture size, and independent
of the geometry and laser wavelength. In the accuracy range of 2 %, the depend-
ence can be expressed as

ATp_y ~ 0.406(1 — Y0P |APy| for |ADPo| <7 (3.26)

One can extend the analysis to the transient effects induced by the laser pulse
using a time-averaged refraction index change (Ang (7)),

Loy Ano(DIo(t)dt

A =
(Anp (1)) == Iotdr

(3.27)

Considering that the nonlinearity has an instantaneous response, for a temporally
Gaussian pulse, (Ang(#)) can be simplified as

(Ang(1)) = Ang/V2 (3.28)

where Any is the on-axis peak value change of refractive index at focus.

All these formulas are derived by analyzing the third-order nonlinearity. The
higher-order nonlinearities can be also conducted in a similar way. Taking a fifth-
order nonlinearity x® as an example, where x® can occur in semiconductors
due to charge of carriers generated through two-photon absorption, the nonlinear
refraction change is accordingly represented as

An = n[z (3.29)

Following the same steps, a formula, similar to the third-order nonlinearity, can be
achieved for the fifth-order nonlinearity

_ efzoloL

1
ATp_y ~021(1 — $)*P|ADy|, ADy = knlz(T) (3.30)
0

3.2.2.2 Nonlinear Absorption

In general, the nonlinear refraction is companied with nonlinear absorption, which
can be expressed by the third-order complex susceptibility

3 3) , ..
XD =xe +ix” (3.31)
with the relations to nonlinear refraction and nonlinear absorption coefficients

xS = 2ndeocy (3.32)

2 2
nna€pC
1 == p (3.33)



26 3 Characterization Methods for Nonlinear Absorption and Refraction Coefficients

where w is frequency of incident laser beam, 8 the nonlinear absorption coeffi-
cient. For nonlinear sample, under the laser irradiation, the absorption coefficient
is written as

a(l) =ao+ Bl (3.34)

The z-scan measurement can be also used to determine B if the aperture of Fig. 3.1
is removed, which is called as open-aperture mode z-scan. The graph of transmit-
tance versus sample position is symmetric around the focus.

Under the condition of considering the nonlinear absorption, the solutions of
differential formulas (3.7) and (3.8) yield the irradiation intensity distribution and
phase shift of the laser beam at the exiting surface of sample as follows

I(z,r,t)exp(—al)

le(rt) = = = (3.35)
Ap(z,r.1) = kg In [1+4q(z,r,1)] (3.36)

with
q(z,r 1) = BILest (3.37)

For nonlinear absorption, the aperture is removed in z-scan measurement, which
causes the normalized z-scan curve to be insensitive to nonlinear refraction, and
the normalized z-scan curve is only a function of the nonlinear absorption. The
total transmitted power in that case (S = 1) can be obtained by spatially integrat-
ing formula 3.35) without the free-space propagation process. Integrating formula
(3.35) at position z over r, the transmitted power is:

In [1+qo(z,1)]

P(z,t) = Pi(t)exp (—alL) (3.38)
qo(z,1)
with
go(z. 1) = PROWLet 3.39
’ 1+22/22 (3.39)

where P;(t) has been defined in formula (3.24). For temporally Gaussian pulse, the
formula (3.38) can be time-averaged integrating to get normalized energy trans-
mittance as

1 +oo g2
Tiz,S=1) = S In [1 +q0(z,0)e }dr (3.40)

V7 q0(2,0) —oo
For|gp| < 1, the formula (3.40) can be simplified as

> [—q0z.0)]"
T(S = ])ZZW (3.41)

m=0
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The nonlinear absorption coefficient 8 can be determined unambiguously by fit-
ting the normalized transmittance curve from open-aperture mode z-scan meas-
urement. The nonlinear refraction coefficient y can be directly obtained through
fitting the pure nonlinear refraction transmittance curve, which can usually be
obtained through dividing the data of closed-aperture mode z-scan data by those of
open-aperture mode z-scan data.

3.3 Generation and Elimination of Pseudo-nonlinearity in
z-scan Measurement

Generally speaking, in the case of pure linear absorption, for ideal Gaussian
beams, i.e., within the near-axis approximation, the light intensity should remain
constant during the z-scan, which is a well-known basic principle for z-scan meas-
urement. However, it is demonstrated the existence of pseudo-nonlinear absorption
in z-scan measurements even for samples of pure linear absorption due to the inci-
dent angle change [7]. The shape of the discovered pseudo-nonlinear absorption
curves appears to be similar to that of the nonlinear absorption curves of the open-
aperture z-scan measurement. The false nonlinearities may be recorded especially
for converging lenses with a relatively large numerical aperture.

3.3.1 Incident Angle as a Function of z-scan Position

In a practical z-scan measurement, a collimated laser beam is focused by a con-
verging lens with an angular semi-aperture of 6y. The light beam traveling along
the z-axis is shown in Fig. 3.4. The angular semi-aperture 6y is only determined
by the lens. The incident angle is 6; = 6y when the sample is located far from the
beam waist position (position 1 in Fig. 3.4a). The incident angle 6; decreases with
the sample movement from position 1 to position 2 along the optical z-scan axis
(Fig. 3.4b). The incident angle reaches 6; = 0 when the sample moves to the beam
waist position (focus) (position 3 in Fig. 3.4c¢).

The change of light beam radius w(z) with sample position z obeys the hyper-
bolic formula,

2 2

w(z) z
-5 =1 (3.42)

wo )

The dependence of the incident angle 6; on the sample position z can be directly
obtained from the derivative of formula (3.42),

A

Z
2+ 2TV (3.43)

ow(z)

6; = arctan [ } = arctan
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Formula (3.43) shows that the 9; changes with sample position z. At z =0, §; =0,
which corresponds to the beam waist position (position 3 in Fig. 3.4c), and at
z — 400, 6; = 6y, which corresponds to the angular semi-aperture (position 1 in
Fig. 3.4a). Figure 3.5 shows an example that the incident angle 6; changes with
the sample position z. In the z-scan process from z — —oo to z = 0, the incident
angle decreases from 6; = 6y = 11.5° to 6; = 0 and then increases from 6; = 0 to
6; = 6y = 11.5° when the sample position changes from z = 0 to z — +o0.

The beam waist radius wg and angular semi-aperture 6y change with the numer-
ical aperture (NA) of the lens, and 6y can be calculated as:

0o = arcsin (NA /fenviron) (3.44)

where nenviron 18 refractive index of environment, and #nepviron = 1 because the
z-scan is usually carried out in an atmospheric environment. Formula (3.44) indi-
cates that 0y increases with NA, which means that in z-scan measurement, 6
becomes large if the lens with a large NA is used.
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~— 1 . 7-scan
Position1 -2z 2z=0 +z L
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b s
(b) Position 2 . -
! Tangent line
Opticalaxis | " —=—— || z-axis
i
z-scan L
-z z=0 +z
(c) Detector
Tangent line Fosition3 -
‘ =
06~=0 :
Optical axis " Ty Z-axis
il AR RS S R N e [ AR
§
-l—-i-—!- Z-scan -

-z z=0 +z

Fig. 3.4 Schematic of a z-scan measurement, sample position a far away from focal point,
b close to focal point, and ¢ at focal point
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3.3.2 Dependence of Transmittance on Incident and
Polarization Azimuth Angles

It is known that from the textbook, the transmittance and reflectance of sample
are dependent on the incident and polarization azimuth angles. For the polariza-
tion, two special cases of s- and p-polarizations are taken into account. Figure 3.6
shows the schematic of the transmission and reflection when a laser beam irradi-
ates onto the sample surface. Note in passing that although the whole laser beam
is generalized as a Gaussian beam with a propagation direction along the optical
axis, i.e., in perpendicular to the sample surface, the field components of the beam
remain vectors and the polarization of each component can always be decomposed
into s- and p-polarizations according to the local surface and the inputting direc-
tion of the component, i.e., the polarization azimuth angles. Figure 3.6a shows
the p-polarization incident light, where the electric vector of the incident light E ﬁl)
is parallel to the incident plane, and Fig. 3.6b shows the s-polarization incident
light, where the electric vector of the incident light Eﬁ) is perpendicular to the
incident plane. In the general case of an incident electric field with a polarization
azimuth angle a, it is always possible to decompose the field E® into s-polariza-
tion and p-polarization components, as schematically shown in Fig. 3.6¢c, such that
Eﬁl) = ED cosa, Eﬁ) = EDsing.

The light is incident from medium 1 with a refractive index of n; to medium 2
with a refractive index of ny. The Poynting vectors of incident and refraction light
are marked as s@ and s, respectively. The incident and refraction angles are 6;
and 6, respectively. The refraction angle can be calculated as

ni sin 9,'

0; = arcsin —— (3.45)
ny
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(b)

Fig. 3.6 Schematic of transmission. a p-polarization incident, b s-polarization incident, and ¢ any
polarization azimuth angle incident

and the electric field of the transmitted light can be expressed as:

" _ 2n; cos 6; (@)
EII — nycosf; + ny cosB,EII
E(t) . 2n1 cos b; (i)
1L 7 nycos®; +nycosf, L

(3.46)

The horizontal component of the transmittance, defined as the ratio of the horizon-
tal component of the transmitted light intensity to the horizontal component of the
incident light intensity, then is,

2

E(t)
np cos 6, |~ 4niny cos ; cos 6;

16 ni cos b; Eﬁi)|2 (n1 cos 6; + ny cos 6;)? (347)

The vertical component of the transmittance, defined as the ratio of the vertical
component of the transmitted light intensity to the vertical component of the inci-
dent light intensity, can be written as,

E®
nycos6; [FL 4n1ny cos 6; cos b;

T (6) = =
L) ny cos b; Ejf) 2 (nycost; + nycosby)? (3.48)

2
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Finally, the total transmittance can be calculated by
T(0;,a) = T (6;) cos” a 4 T, (6;) sin® (3.49)

Figure 3.7 shows that the calculated transmittance is dependent on the incident
angle for light with a given polarization azimuth angle. For o = 0, the trans-
mittance increases with the incident angle at 6; < 56°40". The transmittance is
1 at ; = 56°40’, and then decreases with the incident angle at 6; > 56°40’. For
a < 45° the transmittance initially increases to a certain value and then decreases
with the incident angle. For o > 45°, the transmittance always decreases with the
incident angle.

3.3.3 Incident Angle Change-Induced Pseudo-nonlinear
Absorption

In z-scan measurement, the sample is moved between the —z and +z positions.
For open-aperture mode z-scan, the Fourier transform of the amplitude of incident
beam [from formula (3.1)] is called as the spatial spectrum E;(z, f), where f is the
spatial frequency [8]:

“+0o0 o
Ef(z,r) = S Ei(z.f) exp (i2nfr)df (3.50)

where Ef(z, r) is the amplitude of electric field of incident beam. The exp(i2nfr)
can be interpreted as a plane wave traveling in a direction that lies in the r — z
plane, making an angle 6; with the z-axis such that

9.

f=sing (3.51)
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The E{(z, r) can be also obtained by taking the real part of formula (3.1) as follows

2

a wo r
Ef(z,r) = Ep @) exp {— 72 (Z)} (3.52)

According to formulas (3.50) and (3.52), the corresponding spatial spectrum of
incident light at the waist w(z) is

Ei(z.f) = V/mEgwo exp {— [nw(z)f]z} (3.53)

The amplitude part of the transmission function depends sensitively on the inci-
dent angle 6; of the various plane wave components and polarization azimuth angle
«. The transmitted electric field E® (z, r, &) can be expressed as

+oo .
Ei@ra) = | Ei(zf ) expi2nfr)df (3.54)

The transmitted light intensity ) (z, r, &) can be written as follows
Li(z,r,0) = E(z,r,) X Ef(z,r, &) (3.55)

The actually detected light transmittance is an integration along the radial coor-
dinate r. Finally, the normalized z-scan transmittance curve through the sample
(such as glass substrate) can be approximately obtained by spatially integrating
Ity (z, 1, a), giving

Pi(z.o)  [e™ Lz r,a)rdr

T(Z, CV) = Pl(z) - IS—OO Ii(Z’ r)rdr

(3.56)

where P; is the incident power and P; is the transmitted power. According to for-
mula (3.1), the incident laser beam intensity I; = E x E* can be written as:

w(z) 2r2
Ii(z,r) =1y V2@ exp W20 (3.57)

with
A

3.3.4 Calculated Pseudo-nonlinear Absorption Curves

3.3.4.1 Pseudo-nonlinear Absorption Curves Induced by
Changes of Incident Angle

Figure 3.8 shows the calculated pseudo-nonlinear absorption z-scan curves.
Figure 3.8a is, for @ = 90° (s-polarization), a peak configuration of this z-scan,
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Fig. 3.8 Calculated result of 7'(Z) for @ = 90°, 90° using A = 633 nm, np = 1, n; = 1.5, and
NA = 0.9,0.8,0.65,0.45, as well as 0.09: a s-polarization and b p-polarization

which is indicative of nonlinear saturation absorption characteristic, and the maxi-
mum transmittance variation increases with increased NA. Figure 3.8b is, for
o = 0° (p-polarization), a valley configuration, which is indicative of nonlinear
reverse saturation absorption characteristic, and the maximum transmittance vari-
ation also increases with an increased NA. Both Fig. 3.8a, b show that the pseudo-
nonlinear absorption becomes substantial when NA increases.

3.3.4.2 Pseudo-nonlinear Absorption Curves Induced by Changes of
Polarization Angle

According to formula (3.56), the polarization azimuth angle also has an important
effect on the normalized transmittance, which causes pseudo-nonlinear absorp-
tion characteristics in the z-scan measurement. Figure 3.9 shows that the change
of the polarization azimuth angle leads to pseudo-nonlinear absorption curves.
Figure 3.9a, b show the results for NA of 0.90 and 0.45, respectively. The result
for the NA of 0.09 is shown in Fig. 3.9c. Figure 3.9a shows that for NA = 0.90
when the polarization azimuth angles are o = 0°, 35°, 45°, 60°, and 90°, the maxi-
mum transmittance variations are 2.72, 1.79, 0.075, 1.35, 3.49 and 5.7 %, respec-
tively. Figure 3.9a shows that NA = 0.45, when the polarization azimuth angles
are o = 0°, 20°, 35°, 45°, 60°, and 90°, the maximum transmittance variations are
0.6, 0.31, 0.02 0.18, 0.42 and 0.55 %, respectively. For NA= 0.09, the maximum
variation in the transmittance is less than 0.02 %, as shown in Fig. 3.9c. Figure 3.9
also shows that the peak and valley configurations of the z-scan curves are indica-
tive of transformation from pseudo-nonlinear saturation absorption to pseudo-non-
linear reverse saturation absorption due to different polarization azimuth angles.

Figure 3.9 indicates that for a fixed lens NA, the incident light beam with a crit-
ical polarization azimuth angle critica] can minimize or eliminate the interference
of the pseudo-nonlinear absorption on the experimental results. Figure 3.10 shows
the dependence of acritical on the NA. At NA = 0.10, dcritical = 45.2°. ®critical
decreases with increased NA and o/ritical = 36.2° at NA = 0.90.
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3.3.5 Reduction or Elimination of Pseudo-nonlinear
Absorption

Figures 3.8, 3.9 and 3.10 also indicate that the pseudo-nonlinear absorption effect
can be reduced or avoided by choosing the incident light beam with a critical
polarization azimuth angle or using a lens with a low NA in z-scan measurement.
In order to verify these, an open-aperture mode z-scan setup is established. In this
setup, the cw Ar* laser beam with a wavelength of 488 nm is used as the light
source, a half-wave plate is adopted to change the laser beam polarization azimuth
angle, and the angular semi-aperture is tuned by the lens with different NA.

The experimental results are shown in Fig. 3.11 where a 0.6 mm-thickness BK7
glass slice sample is examined. Figure 3.11a depicts the results of polarization
azimuth angle o« = 90° where the three cases of NA = 0.09, 0.45 and 0.65 are
presented, respectively. The experimental curves are indicative of nonlinear satura-
tion absorption characteristics. The pseudo-nonlinear absorption is so small that
changes of the transmittance are not significant when NA is not more than 0.09.
The maximum variation of the transmittance increases with increased NA and can
reach 0.36 and 0.57 % for NA = 0.45 and 0.65, respectively.

Figure 3.11b shows the experimental data for NA = 0.45, and the maximum
transmittance variations are 0.36 and 0.47 % for s-polarization (¢ = 90°) and
p-polarization (o« = 0°), respectively. In the z-scan measurement, the glass slice
sample moves along the optical axis, the normalized transmittance curves slowly
increase especially in the range of Rayleigh length, the normalized transmittance
can basically remain unchanged, and the calculated curve shows a platform. In
addition, the polarization angle can be adjusted to the corresponding critical angle
to eliminate the influence of pseudo-nonlinear absorption. A half-wave plate is
used to tune the critical polarization azimuth angle ocitical = 43°; the results
are presented in curve marked with black square symbol in Fig. 3.11b, and the
pseudo-nonlinear absorption becomes very small and can be ignored.
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Fig. 3.11 Normalized z-scan transmittance of BK7 glass sample measured using cw laser with
A =488nm. a o = 90°, NA = 0.09,0.45,0.65, b o = 90°,43°,0° NA = 0.45
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The change of the incident angle in the z-scan measurement can cause the
pseudo-nonlinear absorption, and the significance of the effects depends on the
NA of the lens. When the laser is focused by a lens with a large NA, the interfer-
ence of the pseudo-nonlinear absorption due to the incident angle change cannot
be ignored. If a lens with a low NA is used, the error induced by the pseudo-non-
linear absorption is negligible. For an incident laser beam focused by a lens with
a large NA, the polarization azimuth angle of the incident light can be adjusted
to the corresponding critical angle to eliminate the influence of pseudo-nonlinear
absorption.

3.4 Eliminating the Influence from Reflection Loss on
z-scan Measurement

3.4.1 Fresnel Reflection Loss in the z-scan Measurement

In z-scan measurement, when optical nonlinear refraction and absorption coeffi-
cients are small enough the Fresnel reflection losses can be neglected. However,
the Fresnel reflection loss is significant and cannot be neglected for some sam-
ples, such as the nanofilms or strong nonlinear materials. If there are significant
nonlinear absorption and refraction, the effective incident light intensity e within
the sample at different z-scan position is no longer a constant, but is a function
of sample position z, and the incident light intensity within the sample should be
expressed as Ieg(z). For a typical z-scan configuration as shown in Fig. 3.12, a
collimated Gaussian laser beam with electric field intensity E; is used as the light

Beam splitter  Lens 2 SamPIe Sam!}!e
z1 position 22 position

Incident
field £
2e——>+2
Ei,h, R E2, I, R2 A
m=not+yh n2=not+ porie
ar=auvt+fh co=cntfh
Lens 1
Detector 1

Fig. 3.12 The conventional configuration of z-scan setup (Ej electric field, /; intensity, Ry reflec-
tion, nj refractive index, ap absorption coefficient at position zy; E5 electric field, I, intensity, Ry
reflection, n; refractive index, o absorption coefficient at position Z). Reprinted from Ref. [9],
Copyright 2013, with permission from Elsevier
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source. The light beam is split into two parts by a beam splitter, one is focused
onto detector 1 to monitor the beam power stability, and the other is focused by
lens 2 to function as nonlinear z-scan measurement light beam. The sample is
z-scanned along the optical axis near the focus point. The light beam through the
sample is fully collected by detector 2 for nonlinear absorption measurement, and
nonlinear refraction is measured by placing an aperture at the front of detector 2.

However, there is large surface reflection for certain kind of samples, and
the Fresnel surface reflection loss is different at different position z at the z-scan
measurement, resulting from the laser beam-induced nonlinear absorption and
nonlinear refraction within the sample. For example, when the sample z-scans to
position zj, the incident laser beam intensity is /;. The laser beam radius and the
electric field intensity are marked as r; and Ej, respectively. The refractive index
ny = ng + yI;, and absorption coefficient o1 = «¢ + BI; accordingly. The Fresnel
reflection loss is marked as Rj. However, when the sample z-scans to position z,
the incident laser intensity becomes /I because the laser beam radius is rp, and
r1 # rp leads to I = Ip. At position zp, the laser beam-induced refractive index and
absorption coefficient are ny = ng + yl, and ar = o + Blo, respectively. The
Fresnel reflection loss R, at position z» is different with the R at position z; that
is, R» = Rp because ny = ny and oy # 1. Therefore, the Fresnel reflection loss
at the z-scan measurement cannot be ignored because the reflection loss is not a
constant, but is a function of position z, that is R(z). Here, two kinds of samples
are analyzed, one is thin samples, and the other is thin films with a thickness of
nanoscale, which is named as nanofilms.

3.4.2 The Case of Thin Samples

3.4.2.1 Theoretical Model for Characterization of Nonlinear
Refraction and Absorption

For thin samples, the thickness is small enough that change of the beam diam-
eter within the sample due to either diffraction or nonlinear refraction can be
neglected. The sample is considered to be “thin” sample, in which case the self-
refraction process is referred to as “external self-action.”

When the sample moves to position z, the effective laser intensity inside the
sample should be a function of z and is set to be I¢r(z). Both the induced refractive
index n and absorption coefficient « are also the functions of position z and can be
expressed as

n(z) = no + yle(z) (3.59)

a(z) = ag + Bletr(z) (3.60)

The Fresnel reflection loss can be considered to be from two respects. One
is induced by the internal multi-interference effect for the thin sample with a
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thickness of L <~ 4.65/«a, the “very thin” samples are called as the nanofilms.
This case will be analyzed in the next section. The other is from the surface (or
interface) reflection, the samples are called as “thin samples.” The internal multi-
interference effect is negligible if the sample thickness is L >~ 4.65/«, based
on the textbook of Born and Wolf [10]. For example, for the film sample with an
absorption coefficient ¢ = 4 x 10’m~L, the film thickness should meet the condi-
tion of L > 120 nm if the internal multi-interference effect needs to be ignored.
The reflection loss from sample surface at position z can be calculated as

2
() — 117+ [%2]
R@) =

- (3.61)
[n(z) + 11> + [%}

At position z, the effective laser intensity lef(z) is key to characterize the induced
n(z) and a(z). The effective laser beam intensity can be calculated as

Legt(z,r) = [1 = R(2)] x I;(z, 1) (3.62)
Substituting formula (3.57) into formula (3.62), I.g(z, r) can be calculated as
Lit(zr) = [1 — Rz, )] x 4 1 "0 e [ 2
) r)= - 0 r — A .
eff(Z z 03 @) L @ (3.63)

Based on the formulas (3.61)—(3.63), one can see that it is difficult to extract the
Letr(z) as an explicit function. The R(z) can be approximately calculated using
Igr—(z) instead of the I.g(z), where IL—(z) is the effective intensity inside the
sample placed at the position z_, and z_ is defined as the previous position close to
position z. Thus,

Lz r) ~ [1 = R_(z_,r)] x {1 L [_2#]
eff(Z, 1) = —(z—,r 0 z(z)ep w2 (@) (3.64)

w
with

2
{[no+ yletr_(z, 1] — 1}2 + [W]

N )
{[”0 + vilett_ (2, r)] + 1}2 + [W]

R _(z—,r) = (3.65)

For thin samples with a thickness zo >> L > 4.65/«, the slowly varying envelope
approximation (SVEA) can be adopted. All phase changes are neglected because
the transmitted light intensity is concerned. The effective laser intensity inside the
sample I.r(z) decays exponentially along the optical axis z-direction as

dlogs(z, v
% = —alefr(z, 1) (3.66)
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The intensity at the exiting surface of the sample can be calculated as

Lege(z, 1) exp(—apL)
1.(z,r) = .
<) 1 + BLettletr(z,7) (3.67)

where Legr is the effective sample thickness, which is calculated as

1 —exp(—agL)
Lefr = -t (3.68)
@0
The total transmitted light intensity (i.e., open-aperture mode z-scan S = 1) can
be obtained by spatially integrating formula (3.67). The normalized transmitted
Z-scan curve is

Letr (2, —agL
7[5 Lo yrdr ST SRy rdr

T(iz,S=1) = = = 1+ BLetlerr o)
7w fo o Li(z,r)rdr S Toexp (—irzz)rdr
0
+00 lefr(z,r) exp(—agL)
_ 0T N et " (3.69)

Lo
The normalized open-aperture mode reflected z-scan curve is
7[5 1 = Rz nyrdr [¥11 = R@)Mi(z, r)rdr
- 172
T f{{"" Ioexp (- 3:;) rdr glowg (3.70)
0

R(z,S=1) =

In order to obtain the nonlinear absorption coefficient 8 and nonlinear refraction
coefficient y, the z-scan measurement data are processed by the following steps.

1. The open-aperture mode reflected z-scan measurement is performed to obtain the
R(2) curve experimentally. The measured R(z) curve is theoretically determined by
both the nonlinear refraction coefficient y and nonlinear absorption coefficient .

2. According to the measured R(z) curve, the effective laser intensity
Lge(= [1 — R(2)]I;) inside the sample is calculated by formula (3.63).

3. The open-aperture mode transmitted z-scan measurement is then carried out to
obtain 7(z) curve experimentally.

4. The measured 7(z) is fitted by formula (3.69) and I.g, the nonlinear absorption
coefficient B can be firstly obtained.

5. The measured open-aperture mode reflected z-scan curve is fitted by the for-
mula (3.70) and given B value, and the nonlinear refraction coefficient y is
finally determined.

3.4.2.2 Experimental Data Fitting

In order to verify the theoretical analysis, an experimental measurement system
with open-aperture mode reflected and transmitted z-scan measurements is estab-
lished. Figure 3.13 describes the schematics.
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Fig. 3.13 Experimental measurement setup. The reflected light is collected by detector 4. (To
avoid the reflected spot size changes drastically with the z-scan movement, the reflected light
collection unit, which includes BS2, lens 4, and detector 4, synchronously conducts z-scan move-
ment with the sample, where BS is beam splitter.) Reprinted from Ref. [9], Copyright 2013, with
permission from Elsevier

In this measurement system, a laser beam with a wavelength of 405 nm is used
as the incident light source, and the incident light is divided into two beams. One
small beam is focused into detector 1 to monitor the power stability. The other
beam is converged to the sample by the lens 2. The sample is placed at the stepper
motor to scan along the optical axis z-direction. The light passes through the sam-
ple to induce the nonlinear refraction and absorption, which is called as transmitted
z-scan measurement. The transmitted light is divided into two parts by a beam split-
ter, one is totally collected as the open-aperture mode transmitted z-scan measure-
ment, and the other is centrally collected as the closed-aperture mode transmitted
z-scan measurement. The reflected light from the sample surface is also collected to
be used as open-aperture mode reflected z-scan measurement. Finally, all collected
signals are put into computer and conducted the data fitting process.

An In-doped Sb thin film is taken as an example, where the In-doped Sb thin
film is generally used as active layer of the nonlinear optical information. The
experimental results of both open-aperture mode transmitted and reflected z-scan
measurements are shown in Fig. 3.14, where a 30 nm-thickness In-doped Sb
deposited on glass substrate is examined.

Figure 3.14a depicts the open-aperture mode transmitted z-scan data at the
total irradiation power of 6.2 mW, and Fig. 3.14b gives the open-aperture mode
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Fig. 3.14 The experimental results of nonlinear z-scan measurement. a Normalized open-aper-
ture mode transmitted z-scan curves. 8 = —5.3 x 1072 m/W is obtained by theoretical fitting. b
Normalized open-aperture mode reflected z-scan curves. y = —1.0 x 1072 m?/W is obtained by

theoretical fitting. Reprinted from Ref. [9], Copyright 2013, with permission from Elsevier

reflected z-scan date. Firstly, R(z) is experimentally obtained from the Fig. 3.14b.
Secondly, the effective laser intensity inside the sample is calculated accord-
ing to R(z) and formula (3.63). Thirdly, the Fig. 3.14a is fitted with the red curve
based on Ief(z, r) and formula (3.67), and the nonlinear absorption coefficient
B = —5.3 x 1072m/W is obtained. Finally, the Fig. 3.14b is fitted with the red
curve based on the given g value and formula (3.70), and the nonlinear refraction
coefficient is y = —1.0 x 1072 m?/W. Figure 3.14 shows that the fitting curves
are very consistent with the measurement curves, which indicates that the theo-
retical model and experimental measurement system are reasonable and feasible in
the real application.

3.4.3 The Case of Nanofilm Samples

3.4.3.1 Theoretical Model

For a very thin sample with a thickness L < ~4.65/«, the Fresnel reflection loss
is mainly determined by the internal multi-interference effect. The exiting electric
field should be written as

Ee(z,r) = Ei(z,n)i(z, r) exp {—i[Ap(z, )]} (3.71)

where 7(z, r) is the complex transmission coefficient of the incident electric field
due to internal multi-interference, and A¢(z,r) is the phase variation of the lens-
like phase aperture induced by the nonlinear refraction. A¢(z,r) is written as,
again

4y Py

22
Abr) = 7o o (1~ exp(—eD)] exp [_Wz_(z)} (3.72)
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with Pg denoting the laser irradiation power. In general, for z-scan samples, the
thin films are directly deposited on substrates. Therefore, a z-scan sample can be
modeled as a two-interface layered system. The transmission for a two-interface
layered system in normal incidence is

2z (@) exp |Gz L

(z,r) = yo— (3.73)
L+ 2z, sz exp |47z, 1L |
with
oz, r) = —24
’ n'szf(g(rz)’r)
@) = et
_ n—ar) (3.74)
ri2(z,r) = W
n\z,r)—n
3@ = 5en s
and
n(z,r) = n(z,r) + iK(z,r) (3.75)
A
K(z,7r) = —al(z,r) (3.76)
4

where n; and ny are marked as the refractive index of air medium and substrate,
respectively. The inclusion of the complex refractive index, the local nonlinear
absorption, and the multi-interference in formula (3.71) enable us to calculate the
exiting field distribution rigorously for nanofilm samples. The schematic of the
exiting electric field is depicted in Fig. 3.15 [11]. Figure 3.15a, b illustrate that the
internal multi-interference causes both intensity and phase variations in the exit-
ing electric field and consequently brings about a distortion in the exiting elec-
tric field. Figure 3.15¢ shows the phase shift of the lens-like phase aperture that is
induced by the Gaussian-like intensity profile of the incident light beam, which is
also considered in general z-scan theory. In this case, the local refractive index as
well as the local absorption coefficient becomes a function of the light intensity.
Since the intensity varies with the sample position, the nonlinear refraction and
nonlinear absorption cause variant transmittance.

Finally, the transmitted light is collected by a detection system at a distance L
away from the sample. At each point of the entrance pupil, the field is a superposi-
tion of the irradiated field from each point of the exiting field distribution on the
sample surface.

Assuming there is a circular detector, the field at a point s from the center on
the detection plane with the Fresnel-Kirchhoff diffraction integral (the geometri-
cal relation is shown in Fig. 3.16) is [12]
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Fig. 3.15 Schematic showing that the electric field is modified by the nonlinear nanofilm sam-
ples in a electric field amplitude, b phase of complex transmission due to internal multi-interfer-
ence, and ¢ phase shift of the lens-like phase aperture

-2
i 1 L exp (lTLz)
EDetection (2, §) = _E (— + —)Ee(z, r)L—zrdrdfﬂ (3.77)

j 0021
gg 2 2D

with

L, = \/L% + (rcosg — )2 + (rsin )2 (3.78)
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Fig. 3.16 The geometrical relation in the Fresnel-Kirchhoff diffraction integral

For circular detector of radius R,, the total collected light power is

Rq
P(@) =27 [ |Epeccion z. 5)|2sds (3.79)
3.4.3.2 Numerical Simulation

The numerical tests are conducted by taking into account the multi-inter-
ference. As an example, the simulation parameters are chosen as follows:
y =5x 10710 m2/W, P =500 mW, wo = 5 pm, A = 532 nm, g = 4 x107 m~!,
B=1x10""m/W, nogo=2,Li =05m,n; =1, n3 =15, and R, = 0.2 mm.
The numerical results of the simulation are presented in Figs. 3.17 and 3.18 [11].
Figure 3.17 presents three group of curves with respect to the focal point at the
smallest beam size wy. In Fig. 3.17a, the amplitude of the transmission 1(z=0,r)
is computed for a set of film thickness. The transmission is not a constant and
changes with the radial coordinate r. The relative variation becomes increasingly
significant when the thickness decreases. In Fig. 3.17b, c, the phase shifts are pre-
sented. Figure 3.17c contains the phase shift of the lens-like phase aperture, which
is usually considered in conventional z-scan theory, whereas Fig. 3.17b contains
the extra phase change due to the internal multi-interference. In light of the numer-
ical test in Fig. 3.17, one expects that the effects from multi-interference and non-
linear absorption change the exiting electric field significantly.

The complete z-scan fitting curve is then obtained, and the results are pre-
sented in Fig. 3.18a. In Fig. 3.18a, the black solid line represents the fitting curve
obtained with the present model calculation. The two principal contributions to
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Fig. 3.17 Complex transmission and lens-like phase shift in radial direction for film thickness
from 10 to 100 nm: a electric field amplitude, b phase of complex transmission due to internal
multi-interference, and ¢ phase shift of the lens-like phase aperture

the fitting curve are from the phase shift and the complex transmission. In order
to have a better understanding and comparison, the phase shift contribution
curve is plotted with the intensity scale x 1074, i.e., the right-hand side y-axis in
Fig. 3.18a, while the complex transmission contribution is plotted with the inten-
sity scale x 1079, i.e., the left-hand side y-axis in Fig. 3.18a.

Note that the phase shift contribution curve in Fig. 3.18a actually represents
the fitting curve in previous z-scan calculation in which the transmission is usually
assumed to be constant. Therefore, the curves in Fig. 3.18a provide a direct compari-
son between the present model and the conventional z-scan calculation. One realizes
that the fitting curve from the present model calculation deviates significantly from the
curve of conventional z-scan theory, both in magnitude and in shape, and the reason
for the deviation stems from the inclusion of the internal multi-interference and non-
linear absorption into the complex transmission. In order to have a close look at the
fitting curves and make an analysis on the stability of the numerical process, the fitting
curves of Fig. 3.18a are amplified by a factor of 10, i.e., the discrete step in the numer-
ical process is changed from dz = 0.05 to dz = 0.005. The amplified curves are pre-
sented in Fig. 3.18b. One can see that the numerical process appears to be stable near
the focal area. Therefore, provided enough discrete points are taken in the area, the
numerical integrations in formulas (3.77) and (3.79) are well convergent and stable.
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the complex transmission and the lens-like phase shift (conventional z-scan) contribution, b 10
times amplified view of the fitting curve in a, ¢ the complex transmission curve as well as the
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Furthermore, within the complex transmission curve, there are contributions
from the amplitude variation and the phase change. In order to further identify
these two contributions, additional numerical calculations for the same fitting
curve are given in Fig. 3.18c, it is clear that both terms contribute significantly to
the fitting curve. In light of the numerical results in Fig. 3.18, one concludes that
the effects of multi-interference and nonlinear absorption do indeed change the
exiting electric field significantly for nanofilms. One notices that some small oscil-

lations occur in the curves of Fig. 3.18. The oscillations stem from three sources
in the formulas: (1) the exp [ 2’}%)} term in the incident Gaussian wave in formula

(3.1); (2) the phase aperture A¢(z,r) in formula (3.71) and (3.72); and (3) the
axial dependence of the beam size w(z) = woy/1 + 72/ z(z).

3.5 Influence of Feedback Light on z-scan Measurement

The laser device is one of the critical components, and the stability of laser power is
very important to accurately get the nonlinear index. Generally speaking, the gas laser
devices are stable compared with the solid-state laser devices and semiconductor laser
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diode (LD) devices; thus, the gas laser devices are generally adopted in z-scan setup.
However, in recent years, with the development of semiconductor technology, the
semiconductor laser devices and semiconductor laser pump solid-state laser devices
have been widely applied in the z-scan experiments because of small size, compact-
ness, long service life, cheapness, and being modulated and integrated.

In z-scan measurement, the optical beam is normally incident on the sample
surface, which causes the reflected light from sample surface to go back to the
resonant cavity of LD. The output stability of LD is very sensitive to the feedback
light; thus, the feedback light leads to the instability of the laser output [13, 14]
and has an ill-effect on the accurate testing of the nonlinear index. That is, the
laser is also reflected back to LD inevitably, which causes the instability of laser
power. The instability causes a bad influence on the z-scan measurement. It is well
known that the feedback light from sample surface, which is called as external
cavity feedback, can increase the reflectivity of LD inner cavity surface [15, 16],
reduce the output coupling, and thus result in lower output power [17]. In z-scan
measurement, the feedback light has large influence on nonlinear index measure-
ment results because the intensity changes as the sample moves along the z-axis.

3.5.1 Influence of Feedback Light on Semiconductor Laser
Devices [18]

3.5.1.1 Inner Cavity Characteristics of Laser Devices

Inside LD, the medium junction interface forms a Fabry—Perot (F-P) resonator
with two cleavage planes whose reflectivities are R and Ry, respectively, as shown
in Fig. 3.19. Py is laser power from cleavage plane R;, and P is the laser power
reflected by cleavage plane R,. The F-P resonator can be considered as an inner
cavity of LD. The light reflected back and forth inside the inner cavity is ampli-
fied, which causes the laser output with a power of P,.

In inner cavity, the light energy loss includes free-carrier absorption loss oy,
diffraction loss agifr, and the output end loss ar = (1/21) In[1/(R{R»)], where [ is
the length of the F—P resonator. The total loss « is:

1
o = af + agiff Foar =g+ — In —— 3.80
e i T2 RiR, (3.80)
Fig. 3.19 Inner cavity R, R,
scheme of LD
——— PI P:
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A 4
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where ag = of + agifr. When the balance between gain and loss is reached, the
threshold gain g, equals to the threshold loss, which can be written as:

1 1
= —1
&th = a0 + 2 IIR]R2

The threshold current is proportional to the threshold gain, Iy, = C’gg, and the out-
put power P, of LD can be written as follows:

(3.81)

&th Lin 1

c cI ,
Py=(0—-R)—(U—1Ipn)=(0—-R) ( — C) (3.82)
a0+ 57 In g

where C and C’ are constants only related with semiconductor LD itself, and I is
the injected current. Formula (3.8) shows that the output power of LD is positive
proportional to the injected current /, and there is laser output only when I > I,.

3.5.1.2 Influence of External Feedback Light on Output
Characteristics of Laser Devices

In real applications of LD, there is usually external feedback light into LD, and
the feedback light inevitably has an influence on the output stability of LD.
Figure 3.20 gives the schematics of influence of external feedback light on LD
output power, where the external feedback light path can be considered as external
cavity. In Fig. 3.20a, R3 is reflectivity of external cavity output mirror. P, and P)
are the laser powers irradiating on and reflected from external cavity mirror R3,
respectively. Generally speaking, the length of the inner cavity / is in submillim-
eter magnitude while the external cavity length Lex is in decimeter magnitude, thus
the inner cavity length / can be ignored compared with external cavity length L.
According to the Fresnel reflection, one can get [17]:

Py =RyP1 + (1 — Ry)P) (3.83)
Py = (1 —R2)P| + Ry P (3.84)
Py = R3P; (3.85)

In order to simplify the analysis, the inner cavity and external cavity can be combined
into an effective internal LD structure, which is presented in Fig. 3.20b, where the
effective reflectivity Refr of the output plane of internal LD structure can be written as:

P/l Ry + Ry — 2RyR3

R = b = == — ==
Py 1 —RyR;3

Figure 3.21a gives the dependences of Refr on Ry and R3. When R» is close to 1, Refr

basically remains unchanged with R3. However, when R; is much smaller than 1, R3
has much influence on Refr, and the larger the R3 is, the faster the growth rate of Refr is

(3.86)
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Fig. 3.20 Schematic of far-field external cavity feedback influence on LD. a Detailed external
feedback structure, and b effective internal LD structure [18]
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Replacing R, of formula (3.81) with Ref, the threshold gain g, of effective
internal LD structure can be obtained as follows:
1 1 —RyR3

gth =0 +1n —

Ri Ry + R3 — 2RyR3 (3.87)

One can see from formula (3.87) that the threshold gain gy, is actually determined
by R» and R3. R; is fixed for a given LD, and R3 is the reflectivity of the exter-
nal cavity. Thus, the external cavity characteristic has an important effect on the
threshold gain gg,. Substituting formula (3.87) into formula (3.82), one can get the
influence of external cavity feedback light on the laser output of LD as follows,

Cl

1 1—RyR3
Ri Ry + R3 — 2R>R3

P,=(0—-Rp) - C

i (3.88)

Figure 3.21b gives the dependence of output power P, on the reflectivity Rz of
external cavity output mirror according to formula (3.88). It can be seen that, in
order to get a stable output of LD, one needs to decrease R3 as much as possible
in experiment.
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3.5.1.3 Dynamic Characteristics of External Feedback in z-scan
Measurement

In z-scan measurement, the sample always moves along the optical axis.
Figure 3.1 gives the scheme of traditional z-scan measurement, where the incident
light is from LD and irradiates on the sample after passing through the lens. The
sample moves near the focal plane of the lens from —z to +z direction along the
optical axis, where —z and +z means that the sample is on the left and right side
of the focal plane, respectively. When the sample moves along the optical axis, the
nonlinearity of the sample causes the change of light propagation. Thus, the power
detected by the detector varies with sample position z and the nonlinear index can
be calculated accordingly. However, in the measurement, some part of the incident
light is reflected back to LD by the sample, which causes the instability of LD.
The intensity of reflected light into LD changes with sample position z.

Figure 3.22 gives an illustration of the reflected light change with the sample posi-
tion z, where the propagation locus of the edge line of the laser beam is schematically

Apert
(a) i b Lens f Focal planc
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wo} I
T D // \ bt
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i, P [k o
2> +2
(b) Aperture Sample
b Lens Focal plane
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——= Incident light to sample +y
-z —> 4z
~e—— Reflected light from sample 0

Fig. 3.22 Geometric simplification of laser propagation at different sample position, sample a
before the focal plane, b on the focal plane, and c¢ after the focal plane [18]
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presented while sample moves along the z-direction. wy is the aperture radius of LD,
b is the distance from LD to the lens, f is the focal length of the lens, and z is the
distance between sample and the focal plane of lens. In z scan measurement, if the
sample is on the focal plane, as shown in Fig. 3.22b, all reflected light from sam-
ple should be collected by the lens and go through the LD aperture and back to LD.
However, if the sample is on the left of focal plane (that is, —z direction), only par-
tial reflected light goes back to LD because of the limited aperture size of LD, as
shown in Fig. 3.22a. If the sample situates on the right side of the focal plane (that is,
+z-direction), the reflected light is focused before entering LD, similar to Fig. 3.22a,
only part of the reflected light goes back to LD, as shown in Fig. 3.22c.

In z-scan measurement, a collimated Gaussian laser beam is emitted from the
LD, and the electric field intensity is written as:

2
E(r) = Eyexp <—;2> (3.89)

0

where E is the electric field amplitude at » = 0. wq is the beam radius, which is
the same as the aperture radius of LD. By complex mathematical operation, the
reflected beam radius in LD plane can be written as:

_ 2w <b_f(f+2|z|))

D= fT|Z| 20 (3.90)

Integrating the laser intensity from the center to aperture radius wy, the laser power
actually reflected back into LD Prefect i:
2w2
0
1 —exp (— 2 )

Substituting formula (3.90) into formula (3.91), one can get,

4
Prefiect = lﬂW%E(% I —exp|— o (3.92)
2 [2bz —f(f +22)1

(3.91)

2 2
wy "o 1
Prefiect = 271E(%D—g g exp <—>rdr = Enw%E(%

Formula (3.92) shows that the power of reflected light into LD changes with the
sample position z. The dependence of Prefiect ON sample position z can be seen by
taking b = 500 nm and f = 12 mm as an example. Figure 3.23 presents the nor-
malized power Prefiect Of reflected light into LD. The Pregect dramatically changes
when the sample moves backward and forward near the focal plane.

According to Fig. 3.20, in the z-scan, the sample can be considered as an
external feedback mirror, and the reflectivity is R3. Thus, Preflect = R3Pin, where
P, = (1/2)nw(2)E§ is incident light power regardless of propagation energy loss.
From formula (3.92), one can get

o)
Ry=1—exp| — 3
[2bz — f(f + 22)] (3.93)
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Formula (3.93) indicates that the R3 changes with the sample position z. According
to formula (3.86), one can use the effective reflectivity Regr to analyze feedback
light influence on the z-scan measurement.

3.5.1.4 Feedback Influence on Laser Device Output in z-scan
Measurement

In z-scan measurement, the incident light is reflected back to LD by the sample,
and the reflected light intensity is a function of sample position z, which causes
the instability of LD and induces pseudo-nonlinearity effect. In order to monitor
the instability of LD and detect the pseudo-nonlinearity effect, three detectors are
put into the optical path of traditional z-scan setup (shown in Fig. 3.24). Detector
1 is used to collect the feedback light from sample, detector 2 is used to detect the
noise, and detector 3 collects the transmitted light through the sample.

In the experiment, LD laser beam with a wavelength of 658 nm is used as
light source in z-scan setup, a BK7 glass of about 1 mm thickness is used as the
sample. It is well known that BK7 glass has no nonlinearity at low power irra-
diation. However, in open-aperture mode z-scan experiment, the reflected light R3
from BK7 glass presents false nonlinear saturation absorption effect, as shown in
Fig. 3.25, where zp is the Rayleigh length of the lens. Ppgise from LD output power
is almost consistent with R3; thus, one can see that the LD output is unstable and is
a function of sample position z. The change tendency of Rz and Ppise With sample
position z is similar to that of Pregec in Fig. 3.23. It indicates that the instability of
LD is closely related with external cavity reflectivity R3, and the feedback light
from sample causes LD to become unstable. The larger the external cavity reflec-
tivity R3 is, the larger the reflectivity Ref is, and the larger the LD instability is.

Besides, Fig. 3.26a gives the change Ppqise With sample position z at different
LD output power P. It is found that the lower the LD output power, the larger the
feedback light intensity is. The Ppoise €ven goes up to 260 % when LD power is
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0.522 mW. One further plots the dependence of Ppjse On the laser power of LD, as
shown in Fig. 3.26b, the Py decreases exponentially with LD power increasing,
that is, the influence of feedback light on LD output instability can be ignored
when LD power exceeds to certain value, which is useful for eliminating the
reflected light influence on LD in z-scan measurement.

3.5.2 Elimination of Feedback Light Influence on z-scan
Measurement

Both theoretical analysis and experimental data show that, in z-scan measurement,
the feedback light from sample inevitably has a large influence on nonlinearity
measurement, which can induce pseudo-nonlinearity effect. Thus, some experi-
mental methods should be taken to decrease and eliminate the feedback light influ-
ence on z-scan measurement.

3.5.2.1 Decreasing Feedback Light Influence by Adding an Attenuator
in z-scan Setup

Figure 3.26b shows that the influence of feedback light on LD output instability
can be reduced and ignored when the LD power exceeds to certain value; thus in
the z-scan setup, one can place an attenuator after the LD, as shown in Fig. 3.27.
Figure 3.28 gives a detailed illustration, where R; and R; are the reflectivity
of cleavage plane 1 and cleavage plane 2, respectively. Ry and Ry are reflectiv-
ity of attenuator and sample, respectively. The attenuator is a critical element for
decreasing the feedback light because of its distinctive advantages. Assuming
that the reflectivity of attenuator is Ry = 0.9, the reflectivity of sample Ry = 0.3,
and the nonlinearity excitation power of sample is required to be P. Regardless of
energy loss, the LD output should be set to be P. When there is without attenua-
tor, the feedback light entering LD is 0.3P, that is, about 30 % light energy goes
back to LD. While when there is an attenuator, the LD output power should be set
to be 10P due to Ry = 0.9; thus, transmittance T, = 0.1, and the feedback light
going into LD should be 0.03P, that is, only about 0.3 % light energy is back to

LD Attenuator Beam Splitter

Sample
expander

Lens

Detector 3, Tz-scan

Detector 1, R3 Detector 2, Puoise

Fig. 3.27 z-scan setup with attenuator
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Fig. 3.28 Detailed illustration of effective LD output with an attenuator [18]

LD. By Comparison, one can see that the attenuator can reduce the feedback light
to only 1 % that of without attenuator. Besides, as shown in Fig. 3.26b, the larger
the LD output power is, the less the influence from feedback light on LD is, thus
placing an attenuator can decrease the ill-influence from feedback light in z-scan
measurement.

In Fig. 3.28, LD and the attenuator can be considered as a new F-P resonator
with an effective cavity end reflectivity Reff;, as shown in the blue dashed box.
According to formula (3.86), the effective cavity end reflectivity can be written as:

Ry + Rat — 2RoRayt
Refr1 1~ RyRu (3.94)
According to Fig. 3.20, taking Ry into consideration, the new F-P resonator and
the sample together make up a new effective internal LD structure with a reflectiv-
ity Refr2, as shown in the red dashed box of the Fig. 3.28. Replacing R, R3 by Reff1
and Ry, respectively, in formula (3.86) the reflectivity of new effective internal LD
structure is,

Reta = Ry + Rawt + Ry — 2RyRa — 2RoRs — 2Ry R + 3RoRau R (3.95)
¢ 1 — RyRyy — RoRs — RauRy + 2RoRauRs '

Figure 3.29a presents the dependence of Refr» on the sample reflectivity Ry at
Ry = 0.3. One can see that for a fixed R, the larger the Ry is, the more stable the
Refrr becomes. That is, the stability of LD can be improved by placing an attenu-
ator after LD. If Ry = 0.9, the R is almost unchanged at Ry < 0.5, which is
easily met in z-scan because the sample is generally transparent or semi-transpar-
ent. It means that the external feedback influence caused by sample can be greatly
reduced or even ignored in z-scan measurement.

According to formula (3.88), the output power P of the new effective internal
LD structure can be written as:

cI )
Py=10=Rets))| ———— —C

1 1
a0+ 5 In gros (3.96)
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Fig. 3.29 Relations of Ref and P, with different attenuation in z-scan when R, = 0.3. a Dependence
of Refr on R3 and b dependence of P> on z position [18]

Substituting formulas (3.94) and (3.95) into formula (3.96), one can get the
relationship of P; and the sample position z, as shown in Fig. 3.29b, the larger the
Ry 1s, the more stable the LD output power P, becomes. Compared with without
attenuator (Ry = 0), the instability of LD output P, is reduced to 0.83 %, that is,
the stability of LD output is greatly improved in the z-scan measurement.

Figure 3.30 gives the open-aperture mode z-scan measurement results with the
BK?7 glass sample for different Ry by using the setup in Fig. 3.27, where the LD
output power is set at P = 1 mW. One can see from the black dotted line that the
interface reflectance from glass sample causes a strong false nonlinear saturation
absorption effect without attenuator in the optical path. Comparison among the
curves of Fig. 3.30 shows that the attenuator can obviously decrease the false non-
linear saturation absorption effect, and the false nonlinear saturation absorption
effect decreases as the reflectivity of attenuator Ry increases. The false nonlinear
saturation absorption effect is almost eliminated at Ry = 99.5 %.
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3.5.2.2 Decreasing the Influence from Feedback Light by Adding an
Opto-isolator Unit

Here, another method to decrease and eliminate the influence from feedback light
is given. An opto-isolator unit, which consists of a 1/2 wave plate, a polarized
beam splitter (PBS), and a 1/4 wave plate, is put into z-scan setup, as shown in
Fig. 3.31a. The laser beam passes through the 1/2 wave plate and becomes
p-polarization light, and the p-polarization light travels through the PBS and
1/4 wave plate and becomes circular polarization light. The circular polarization
light is then split into two beams, one is detected by the noise detector, which
monitors the instability of LD, and the other is focused by the lens and irradiates
on the sample to induce nonlinear effect. The sample moves through the focal
plane of lens from —z to 4z direction, and then, the transmitted light through
sample is collected by detector 3. Besides, some part of the circularly polarized
light reflected by the sample passes through the 1/4 wave plate again and
becomes s-polarization. The s-polarization light is perpendicular to the incident
p-polarization light and thus cannot pass through the PBS and go back to LD.

(a) Opto-isolator unit

EEsssssssssssEssssssEssssssEssEsennn

1/2 wave PBS 1/4 wave

plate Beam

Sample

Beam ;
expander Splitter

sssannsnssnnnnn

: Detector 3
: T:.scan
;

Detector 1, R; Detector 2, P,ise
(b) 3‘0 T T T T T T T T T
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= !
W 244 1
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Fig. 3.31 Reduction of feedback light influence on z-scan measurement by opto-isolator unit,
a z-scan setup, b z-scan measurement with and without opto-isolator unit at P = 1.52 mW [18]
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The opto-isolator unit realizes the isolation of reflected light from sample, and the
feedback light influence on z-scan measurement is reduced and even eliminated
theoretically.

Figure 3.31b gives typical experimental results, where BK7 glass is used
as sample. It can be found that, when without opto-isolator unit is put into opti-
cal path, the z-scan measurement of BK7 glass presents strong nonlinear satura-
tion absorption effect, and the normalized peak of T is about 2.8. While the
opto-isolator unit is inserted into the z-scan setup, the normalized peak of Tscap iS
reduced to about 1.4. Thus, the opto-isolator unit is very useful for decreasing the
influence of feedback light on z-scan measurement.

Figure 3.31 also shows that it is hard to thoroughly eliminate the influence of
feedback light on z-scan measurement because in experiment a little leakage light
inevitably feeds back to LD and has an ill-effect on measurement accuracy. Thus,
in experimental setup of Fig. 3.31a, a noise detector 2 is inserted before lens. The
detector 2 is used to monitor and record the instability of LD output Ppgise. The
nonlinear measurement accuracy can be further improved by numerical opera-
tion of Tyscan/Pnoise- Figure 3.32 shows typical Ppoise and Tygcan curves for BK7
glass sample. The Tgcan curve has a similar tendency to Ppgise curve. Tyscan/Proise
curve (marked in blue color) is also plotted accordingly. The T,scan peak of ~1.45
is reduced to Tzscan/Phoise Of ~1.00133, which is very close to 1. That is, the z-scan
measurement of BK7 glass sample is without nonlinear effect, and the false non-
linear absorption effect induced by the feedback light from sample is almost elimi-
nated. Therefore, it is obvious that the numerical calculation of Tgcan/Phoise Can
further decrease the influence of feedback light on z-scan measurement.

It is very important to characterize the nonlinear absorption and nonlinear
refraction coefficients of thin film samples, especially the semi-transparent
semiconductor thin films. The z-scan is one of the most simplest and sensitive
methods and has been applied in real practice. The basic principle of z-scan is
described, and the occurrence of pseudo-nonlinearity effect due to the incident
angle change with sample movement at the z-scan measurement is theoretically

Fig. 3.32 Numerical 1.5 T T T T T T T T
operation for further
eliminating the feedback light 1.4 |‘. o daean
influence ” ¢ 2 *— Pnoise

2 13- s & A

2 s 3

= ©

= »
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- #&

1.0
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and experimentally analyzed. The influences from surface reflection on z-scan
measurement (such as instability of laser devices and variation of reflection loss
with different z-scan position) are analyzed, and some methods for eliminating the
ill-effects are given accordingly.
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Chapter 4
Optical Nonlinear Absorption

and Refraction of Semiconductor
Thin Films

4.1 Introduction

In nonlinear super-resolution nano-optics, in order to obtain below diffraction-
limited spot, the nonlinear absorption and refraction coefficients of samples are
required to be large. The semiconductor thin films generally possess large non-
linear coefficients due to the manipulations from free-carriers, gap shrinkage, and
thermal effect. In this chapter, the nonlinear physical processes and characteristics
of some typical semiconductor thin films are described.

4.2 Theoretical Basis

4.2.1 Two-Band Model for Free-Carriers-Induced Nonlinear
Effects

4.2.1.1 Single-Photon-Absorption-Induced Free-Carrier Nonlinear
Effects

(1) Nonlinear absorption and refraction based on the rate formulas [1]

In most semiconductors, the energy band consists of conduction band and valence
band, which is usually called as two-band model. Figure 4.1 gives an ideal sche-
matic of two-band model.

At the excitation of laser pulse with a light intensity of / and frequency of w,
the electrons at the ground state Sy will be excited to the excited state S; with an
absorption cross section of opy, and the holes are left in the valence band. The elec-
trons and holes are called as free-carriers. The electrons can relax to the ground
state through spontaneous radiation, non-radiative transition, or the non-radiative
recombination, and the relaxation time is 72;].
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Fig. 4.1 Two-band model of Nsi
semiconductors

S1, conduction band

h
e g

S ———

Nso

So, valence band

Assuming that the numbers of electrons at ground state Sy and excited state Sy
are Ny and Ny, respectively, and neglecting the diffusion of free-carriers, the rate
formula of free-carrier numbers can be expressed as

dNyo 010Nl  Ngi
i @.1)
dr how Ts1
Assuming that the number of free-carriers is N = Nyo + Ny1, the N can be approxi-
mately calculated as

Ito(hw)
N=——
hw

The « is absorption coefficient. @ and t are dependent on N, and formula (4.2)
needs to be solved self-consistently. When the free-carriers are mostly photo-gen-
erated free-carriers, the number of electrons equals to that of holes, and the relaxa-
tion time can be approximately written by a polynomial

4.2)

2

) A+ BN + CN 4.3)
In the right side of formula (4.3), the first term is from non-radiative recombina-
tion through defect states in the band gap, which is called as Shockley-read-hall
recombination. Shockley-read-hall recombination has particularly simple form
when empty defect levels capture electrons much more rapidly than holes or vice
versa. The second term comes from radiative transition, and the third term is from
Auger recombination.

When the laser spot has a non-uniform profile, an effective intensity should be
used in formula (4.2). For large laser spot irradiation, the photo-generated free-car-
rier diffusion can be neglected, and the effective laser intensity can be written as

P

Lff = ———
¢ 77,'(7'1/62)2

4.4)

where ry .2 is the radius at 1 /€ intensity of the spot.

For small laser spot irradiation, the photo-generated free-carrier diffusion out of
spot should be considered. If the photo-generated free-carriers diffuse only later-
ally, the laser spot has a Gaussian profile, and the recombination time is approxi-
mately constant, then the effective laser intensity is written as

P
7{(7‘1/62)2 + 4ndr 4.5)

Legr =
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At steady-state condition, that is, t, > 7,1, where f, is laser pulse width, the

81{;/7;0 = 0, and neglecting the diffusion term; thus, formula (4.1) becomes
010Nsol _ Nsi
haw - 51 (4.6)
Setting
haw
Isar = 4.7
010TS1
Thus
I NS] I NS] + Nso 1 N
= =0 T 1= — S Ny=
Isat NSO Isat Ns() Isat NSO s 1 + L (48)

Lsat

Defining the absorption coefficient as o« = 019Ny and the linear absorption coef-
ficient g = o19/N, and according to formula (4.8), the « can be written as

o0

7 4.9)

I, sat

It is well known that o (hw, N) is directly related to photo-generated free-carrier
density and can be also approximately modeled in the form of free-carrier density:
oo (hw)
14+ N

Niat (how)

a(hw,N) = (4.10)

where Ngy(hw) is saturation density. Better fits are often obtained by adding an
unsaturation term to formula (4.10),

a(hw,N) = Lﬁw]\,) + tunsatur (M) (4.11)

Nsat (ho)

When the excitation is with short optical pulses, free-carrier density depends on
light fluence F. Then, instead of formula (4.10), one may use

fi
a(hw,F) = Lﬂ? (4.12)
1 + Fsal(hw)

Fg (hw) is the saturation light fluence.

Near exciton absorption peaks, the absorption should be modeled with two satura-
tion terms. The first term, which saturates rapidly, represents the excitonic contri-
bution to the absorption. The second term represents slow saturation background
absorption from energy bands.

oy (hw) agg (hw)
i (4.13)

1
et 1

a(hw,I) =
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Similarly, the nonlinear refractive index is modeled as

ety NNl
An(hw,N) = ng(hw) 15 N /Ne(h) 4.14)
or
An(hw,I) = ns(ﬁw)M (4.15)

1+ 1/Ia (how)

(2) Band-filling model for direct band semiconductors

In two-band model, the electrons at valence band (ground state) are excited to con-
duction band (excitation state) and the holes are left in the valence band, which
is the origin of nonlinear saturation absorption. For direct band semiconductor
with small band gap, the energy band can be dealt with parabolic two-band model,
shown in Fig. 4.2. The photo-excited electrons fill into the conduction band and
cause the nonlinear effect; thus, the optical nonlinearity of semiconductor from
photo-excited carriers is called as band-filling nonlinearity.

In band-filling nonlinearity for III-VI semiconductors, the absorption coeffi-
cient at photon energy Ao near the absorption edge is [2, 3]

a(hw) = B(hw), (4.16)

8+/2m!/%¢? (,u,>3/2 1 mP%,I (ha) — Eg)l/2

3h2c m ny h2 how

where m is static electron mass, E, band gap, and ng linear refractive index. Py is
the momentum matrix elements and defined by Kane as follows

10
Py =— (jn) (SIp-12) @.17)

w is called as the reduced effective mass, with

menty

n= — (4.18)

Fig. 4.2 Parabolic type two-
band model for direct band
gap semiconductor

Conduction band

Energy

Wavevector

Valence band
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where m. and m, are the effective masses of conduction band and valence band,
respectively.
The B(hw) is a blocking factor that accounts for band (state) filling:

B(hw) = {1 — fplEy (hw)] — felEc(hw)]} (4.19)

where E, (hw) and E.(hw) are the valence band and conduction band energy levels,

respectively, with
my

E.(hw) = oy (ﬁa) — Eg) (4.20)
Me 4.21)
E,(hw) = P (ho — E,)

The occupation probabilities f,(E.) and f;,(E,) are Fermi—Dirac statistics distribu-
tion functions for holes in the valence band and electrons in the conduction band,
respectively.

1
Je(Ec) = CE—ER T 1 1 (4.22)

]
I E) = T 1 (4.23)

where EF is Fermi energy level and kg is Boltzmann constant.

Electrons in the conduction band dominate the blocking effect. If the excitation
is not too strong, the change of the occupation probability for states in a parabolic
band Af[E (k)] can be approximately obtained by Boltzmann statistics in the pres-
ence of the radiation field as follows

h2 3/2 _ Ec(hw)
ALIE(hw)] = 473/ ——— ) Ne™ %7 (4.24)
2m kg T
h2 3/2 _ Ey(ho)
AfHE, (ho)] = 473 ——— )  Ne™ %7 (4.25)
2mykgT

where N is the density of photon-generated free-carriers and defined in formula (4.2).

Because the effective mass of holes is always 10 times larger than that of
electrons in direct band gap III-VI compound semiconductors, the Af, can be
neglected in comparison with Af, for all the energy range of interest, and the
change of the absorption coefficient at energy fw is

16732 20 [ 1 3/2mP1%/1 1 N
h* no (kgT)>/?
1/2
(ho — Eq) / _“(hw_Eg)
mckBT

Aa(hw) ~ —

3 me
(4.26)
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According to Aa = BI (B nonlinear absorption coefficient), and substituting for-
mula (4.2) into formula (4.26), B is expressed as

~

_167‘[3/2@ 3 3/szIZM,i 1 tﬁ(hw—Eg)l/z
W% no (kgT)3/? how hw

oo 4002

3 me \me

4.27)

me kB T

From the Kramers—Kronig relation, the change of refractive index at photon
energy hw can be written as

oo
he Aa(ho')

An(hw) = —

——————d(ho'
o AT (h') (4.28)

If |hw — Ey| < Eg and kgT < E,, according to formulas (4.2), (4.26), and (4.28),
the nonlinear refraction coefficient ny (= An/I) can be calculated by

8y e2h? w mPy 1 1 a(ho)tg fiw — E,
na () ~ — N R
3 m me h* ngkgT (hw) mckgT (4.29)
where
1/20—x
J(a) =/ dx (4.30)
xX—a
0

In the present Boltzmann approximation, An o I. However, at high intensity
where the free-carrier density exceeds the limit of the Boltzmann approximation,
the nonlinearity itself will saturate and can only be described with the full Fermi—
Dirac statistics.

(3) Saturation level

(a) For the energy band absorption

In Sect. 4.2.1.1(1), the saturation free-carrier density Ngy (hw) and saturation exci-
tation light intensity Igy are used, which is because at moderate or high excitation,
most of the required fluence or intensity goes to blocking the absorption of the
energy bands. The conduction band states fill first. The density of states for elec-
trons at energy E, measured from the bottom of a parabolic conduction band in a
bulk semiconductor, is [1]

1 2 3/2
D(E) = < ’;;ff) g2 4.31)

where megr is effective mass of photo-generated free-carriers. Most photo-gener-
ated electrons will occupy states that are within a few kg7 of the bottom of the
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band. Half the number of these states gives an estimate for the number of electrons
required to reach the saturation level, so [1]

g 1 [ 6megkpT \ >/
N~ > / D(EYE = —; (’";;B) 4.32)
0
and
B <6meffszT> e 433)
7 h Qg (Nsba%) T (N;ﬁ) '

For example, wusing the typical values for GaAs, that is,
hw = 1.43 eV, megr = 0.067 mo, oo ~ 2,500/cm, and 7 = 10ns, one can get
N2 = 8.5 x 10'7 /e, and I8 = 7.5 x 10° W/em?.

sat —

(b) For exciton absorption

The exciton saturation density can be estimated with simple physical arguments.
Saturation occurs when the density of photo-generated free-carriers (electrons and
holes) is about one charge free-carrier per exciton volume (47 rg’x /3), where rex 18
exciton radius. The picture gives [1]

3

Na () = 8mr3
ex

(4.34)
and

3 how

IGX
87 re (Nt T (Niat)

sat

(hw) = (4.35)

For example, using typical values for GaAs, rex = 120 A, ho = 1.43 eV,
ap ~7,500/cm, and 7 =10ns, one can get Ng =7 X 1016/cm3, and
I =200 W/em?.

sat

4.2.1.2 Mixed Multi-Photon-Absorption-Induced Free-Carrier Nonlinearity

(1) Mixed multi-photon absorption

The single-photon absorption can generate the nonlinear absorption and refraction
due to photo-generated free-carriers effect. The two-photon absorption (2PA) or
multi-photon absorption (MPA) can also cause the generation of nonlinear absorp-
tion and refraction of the free-carriers. The nonlinearities are different from the
bound electronic nonlinear effects because they present cumulative characteristics
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(with a decaying given by the free-carriers lifetime). In a single-beam z-scan
experiment, if a number of free-carriers are generated, the nonlinear absorption
can be written as
drs ) 3

d72/ = —apl — ,Btwol - ,Bthreel — (0eNe + opNp)I (4.36)
where o, is the free-carriers absorption cross section for electrons and holes,
respectively. o is the linear absorption coefficient. By and Binree are two-photon
and three-photon absorption coefficients, respectively.

In two-band approximation, one can take N, = Nj, = N and define 0 = o, + op.
The formula (4.36) is rewritten as

dr/ ) 3

diz/ = —apl — ,Btwol - ,Bthreel —No I (4.37)
In most cases, there are single-photon absorption, two-photon absorption, and
even multi-photon absorption, and all the absorptions generate free-carriers. The
rate formula of free-carrier density is approximately written as

dN apl Bewol 2 Bihree! 3 N
_—= - — 4.38
dr hw + 2hw + 3hw TR ( )

Under steady state % = 0, one can obtain

apl Bewol 2 Bhree! 3
N= |22 .
(ha) + he + 3 TR (4.39)

Substituting formula (4.39) into formula (4.37), one can get

d/ o0 T, Biwo0 T
d7/ = —apl — (ﬂtwo + ha)R)I2 - <ﬂthree + t;(;m)R>I3 — o (4.40)

Formula (4.40) indicates that the free-carrier absorption is mixed and accumula-
tive effect.

(2) Mixed multi-photon absorption-induced free-carriers nonlinear
refraction

In the light beam traveling into sample, the effect of free-carriers on the phase ®
of light beam is proportional to the density of free-carriers,

do

— = kypel + ko N (4.41)

dz
In formula (4.41), k is wavenumber, and 4 is nonlinear refraction coefficient of
bound electrons. The first term of right side is from bound electronic contribution,
and the second term is from the free-carriers refraction contribution. The free-
carriers refraction can be described through two different band-filling models: one
is Aronov—Auston model, and the other is Moss—Burstein model.
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(a) Aronov-Auston model

In Aronov—Auston model, the nonlinear refraction originating from free-carriers is
directly calculated from the real part of the complex dielectric function. The gen-
eration of free-electrons with a density N in the conduction band, which is often
referred to as the Drude contribution, is accompanied by an elimination of the
bound electrons with a density N in the valence band, which is often referred to as
a Lorentz contribution to the change of the dielectric constant. The overall change
in the refractive index is given by [4]

An(e: N) Ne? 1 E;
n(w; N) = — —
2e0mow? p E} — (hw)? 4.42)
Substituting formula (4.39) into formula (4.42), one has
aol  Biwol? e 1 Eg
A iN)=— — e _
n(w; N) ( o + o Seonow? it Eg2 ~ () (4.43)

The first term at the right side of formula (4.43) is the contribution from linear
absorption, and the second term is the two-photon absorption contribution. The
two-photon absorption contribution can cause the fifth-order nonlinear refrac-
tion, and the one-photon contribution leads to the third-order nonlinear refraction.
Neglecting the fifth-order nonlinear refraction, the formula (4.43) becomes

aotre? 1 E§ !
2hegnow’ | Eé% — (hw)?

An(w; N) = (4.44)

According to the relation of An = y I, the nonlinear refraction coefficient y is

B aotre? 1 Eg 445
Y T 2eonoha? E? — (hw)? (4.45)

Formula (4.45) shows that if Aw < E,, then y < 0; this is self-defocusing effect. If
hw > E,, theny > 0, which causes the self-focusing effect.

(b) Moss—-Burstein model

The Moss—Burstein model is a dynamic model with Boltzmann statistics [5, 6].
In this model, the free-carriers induced the change of refractive index is depend-
ent on the means of free-carrier generation. The free-carriers block the absorp-
tion at frequencies higher than the energy gap by filling the available states in
the conduction and valence bands. The model can obtain the absorption coef-
ficient change by Kramers—Kronig integral. The refractive index change, which
can be analyzed using the band model shown in Fig. 4.3, including the contribu-
tions from electrons in conduction band, heavy holes, and light holes, is given
as [6]
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Fig. 4.3 The band structure
schematic for Moss—Burstein

model
%ﬁ Conduction band
&
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Heavy-hole
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band
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An=——3"li47 + 24,
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L9 (1 4z My, >+ Ql(l +ZmClJ11)} (4.46)
mh mo mj mo
with
2
_ 2 5 (Il (4.47)
3.7 ksT \ E
X 2 2
x?exp (—x?)
Ji = — —~  Jdx
; / o (4.48)
0
0 = Bs home 4.49
i T m (4.49)

where my is the free electron mass. E, = 2|p¢,(k = 0)|2 /mg is the Kane energy
and approximately 21 eV for most semiconductors. N and Q are the photo-gener-
ated electron and hole densities, respectively. The subscripts ¢, i, and / represent
the conduction, heavy-hole, and light-hole band, respectively. m; is the effective
mass of the band j. m;; denotes the reduced effective mass of the ij band pair, and
the dummy subscripts of i and j represent c, h, or [.

The first term in formula (4.46) is from the electronic contribution, which
includes blocking caused by electron transitions from heavy-hole band and the
light-hole band, and the change of the electron population in the conduction band.
The other two terms containing Qp, and Q; in formula (4.46) give the contributions
of the holes from respective transitions.
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The Qj, and Q; are given by
Ne m 3/2
— =14+ — (4.50)
Oh my,
3/2
N,
New o <mh) 4.51)
O m

Formula (4.48) is an approximation adequate for near-resonance radiation. Off
resonance, such as two-photon absorption process, the J;; should be replaced by
Fij, and Fj; is defined as

me; Eg mei Eg — how mei Eg + hw
Fij=-2]| —— J| —— J| ——
Y ( m; kBT> + <mj kgT + m;j  kgT (4.52)

The J defines the integral as in formula (4.48). Formula (4.52) shows that for
hw = Eg and Eg > kT, the first and the third terms are very small compared with
the second term; thus,

<

Fon ] mei Eg — how
~ m; kT (4.53)

4.2.2 Three-Band Model for Nonlinear Absorption
and Refraction

4.2.2.1 Excited-State Absorption

A realistic depiction of single-photon absorption-induced excited-state absorp-
tion (ESA) is shown in Fig. 4.4 with a three-band system of vibrational-rotational
manifolds in the excited states. Although many bands are given, only two dominant
transitions take place. For example, for molecules with rotational and vibrational
degree of freedom coupled to the electronic transitions, the excitation to higher-lying
states in each manifold is rapidly followed by intra-system relaxation to the bottom

Fig. 4.4 Three-band model Ns2 — S2
for excited state nonlinear '
absorption o H
L 0 )] | E Ts2
Nsi S~ 1 Sl
E
LAY ) o7 1 Tsl
N i
S0 S0
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of the band. The ESA then proceeds from this relaxed excited state into a higher
rotational-vibrational manifold. Rapid inter-system relaxation returns the electrons
in the second excited-state manifold to the bottom of the first excited band, where
they can again absorb photons. Thus, a single excited-state absorber can efficiently
absorb multiple times even for pulsed laser. If the ESA cross section is larger than
that of the ground state, 021 > o070, where the absorption cross sections are under-
stood to be averaged over the vibrational-rotation manifolds, and the absorption
process is also referred to be reverse saturation absorption (RSA). The model of
three-band system is useful for describing the ESA in lots of organic molecules and
semiconductors with free-carrier absorption phenomena.

In transient case, the absorption coefficient is dependent on time ¢ under the
radiation of laser pulse. In the three-band system, Sp, S, and S, are ground state,
the first excited state, and the second excited state, respectively. The numbers of
electrons at So, S1, and S5 states are Ny, Nsi, and Ny, respectively. The absorption
cross sections of So — S state and S; — S state are o9 and o7}, respectively. The
total number of the electrons is N(= Nso + Ns; + Nsz). Generally speaking, the
electron at S state absorbs one photon and transitions from Sg to Sy state. One part
of the electrons at S; state will continue to absorb photons and transition from S to
S> state, and other part will relax to Sy state through non-radiative transition, and
the lifetime of the S state is tgj accordingly. The electrons at Sy state will relax to
S state through non-radiative transition, and the lifetime of the S, state is tg. The
number of electrons at each energy band meets the rate formulas as follows [7, 8]:

dNso _ o10Nso! | Nsi

ar hw * Ts1 39
dN 010Nsol — 021Nstl ~ Nsi | Ns
S1 _ O10f¥sol O0210¥s1f VST + %2 (4.55)
dr ) ho LAY
dNs2  021Ns1l  Ns3
dNsy _ 021Nsil _ Nsz (4.56)
dt hw Ts2
N = Nso + Nsi + Ns2 (4.57)

Generally speaking, the lifetime tg, at excited state S, is very short, and the elec-
trons at S, state will rapidly relax to the S; state. Thus, the electrons cannot be
accumulated at S; state; the number of electrons at S5 state is almost O; that is,

dNs2 021Ns1I  Nsp
0 s =T
ar = o 5 (4.58)
According to formula (4.58), formulas (4.54)—(4.57) can be rewritten as
dN, o10Nsol ~ Ns
S0:_ 104Vso +71 (4.59)

dr hw Ts1
dNs1 _ o10Nsol  Nsi

dt hw Ts1 (4.60)
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N = Ngo + Nsj 4.61)

The absorption coefficient from ground state Sy can be written as

@10 = 010Ns0 (4.62)

Before decaying back to the ground state Sy, the electrons at the first excited state
S1 can transition to a second higher state S, by absorbing another photon. The pro-
cess produces what is called excited-state absorption (ESA) with an absorption
cross section of o»1. The absorption coefficient from S excited state to S, excited
state (marked as o) is simply written as

az1 = 021Ns1 (4.63)

where Ng is the electron density of the first excited state.

Case 1 (tg1 > 1) If the 751 > 1, (), is laser pulse width), the electrons at S state
can retain for a long time, then in formulas (4.59) and (4.60)

010Nsol > &

o - (4.64)
One can get
dNg1 __ a0l
& e (4.65)
Integrating formula (4.65) yields [9]
t
a0 N o @10
Nsi(t) = — | I(')dt' = —F(
s1(1) hw/ (1) oy FO (4.66)

—00

where F(?) is defined as the time-dependent fluence (energy per unit area). The
light intensity change along sample thickness is generally expressed as

d/
@ —010Nsol — 021Ns11 (4.67)
with F(#) instead of /; combining formulas (4.62), (4.66), and (4.67), one can get
dF () N, 5 oo F (1)
& = OeNeF (D — %gmgale (1) = =o1NgF (1) | 1+ —— (4.68)

Case 2 (Ar steady state) According to formulas (4.59) and (4.60),
dNgo/dt = dNg;/dt = 0, one can get
010Nsol Ts1

Ngj = ——— 4.69
s1 o (4.69)

Substituting formula (4.62) into formula (4.69), one has

ajoltsy
hw

Ng1 = (4.70)
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The absorption coefficient of excited state can be obtained by the combination of
formulas (4.63) and (4.70)
Itsy

2] = 021010 — 4.71)
hw

The light intensity change along sample thickness direction is

d/

w - I = —(010Ns50 + 021Ns I 4.72)
According to formulas (4.61) and (4.72), the absorption coefficient « can be
rewritten as

a = 021N + (010 — 021)Nso (4.73)

In three-band system, from formula (4.73), one can find that o> N is a constant
for a fixed sample. The Ny decreases with the light intensity increasing; thus,
for o109 > 071, the sample shows saturation absorption, and nonlinear absorption
coefficient 8 < 0. For 019 < 021, B > 0, and the sample shows reverse saturation
absorption.

4.2.2.2 Excited-State Absorption-Induced Free-Carriers Refraction

In three-band system, the rate formula of electron population at every energy state
and the light intensity change are described by formulas (4.54)—(4.57), and the
phase change of light beam is accordingly expressed as

j—f/ = Z%An = ksoNso + ks1Ns1 + kspNs» 4.74)
where An and A are the refractive index change and light wavelength, respectively.
kso, ks1 and kg are refraction degrees of Sy state, Sy state, and S5 state, respectively.
In general, the lifetime 75 of S5 state is very short, and the electrons at S, state will
rapidly relax to the S state; thus, Ngp» ~ 0. Similar to the excited-state absorption,
the phase change of light beam in the traveling inside the sample is simplified as

d 21
4 _ 2, ksoNso + ks1Nsi (4.75)
dz/ A
Combining formulas (4.61) and (4.75), one can get
d¢
@ = ksiN + (kso — ks1)Nso (4.76)

Formula (4.76) shows that the first term kgi NV is a constant for a fixed sample. Ny
decreases with the increase in light intensity; the sample presents self-defocusing
for kso > ks, and nonlinear refractive coefficient y < 0. The sample presents self-
focusing effect for kgg < kg1, and the y> 0.
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4.2.3 Thermally Induced Nonlinear Absorption
and Refraction

4.2.3.1 Laser Excitation-Induced Temperature Change

(1) Temperature change in two-band system

In two-band system (also see Fig. 4.1), at the approximation of thin sample, the
light intensity change through the sample meets the following formula

dr/

o —o10Nsol 4.77)
where 7’ is traveling length of light inside the sample. In the process of electrons at
S state relaxation to Sy state, the released energy is transformed into heat energy
Q, which meets

=0 S 7
1 104V30 ( )

The heat will diffuse inside the sample, and the heat conduction formula can be
expressed as
do

0AT
00Cpor — KVAT = = (4.79)
LY’ dr

where pg and C, are the density and heat capacity of sample, respectively. « and
AT are thermal conductivity and temperature rise of sample, respectively. The laser
pulse is short, and the thermal diffusion is negligible during the laser pulse, that is,
k VAT =~ 0. Thus, combining formulas (4.78) and (4.79), one can obtain [8§]

o10Nsol
£0 Cp

(2) Temperature change in three-band system

AT =

dr (4.80)

In the three-band system (as shown in Fig. 4.4), there are non-radiative transitions
under the excitation of laser pulse, and the non-radiative transitions can cause the
heat generation.

At the approximation of thin sample, the change of light intensity through the
sample meets the following formula

d/
@ —0o10Nsol — 021Ns1] (4.81)

The relaxed quantity of heat per unit volume is accordingly

dQ
O = 019Nsol + 021 Ns11 (4.82)
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Similar to the two-level system, the temperature change for three-level system is

(8]

AT =

00Cp
Formulas (4.80) and (4.83) show that the excited-state absorption can cause the
temperature rise. The temperature rise will lead to thermal expansion and band gap
shrinkage for most semiconductors; thus, the thermally induced nonlinear refrac-
tion occurs.

(010Nsol + 021 Ns11)dt (4.83)

4.2.3.2 Thermally Induced Change of Absorption Coefficient
in Band-Filling Model

By considering the changes of E, and B(hw) with temperature, the thermally
induced change of absorption coefficient can be obtained through the derivation
operation on temperature 7 at both sides of formula (4.16) as follows [10]

da(hw)  dE; a(hw)

T~ dT 2(he — Ey) ™
B (o) {dfe[Ec(k)] +dfh[Ev<k>]} (489
(= filE 0] —fIE.(OT) | dT ar

In intrinsic semiconductors, the Femi energy level EF is located within the band
gap, generally speaking,

E. — Ep > kgT,Ep — E, > kgT (4.85)

Based on formula (4.85), formulas (4.22) and (4.23) are approximately written as
foEe) ~ e~ EemEr)/keT (4.86)
fa(Ey) = e~ Er—E/ksT (4.87)

That is, if the electrons in conduction band are located at the large energy gap
or the temperature is not very high, the f.(E.) and f;,(E,) are approximated to
Bolztmann distribution, and the occupation probability of conduction band by
thermally excited electrons is very small; substituting formulas (4.86) and (4.87)
to formula (4.84), one can obtain
do (hw) dE;  a(hw)
dT —  dT 2(hw — Eg)
o (hw) E E,

¢ —EF —Efr
- Ec(b)] — ————fulEv(k
{1 — fel Ec(k)] —fh[Ev(k)]}{ kg T2 JelEc(R)] a2 TnlEw( )]}

(4.88)

For intrinsic semiconductors, assume that the Er is at the middle of the energy
gap, that is,
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E; =E.—E, and Ep=(E.+E))/2 (4.89)
Thus,
E.—Ep=Ep—E, = Eg/2 (4.90)

Substituting formula (4.90) into formulas (4.86) and (4.87), respectively, one can
obtain

fo(Ee) = fi(Ey) = e Ee/?keT 4.91)

According to formulas (4.89), (4.90), and (4.91), the formula (4.88) can be simpli-
fied as

do (hw) __dE a(hw) a(hw) Eg o—FEe/2keT
dr dT 2(hw —E;) 1 —2e~Ee/2sT pT?

(4.92)

The first term on right side of formula (4.92) represents the contribution from
energy gap change with temperature, and the second term is the contribution from
occupation probability change with temperature.

For most semiconductors, the temperature dependence of band gap is well
known as [11]

ET?

Eg(T) = Eg(0) — = ,

(4.93)

where E,(0) is band gap at 0 K, & and 5 are factors with adjustable values, for
example, & ~ 5 x 10~%, and n ~ 250 for InSb thin films above 300 K [12]. Thus,
the band gap decreases as the temperature increases, i.e., dEg/dT < 0 for most
semiconductors.

4.2.3.3 Thermally Induced Change of Refractive Index

In the process of interaction of laser pulse with sample, the light absorption leads
to a temperature change AT, which in turn also causes a change of local density
Ap. The change of local density causes the generation of sound waves, which
effectively relieve the stresses induced by the density change. On the other hand,
the density change causes the structural change, such as volume expansion, which
in turn also leads to shrinkage or broadening of energy band gap. Therefore, gen-
erally speaking, for solid semiconductors, the temperature-dependent refractive
index change can be expressed as

A <8”> AT+(8n) AT
n= (2 = 4.94
0T ) 4p/ar 9T ) ag,jar (4.94)
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where dp/dT represents the density change with temperature, and dE,/dT the
change of energy band gap with temperature. Here, (0n/dT )4, ar describes the
refractive index changes due to thermal expansion, and (dn/ BT)dEg /dT is temper-
ature-dependent refractive index change from energy band gap, that is, the tem-
perature-induced shifting of absorption edge. The (9n/9T)dg,/ar AT term can be
calculated from thermally induced shift of the absorption edge, which is com-
parable with band filling (n; ~ 10~ cm?/W), but is slower. The optic—thermal
nonlinearity occurs when sufficient heat is deposited. The sample recovers when
heat diffuses from the excited region. The time of turn-on and turn-off depends
on optical power, optical spot size, and the way sample is heated, but typical
values are from 0.1 to 10.0 ws. The dn/dT is in the order of 10~4/K for most
semiconductors.

(D) (g—;)dp sdr term contribution to thermally induced nonlinear refraction

The relation of refractive index n with density p of solid semiconductor can be
expressed by the relation [13, 14]

-1\ _ 405
n24+2)p (4.95)
where R is a constant called specific refraction. Formula (4.95) is rewritten as
2Rp +1
2 _
n° = 1—Rp (4.96)

Formula (4.96) gives the relation of the refractive index with the density p and
shows that the change of density of sample can lead to the change of refractive
index. Conducting the derivation operation on p at both sides of formula (4.96),
one can get the change of refractive index with density dn/dp as

dn 3R
dp 7(1 " Rp)? (4.97)
Substituting formula (4.95) into formula (4.97), one can find
d 21?42
n_ (oD +2) (4.98)

do 6np

The density change can be caused by the electrostriction, magnetostriction, or
thermal expansion. Here, one is only concerned about the thermo-optic coefficient
induced by the temperature-dependent density change, i.e., thermal expansion,
which can be calculated as

(dn) _dndp (*=1)(n*+2) dp

ar ). “dpdr onp a7 (4.99)
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The density can be written as

p= v (4.100)

where M and V are mass and volume of sample, respectively.

do _ _Mdv)V_ o1
ar ~ v dar . PPT (4.101)
avyv

where Br(= —3f) is defined as the volume thermal expansion coefficient. The
relation of linear thermal expansion coefficient a7 with the volume thermal expan-
sion coefficient B is

Br = 3ar (4.102)
Substituting formulas (4.101) and (4.102) into formula (4.99), one can obtain

dn)  _ (=1 +2)
( dT)Ap =— » ar (4.103)

Formula (4.103) is the density change-induced thermo-optic coefficient, which is
negative value for most materials due to ar > 0. However, for aqueous sample
with a negative thermal expansion coefficient ar < 0, (dn/dT) o > 0, which can
cause a positive thermo-optic coefficient.

(2) (dn/dT)p, > 0, Band gap shrinkage contribution to thermally induced
nonlinear refraction

For the semiconductor, the thermo-optic coefficient is from two kind of contri-
butions [15]: one is density-dependent thermal expansion, and the other is from
energy band gap change with temperature and can also be theoretically expressed
as

dn meajco coyB 1 dE,
dn _ o 1 dE,
aT = T+ 2c0vs T 2T+ 2coys Eg dT (4.104)

where q is lattice constant, cg and yp are constants for a given semiconductor, and
m, is electron mass. The first term of formula (4.104) can be actually considered
as density change-induced thermo-optic coefficient and is equivalent to formula
(4.103) under certain condition. That is,

dn Meayco (n* = 1)(n* +2)
) =g = O o)
Ap 14+ 2coyp n
Thus
meaico  (n* = 1) (n* +2)

(4.106)

V14 2coyp a 2n
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The second term of formula (4.104) mainly originates from the thermally induced
energy band gap change and can be written as

( dn ) _ CoyB 1 dE,
dT / 4g, jar 2T+ 2coyg Eg dT (4.107)

For covalently bonding semiconductor compounds, the contribution of a7 (ther-
mal expansion) to dn/dT is almost negligible compared with the contribution
from thermally induced energy band gap change. For most covalently bonding
semiconductors, based on formula (4.93), the band gap decreases as the temper-
ature increases (i.e., dE,/dT < 0); thus, the thermo-optic coefficient is generally
(dn/dT)qg, jqr > 0, which leads to self-focusing effect.

4.3 Nonlinear Absorption and Refraction
of Semiconductor Thin Films

4.3.1 Nonlinear Saturation Absorption of c-Sb-Based
Phase-Change Thin Films

4.3.1.1 Experimental Measurements

The nonlinear absorption of 20-nm c¢-Sb, c-Sb7Tes, and c-SbyTes films is meas-
ured at 405 nm light wavelength using a single-beam z-scan technique, where ¢
is logogram of crystalline. Figure 4.5a shows typical open-aperture (OA) z-scan
results for the c¢-Sb, ¢-SbyTes, and c¢-SbyTes films with a 3 mW incident laser
power and a 50 ns pulse width. The curves show that all thin films exhibit sat-
uration absorption characteristic, indicating that the transmitted light intensity
increases as the sample moves closer to the focal plane. Moreover, the observed

a —— Sb2Tes b .
1.012-( ) SbiTes s1(b) —
8
E o
£ 1.008- e
g 3 — e a—
] . .
E 1.004 ) P
L = ShaTes
A = SbiTes
1.000 1 a4 Sb
4 2 0 2 4 50 60 70 8 9 100 110 120

Pulse Width (ns)

Fig. 4.5 Nonlinear absorption curves, a open aperture z-scan results for the c-SboTes (red line),
c-Sb7Tes (green line), and c-Sb (blue line) at 50 ns, b the effective nonlinear absorption coef-
ficient Begr for c-SbyTes (squares), c-SbyTes (circles), and c-Sb (triangles) as a function of pulse
width. Reprinted with permission from Ref. [16]. Copyright 2012, American Institute of Physics
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saturation absorption is highly repeatable, and no change in surface morphology
of the sample is observed after the irradiation. Therefore, the nonlinearity of c-
Sb, c-Sb7Tes, and c-SbyTes can be safely attributed to their inherent mechanism,
and the effect of morphological change is excluded. Data fitting shows that the
effective nonlinear absorption coefficients Ber of c-Sb, c-Sb;Tes, and c-Sb,Tes are
determined as —0.867 x 1072, —1.02 x 1072, and —1.36 x 10~2 m/W, respec-
tively. The experimental results show that the Befr is in the order of 1072 m/W.
The z-scan measurement for these samples is also performed through changing the
laser pulse width from 50 to 120 ns to get the effect of pulse width on Befr, and the
fitting value for Begr is plotted in Fig. 4.5b. Ber shows a quick increasing initially,
followed by a gradual increasing trend with pulse width. Generally speaking, the
thermal effect becomes obvious as pulse width increases. Thus, according to the
dependence of Befr on pulse width, the thermal effect plays an important role in
determining nonlinear absorption of c-Sb-based thin films.

Variable-temperature spectroscopic ellipsometry measurements are performed
for c-Sb, c-Sb;Tes, and c-SbyTes in the temperature range from 300 to 480 K in
vacuum to further confirm the thermal origin of Segr. Figure 4.6a—c show the plots
of the temperature dependence of the absorption coefficient at 405 nm light wave-
length. The absorption coefficients decrease with increasing temperature. Using

=
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4

= (a) . =  Experimental data ._’“6.28-“)). »  Experimental data
E e, Linear fitting curve g . Linear fitting curve
g 7.52- " 2 6261 i W
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Fig. 4.6 Temperature dependence of absorption coefficients in the range from 300 to 480 K, a

c-Sb, b ¢-Sb7Tes, and ¢ ¢-SbyTes. Reprinted with permission from Ref. [16]. Copyright 2012,
American Institute of Physics
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Table 4.1 Thermo-physical @(105 em™) p(Kg/m3) C,(J/Kg K)
parametfers in the numerical Sh 750 6.68 21000
calculation
SbroTeso 6.32 6.65 209.25
SbyTes 7.78 6.50 205.49

the linear fitting, the dor/dT of ¢-Sb, c-SbsTes, and c-SbyoTes can be determined
as —4.59 x 103, —6.23 x 103, and —=7.37 x 10° m~! K|, respectively. The ther-
mally induced nonlinear absorption coefficient B, under short laser pulse irradia-
tion (tens of nanosecond) can be approximately expressed as follows [17]:

aoty da

— (4.108)

ﬂt:ZpdeT

where C,, the heat capacity and do/dT is the change of o with respect to tem-
perature. Inserting these values and the parameters listed in Table 4.1 into for-
mula (4.108), the B; values for c-Sb, ¢-Sb7Tes, and ¢-SbyTes are calculated to be
—0.608 x 1072, —0.702 x 10~2 and —1.08 x 102 m/W, respectively. The calcu-
lated nonlinear absorption coefficients agree well with z-scan experimental results,
providing unambiguous proof that the saturation absorption observed in the z-scan
measurement is from the thermal effect.

Figures 4.5 and 4.6 indicate that for c-Sb-based phase-change thin films, the
nonlinear saturation absorption results from thermal effects. As is well known, the
c-Sb-based phase-change thin films are constructed by resonant bonding. In z-scan
measurement, the laser pulse heats the sample and causes the weakening of reso-
nant bonding, and the weakening of resonant bonding is the essence of nonlinear
saturation absorption.

4.3.1.2 Thermally Induced Weakening Mechanism of Resonant Bonding

Here, the SbyTes phase-change material is taken as an example. Figure 4.7a shows
that SbyTes is crystallized into an A7-type structure with a D34 point group, where
the atoms are periodically stacked in a nearly octahedral coordination. The Sb and
Te atoms possess three and four p-orbital electrons, respectively. The number of
electrons is insufficient to form six saturation electron-pair bonds, and the resonant
bonding predominates. As is schematically shown in Fig. 4.7b, ®; and ®, denote
the two possible limiting bonding states for a simplified one-dimensional atom
chain. In this bonding state, the p-orbital electrons are mainly localized in bond-
ing area between two adjacent atoms. The real bonding state is a superposition
of @1 and &, due to the lack of enough p-orbital electrons, where p-orbital elec-
trons are more delocalized and result in a large value in the electronic polarizabil-
ity. Furthermore, atoms along certain direction align very well, which is favorable
for polarization of p-orbital electrons. The alignment strengthens the resonant
bonding and enhances the electronic polarizability. However, the crystalline lat-
tice size and inter-atomic spacing expand with increasing temperature, resulting in
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Fig. 4.7 a Local order in crystalline SboTes and how to align along two primary directions
for the p orbits. b Schematic demonstration of limiting bonding state of the resonant bonding.
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the weakening of the mixing among p-orbital electrons, as shown in Fig. 4.7c. The
properties of SbyTes from 300 to 500 K temperature range,'> which is the temper-
ature region involved in low laser irradiation intensity, are investigated with first-
principle theory to determine the effect of temperature on the bonding state.

The resonant bonding is characterized by a high optical dielectric constant £
and a large Born effective charge Z*. Monitoring the variation in the resonant-
related physical quantities is an effective method to measure the resonant bonding
strength. The Z* and e values of SboTes are calculated using the first-principle
code ABINIT within the generalized gradient approximation (GGA), as well as the
plane wave method and Perdew—Burke-Ernzerhof (PBE)-type pseudo-potential
potentials, whereas the lattice parameters at the higher temperature are obtained
by assuming a constant thermal expansion coefficient of 12 x 1076 K~L. Despite
of the lattice expansion, the relative position of the atoms in the unit cell remains
constant at all temperatures. The dominant effect from temperature in the low tem-
perature range is the lattice expansion, and the change of relative position only
plays an important role in higher temperature.

Figure 4.8a, b give the plots of the calculated Z* and e, versus temperature,
respectively. SboTes is a hexagonal type lattice with two different components
(parallel and perpendicular), which can be averaged. In addition, the stacking
sequence in SbrTes is —Te! —Sb—Te? —Sb — Tel; three set of Born effective
charges corresponding to Te!, Te?, and Sb exist. Figure 4.8a shows that the Z* of
Te? and Sb is much larger than that of Te!, which is because there are six atoms in
the first neighboring shell for Te? and Sb, whereas for Te! only three Sb atoms are
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to 500 K, respectively. Reprinted with permission from Ref. [16]. Copyright 2012, American
Institute of Physics

closely bonded and the other three Te! atoms are weakly bonded by weak Van der
Waals force. As a result, the p-orbital electrons of Te? and Sb atoms are more non-
locally distributed, resulting in a larger value of Born effective charge. Besides, the
most obvious feature is that Z* decreases with the increasing temperature for all
atoms. The decrease degree in the Z* for Te? at 500 K is as much as 3 % compared
with the value at the room temperature, corresponding to a bond length expan-
sion of 2.4 %. This is a significant value, indicating that Z* is sensitive to the lat-
tice expansion. It can be understood that the spacing between atoms expands with
the increasing temperature; thus, the p-orbital mixing between adjacent Sb and
Te atoms becomes smaller and the Coulomb interaction becomes weaker, lead-
ing to a weakening of resonant bonding and a smaller value of the Born effective
charge. Similar to Z*, the dielectric constant €, also shows an unusual large value
resulting from the large optical matrix elements of resonant bonding, as well as
a similar decreasing trend with increasing temperature. €+, decreases by as much
as 3.2 % when the temperature increases from 300 to 500 K. Given that the large
optical dielectric constant characteristics is due to the high electronic polarizabil-
ity, the decline of £, also reflects the decrease in the resonant bonding strength.
The gradual weakening of the resonant bonding with increasing temperature is
thought to induce a giant nonlinearity. The process can be understood as follows:
The temperature at the center of the irradiation spot is higher due to larger central
intensity when a Gaussian profile laser irradiates. The temperature decreases along
the radial direction, and the resonant bonding at the center of the irradiation spot
is disturbed the most, whereas those at the edge of the spot are the least affected.
Note that the linear absorption decreases as resonant bonding is disturbed. It needs
to be pointed out that the mechanism responsible for the weakening of resonant
bonding is attributed to lattice expansion. The thin films with this kind of absorp-
tion characteristics exhibit a higher transmittance when irradiated by a stronger
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laser. This model can thus account for the giant saturation absorption observed in
the c-Sb-based phase-change materials.

The absorption coefficient o of SbyTes at 405 nm light wavelength is calcu-
lated and plotted in Fig. 4.8b to determine the dependence on the temperature
accurately. The & monotonously decreases with increasing temperature. This result
is consistent with fact that the resonant bonding becomes weaker as the temper-
ature increases. Using a simple linear fitting, do/dT of SbyTes is determined as
—5.89 x 10> m~! K=L. A ; value of the order of 1072 m/W is obtained by insert-
ing the calculated do/dT and the typical parameters from Table 4.1 into formula
(4.108). This value is quite large compared with the nonlinearity induced either
by the Kerr effect or by the redistribution of the electron population, implying dif-
ferent physical mechanisms. Thermally induced nonlinearity is conventionally not
preferred because of long response time. However, the response time of the ther-
mally induced nonlinearity in c-Sb-based films is found to be in the order of 10 ns.
The short response time is possible because the disturbing of resonant bonding
does not require thermal diffusion and long distance atom movement.

4.3.2 Nonlinear Reverse Saturation Absorption
and Refraction of c-InSb Thin Films

4.3.2.1 Experimental Data

¢-InSb is an n-type semiconductor that belongs to the III-V family materials. Bulk
c-InSb is a direct-transition-type semiconductor with narrow band gap of approx-
imately 0.18 eV at 300 K. To obtain the band energy gap of c-InSb thin films,
Fourier transform infrared spectroscopy (FT-IR) measurement is conducted at
room temperature, and the dependence of absorption on photon energy hv is plot-
ted in Fig. 4.9 [18]. The plot shows the band gap of E, =~ 0.26 eV for the 30-nm
c-InSb thin film. This band gap is a little larger than that of bulk crystal, which
may be ascribed to two aspects. One is the quantum confinement effect of thin
films. The blueshift of band gap energy due to quantum confinement effect can be
estimated through an effective mass approximation

72h? { 1 1 }
(4.109)

Bge = 202 |m, my
Taking into account the parameters listed in Table 4.2, the quantized energy
of the electrons in L = 30 nm thin film is calculated as ~0.031 eV. The other
is the formation of nanoscale c-InSb particles in the preparation of the thin
films. The nanoscale crystalline particles can be considered to be quan-
tum dots, and the quantum dot effect also leads to blueshift of the band gap.
Therefore, the two aspects cause the band gap of InSb thin films to be a little
larger than the InSb bulk.
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Fig. 4.9 FT-IR absorption versus photon energy hv

Table 4.2 Thermo-physical parameters of InSb

me(me) my, (my,) p(g/cmS) Cp (J/g K) no 7(ns) Ol()(m_l)
0.014mg |043my | ~5.50 ~0.23 ~2.34 50 ~6.10 x 107
ai(A) n VB o dEg/dT(eVIK) | Eg(eV) |ar(K™1
6.478 250 3.063 3.422 ~4.0 x 107 ~0.26 4.64 x 1070

The “glass substrate/c-InSb(30 nm)/ZnS—SiO,(25 nm)” sample is employed in
the z-scan measurement. ZnS—SiO, is used to ensure that the measured nonlinear-
ity is not influenced by oxidation and thermal expansion of the c-InSb thin films.
The optical nonlinearity is measured at a laser wavelength of 405 nm through the
z-scan setup, where the duration of laser pulse is 100 ns, and the pulse width is
t, = 50 ns, accordingly. Figure 4.10a presents the open-aperture-mode z-scan
measurement for nonlinear absorption, and the inset in Fig. 4.10b presents the
closed-aperture mode z-scan measurement for mixture of nonlinear absorption and
refraction [18]. Pure nonlinear refraction is obtained through dividing the closed-
aperture mode data by the open-aperture data, which is displayed in Fig. 4.10b.
The data indicate that the sample shows obvious reverse saturation absorption
(RSA) and self-focusing refraction characteristics at 405-nm laser pulse irradia-
tion. All of the measurements are repeatable; that is, no structural change in the
irradiation area is observed. Therefore, the intensity-dependent transmittance
(z-scan curve) originates from laser-induced internal nonlinearity rather than the
structural change-induced nonlinearity.

Theoretical fitting demonstrates that the effective nonlinear absorption coef-
ficient Befr is +4.061 x 1072 m/W, while the effective nonlinear refractive index
ny is +7.63 x 1072 m?/W. The giant optical nonlinearity could play an important
role in the nonlinearity-induced super-resolution effect.
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Fig. 4.10 Nonlinear z-scan measurement results at an excitation intensity of 8.15 x 107 W/m?,
a optical nonlinear absorption, b nonlinear refraction (division of closed-aperture data by open-
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4.3.2.2 Physical Mechanism of Nonlinear Absorption

The intensity-dependent absorption coefficient «(/) for reverse saturation absorp-
tion can be written as

all) =

1 (4.110)

where I is the maximal intensity of reverse saturation absorption. If the excitation
laser intensity is much lower than the maximal intensity, i.e., I < Iy, then formula
(4.110) can be rewritten as

al) ~ag(1 +1/1;) = ap + pI 4.111)

where B = ag/I; represents the optical nonlinearity absorption process. Generally
speaking, for semiconductor materials under nanosecond laser pulse irradiation,
the nonlinear reverse saturation absorption effect is mainly from two aspects: one
is thermal effect and the other is electronic processes.

(1) Thermal contribution to nonlinear absorption

The nonlinear absorption measurements are carried out at the laser wavelength of
405 nm, and the photo-generated free-carriers energy at 405 nm light wavelength
is 3.06 eV, which is much larger than the InSb band gap of ~0.28 eV. The photo-
generated free-carriers need to lose thermally ~2.8 eV. The temperature rise occurs
in the z-scan measurements due to the much thermal loss of photo-generated free-
carriers, and the influence of thermal effect on the nonlinear absorption contribu-
tion should be considered, accordingly.

The variable-temperature ellipsometric spectroscopy measurements are con-
ducted in the temperature range of 400-600 K at Ar inert atmosphere. The tem-
perature dependence of the measured extinction coefficient at the light wavelength
of 405 nm is plotted in Fig. 4.11a. The corresponding temperature dependence
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Fig. 4.11 Dependence of a the extinction coefficient and b absorption coefficient on tempera-
ture at 405 nm wavelength in the temperature range from 400 to 600 K

of the absorption coefficient is presented in Fig. 4.11b. The fitted value of do/dT
is —3.86 x 10 m~! K=!. The dependence of absorption on temperature may
originate from thermally induced lattice constant change, which can be esti-
mated through first-principle calculation. Using formula (4.108) and inserting
the parameters in Table 4.2, one can obtain ; = ~ —10~2 m/W. The thermally
induced nonlinear absorption coefficient B; has a sign opposite to that of the z-scan
measurement of B, which indicates that the reverse saturation absorption char-
acteristic mainly originates from electronic contribution induced by free-carriers
absorption.

(2) Electronic contribution to nonlinear absorption

The reverse saturation absorption can be interpreted with mixed multi-photon
absorption effect. The formula (4.40) can be rewritten as

N
dl/dz = —Befrr] — Betrl® — Bes® — -+ = —Zﬂefflg (4.112)
g=1

Solving formula (4.112), one can then calculate the z-scan transmission by

1

T() =

1

i g—1) &1
1+ (g - l)ﬁeffLeff[m]

where g is effective multi-photon absorption level, Legr(= M) is the
effective thickness of sample, and L is thin film thickness. Fitting the curve in
Fig. 4.10a with formula (4.113) provides the value of effective nonlinear absorp-
tion coefficient Begr = +4.061 x 10~ m/W. The fitted effective photon absorption
number g = 1.976, which is very close to the equivalent two-photon absorption
number (g = 2). The fitting curve is in accordance with experimental data. Thus,
the nonlinear absorption of the c-InSb thin films is caused by the laser-induced
free-carriers absorption effect rather than thermal effect.

(4.113)
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4.3.2.3 Physical Mechanism of Nonlinear Refraction

The intensity-dependent nonlinear refraction is always accompanied with inten-
sity-dependent nonlinear absorption in semiconductors. In consideration of the
laser intensity and pulse duration employed in the z-scan measurements, the non-
linear refraction is mainly from electronic nonlinearity y, and thermal effect Yinermal
for the c-InSb semiconductor. The nonlinear refractive coefficient can be written as

Y = Ve + Vthermal 4.114)

(1) Thermal contribution to nonlinear refraction

The time-averaged steady-state temperature rise in the z-scan measurements can
be written as

(AT) = 200 |
= 250,10 (4.115)

By substituting the thermo-physical parameters in Table 4.2, the temperature rise
(AT) is calculated to be 218 K in z-scan measurement by ignoring the heat loss
through heat conduction, radiation, and natural convection. The temperature of
laser irradiation area in z-scan measurement changes from 300 K (room temper-
ature) to approximately 518 K. The thermal contribution to nonlinear refraction
in the temperature range can be experimentally analyzed by variable-temperature
ellipsometric measurement at 405 nm light wavelength. The results are presented
in Fig. 4.12 [18]. The refractive index increases with increased temperature from
400 to 600 K. The corresponding thermo-optic coefficient dn/dT derived from
Fig. 4.12is8.03 x 1074 K~

The nonlinear refractive coefficient from thermal contribution can be calculated
through [17]

(ar) = AT 4116
n = ——
2 ar I (4.116)
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With the values of dn/dT and AT, one can calculate the nonlinear refractive coef-
ficient approximately +2.32 x 10~° m?/W, which is a positive contribution to the
nonlinear refraction, and basically consistent with the z-scan experimental data in
the same order of magnitude. One can conclude that the self-focusing feature of
c-InSb films is partially due to thermal effect.

The thermal contribution is from two aspects: one is due to density fluc-
tuation (volume change), and the other is temperature rise-induced band gap
shrinkage. Using the physical parameters listed in Table 4.2, the temperature
dependence of the refractive index caused by thermally induced volume change
is (dn/dT)Ap = —3.32 x 107> K~ which is an order of magnitude smaller than
the temperature-variable ellipsometric measurement results shown in Fig. 4.12.
The contribution from band gap shrinkage is (dn/dT)gg, /a7 = 2.22 X 1073 K,
which is in reasonable agreement with the experimental results of the variable-
temperature ellipsometric measurement shown in Fig. 4.12. These results indicate
that the thermally induced nonlinear refraction is due to band-shrinking effect.

(2) Electronic contribution to nonlinear refraction

The nonlinear reverse saturation absorption of c-InSb thin films is partially from
mixed multi-photon absorption-induced free-carriers effect. The nonlinear refrac-

tion is also companied in the process of mixed multi-photon absorption. According

_ aorez 1 Eg%
2eonghw3 1 E2—(hw)

in Table 4.2, y, ~ 4+1.69 x 1072 m?/W which is also a positive contribution

to Aronov—Auston model (Ye = 3) and the parameters listed

to the nonlinear refraction, and close to the z-scan experimental result, and the
self-focusing feature of c-InSb films is partially due to electronic contribution.
Therefore, the nonlinear refraction of the ¢-InSb thin films is from two parts: one
is from electronic transition contribution, and the other is from thermal effect.

4.3.3 Nonlinear Reverse Saturation Absorption of AgInSbTe
Thin Films

Amorphous AgInSbTe (AIST) thin films are deposited on the glass substrate by
the radio frequency magnetron-control sputtering method at the room tempera-
ture. The crystalline state is obtained by laser irradiating the amorphous AIST thin
films. Nonlinearity is measured using the z-scan setup where He—Ne laser with a
wavelength of 633 nm is used. Continuous He—Ne laser is modulated into pulse
light by an acoustic—optic modulator; in this measurement z, = 50 ns.

4.3.3.1 Optical Nonlinearity of Amorphous AIST Thin Films

Figure 4.13 shows the typical open-aperture-mode z-scan measurement of the
amorphous AIST thin films with the light wavelength of 633 nm and pulse width
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of t, =50 ns. It is obviously observed that the sample is of the reverse satura-
tion absorption. The laser pulse width of about 50 ns is in the timescale that free-
carriers dominate in the absorption process. The band gap of amorphous AIST is
1.42 eV, which is smaller than the photon energy of 633 nm laser; the nonlinearity
may be from free-carriers absorption process.

Utilizing the formula (4.113), the fitted B value in Fig. 4.13 is
7.53 x 1073 m/W. The fitting curve also gives the g = 1.722, indicating that the
reverse saturation absorption of amorphous AIST thin film comes from the mixed
multi-photon absorption (including single-photon absorption and two-photon
absorption process).

Figure 4.14 is dependence of nonlinear absorption coefficient on the light inten-
sity. Befr gradually increases with the light intensity, which may result from the
temperature-induced band gap shrinkage. The g decreases gradually with increas-
ing laser intensity, which indicates that single-photon absorption plays more
important role in the equivalent mixed multi-photon absorption process.
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4.3.3.2 Optical Nonlinearity of Crystalline AIST Thin Films

Figure 4.15 shows a typical open-aperture-mode z-scan measurement result of the
crystalline AIST thin films with the light wavelength of 633 nm and pulse width
of t, = 50 ns. It is obviously observed that the sample is of the reverse saturation
absorption. Using formula (4.113), the effective nonlinear absorption coefficient
Betr = 3.5 x 1072 m/W at the laser intensity Ip = 1.15 x 108 W/mZ. The band gap
of crystalline state of AIST is about 1.39 eV, smaller than the photon energy, and
the experimental effective multi-photon level g = 1.7011.

Figure 4.16 shows the relationship between the laser intensity Iy and the effec-
tive nonlinear absorption coefficient Besr as well as the effective mixed multi-pho-
ton absorption level g of crystalline AIST. Bef is gradually ascending tendency for
the increasing laser intensity, and the g is slight descending tendency with increas-
ing laser intensity.

The large nonlinear absorption coefficient of ¢-AIST thin films comes from
the laser-induced free-carriers effect. The AIST thin films are metallic-type semi-
conductor; the free-carriers can be easily created by laser irradiation because of
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their semiconductor-like energy band structure. Despite the population decays in
the pulse time, the free-carriers density is locally balanced and approaches to the
saturation state when laser intensity /(z) increases to the threshold. When the laser
intensity increases above the threshold, the free-carriers absorb photons to higher
states, namely intra-band absorption. Then, these higher-state free-carriers release
excess energy by the phonons of crystal lattice in a longer time range than the
laser pulse, releasing the energy to the lattice. Figure 4.17 is the dependence of
Besr on laser pulse width. It is obvious that the free-carrier diffusion depends on the
irradiation laser pulse width; thus, the short laser pulse can cause small free-car-
riers diffusion, and obtain larger nonlinear effect, accordingly. The B decreases
with increasing laser pulse width.

4.3.4 Nonlinear Absorption Reversal of c-Ge;SbyTes Thin
Films

4.3.4.1 Nonlinear Absorption Performance of c-Ge;Sb,Tes Thin Films

The samples with about 40 nm thickness are deposited from a nominal Ge>Sb,Tes
target using direct-current magnetron sputtering method and then annealed in vac-
uum for 30 min at 180 °C to obtain the crystalline Ge,SbyTes (c-GST). Optical
nonlinearity is measured using an improved single-beam z-scan technique, where
a semiconductor laser with a wavelength of 660 nm is used as excitation light
source. The laser beam is modulated into 40-ns pulse light using signal generator.
Figure 4.18a shows typical open-aperture z-scan results for ¢-GST films with
the laser intensities of 0.02,0.07,0.17, and 0.31 GW/m2. At the excitation inten-
sity 0.02 GW/m?, the open-aperture z-scan measurement exhibits an saturation
absorption. As the intensity increases from 0.07 to 0.17 GW/m?, the nonlinear
absorption response changes from saturation absorption to reverse saturation
absorption. As the intensity further increases to 0.3 GW/m?, the curve shows
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Fig. 4.18 a Open-aperture z-scan results for the ¢-GST at excitation intensities of 0.02 GW/m?
(squares), 0.07 GW/m? (circles), 0.17 GW/m? (triangles), and 0.31 GW/m? (diamonds). The
solid lines are the best-fitting curves calculated by using the z-scan theory. b Effective nonlinear
absorption coefficient Befr as a function of intensity. Reprinted with permission from Ref. [20].
Copyright 2011, American Institute of Physics

an enhanced reverse saturation absorption. No obvious nonlinear refraction is
observed. When the excitation intensity is lower than the threshold of approxi-
mately 0.32 GW/m?, the nonlinear absorption reversal becomes repeatable. The
reversal results from electron-associated process and not from laser-induced struc-
tural change.

Generally, there exist saturation absorption and reverse saturation absorption
for semiconductors upon irradiation, the saturation absorption is usually attributed
to band-filling effect, and reverse saturation absorption can be induced by mixed
multi-photon absorption effects. The z-scan transmittance curve is fitted by

MO =0

where qo(z,t = 0) = BerrloLesr(1 + 72 /zg),lo and Lesr are the peak intensity at
the focal plane and the effective thickness of sample, respectively. zg is Rayleigh
length of z-scan setup. Utilizing formula (4.117), the open aperture mode z-scan
measurements for intensities of 0.02, 0.07, 0.17, and 0.31 GW/m? are fitted,
the fitted nonlinear absorption coefficients are —3.54 X 1072, —1.43 x 1072,
+3.18 x 1072, and 4+4.95 x 10~2 m/W, respectively, as shown in Fig. 4.18b.

The reversal of nonlinear absorption suggests that the dominant nonlinear pro-
cess changes at different intensities. The optical absorption spectrum of ¢-GST
shown in Fig. 4.19 reflects the electronic transition characteristics. The absorption
coefficient at the excitation wavelength of 660 nm is about 5.55 x 107/m, indicat-
ing that ¢-GST has a strong absorption at 660 nm light wavelength in the form
of single-photon absorption. More importantly, the Fig. 4.19 also shows that the
absorption coefficient at the wavelength of 330 nm, equivalent to two photons
at 660 nm in energy, is larger than that of excitation wavelength 660 nm, indi-
cating that c-GST has the potential to absorb two photons at the excitation laser

+oo
1 2
0 In[1+qo(z,t =0)]e " dr 4.117)
—Q
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wavelength at one time. In addition, there is an absorption maximum between
660 and 330 nm wavelength, and this absorption peak band can provide available
states for the relaxation process of the electrons during the two-photon absorp-
tion, and the peak band can prevent the excited electrons from relaxing rapidly
to the ground state. Consequently, the ground-state electron bleaching may occur,
and the dominant electronic transition responsible for nonlinear absorption can be
changed from ground-state absorption to free-carriers absorption. This physical
picture provides a possible explanation for nonlinear absorption reversal.

4.3.4.2 Five-Band Model for the Reversal of Nonlinear
Absorption Performance

The total density of states (TDOS) is presented in the inset of Fig. 4.20a, where
one is only interested in the levels that should be involved in the electronic transi-
tion regarding the excitation photon energy of 1.88 eV. In Fig. 4.20a, three DOS
peaks locating around 1.7, 3.75, and 2.82 eV are marked as S1, S2 and S3, respec-
tively. Each DOS peak indicates a great number of available electronic states. In
the electronic transition from the ground state to the valence band, the electrons at
the ground state are excited to the S energy band only if the energy is more than
1.7 eV; this can be easily realized by absorbing one photon with energy of 1.88 eV.
The excited electron relaxes to ground state in a very short time.

However, if the ground electron absorbs two photons with energy of 3.76 eV,
it will be directly excited to the S, energy band with energy gap of 3.75 eV. The
excited electron relaxes firstly toward the S3 band, which can delay the excited
electrons relaxing back to the ground state. As the excitation intensity increases,
the delay effect will be more pronounced and induce the bleaching of the ground
states. Thus, three DOS peaks of S1, S2 and S3 can be used to construct a five-level
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model, which can be used to explain the reverse saturation absorption process
and demonstrate the reversal of nonlinear absorption. The corresponding sim-
plified model is shown in Fig. 4.20b. At low excitation intensity, the So — S
transition in the form of single-photon absorption prevails and the further single-
photon absorption will be blocked when most of states in S band are occupied;
this process induces a saturation absorption effect, which agrees with the z-scan
measurement for intensities of 0.02 and 0.07 GW/m?. For higher excitation light
intensity, the probability of So — S transition in the form of two-photon absorp-
tion becomes important, and the transition is conducted either by direct ground-
state electron absorption or by two-step process. The first transition is So — Si,
and the second transition is from S; — S, by excited free-carriers absorption. The
large number of vacant states at S3 band can accept excited electrons relaxed from
S band and delay the excited electrons from relaxing toward ground state, lead-
ing to the decrease of the number of ground state electrons. As the excitation light
intensity increases, the two-photon absorption gradually dominates over single-
photon absorption, which causes the nonlinear absorption to change from satura-
tion absorption to reverse saturation absorption process. As the excitation intensity
increases further, the electrons at the ground state tend to bleach and cause an
enhanced reverse saturation absorption; this process is manifested by the z-scan
measurement for intensities of 0.17 and 0.31 GW/m?.
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Table 4.3 Thermo-physical parameters for c-GST
meme) | mme) |eom™) [ o,(/Kg) | pKgmd) | EgeV) | mP%/h2ev) |no
0.014 0.4 49 x 107|210 6.4x 10> |05 10.5 2.62

In the above analysis, saturation absorption effect is attributed to the block-
ing of single-photon absorption by free-carriers in the conduction band. To check
whether the band-filling model can quantitatively account for the saturation
absorption for ¢-GST at low excitation light intensity, by referring to formulas
(4.16)—(4.27) and inserting the parameters in Table 4.3 [20], the nonlinear absorp-
tion coefficient Beff = —3.2 x 1072 m/W, which agrees well with z-scan result of
—3.54 x 1072 m/W at the laser intensity 0.02 GW/m?.

4.3.4.3 Thermal Contribution to Nonlinear Absorption

The thermal effect also plays an important role in determining the nonlinearity of
¢-GST, especially for nanosecond laser pulse excitation. According to formula (4.115)
and inserting parameters in Table 4.3, the calculated temperature rises are 14.6, 51, 124,
and 220 K for intensities of 0.02,0.07,0.17, and 0.31 GW/ m? in the z-scan measure-
ment, respectively. The z-scan measurement is performed at 300 K; thus, the real sam-
ple temperature is in the range from 314.6 to 520 K accordingly, as shown in Fig. 4.21a.

According to formula (4.108), the thermally induced nonlinear absorption coef-
ficient B; is proportional to de/dT. If da/dT < 0, then B; < 0, which corresponds
to a nonlinear saturation absorption process. If da/dT > 0, then B, > 0, which
corresponds to a nonlinear reverse saturation absorption process. To obtain de/dT
for ¢-GST, a variable-temperature ellipsometric spectroscopy measurement is
performed in the temperature range from 300 to 530 K in vacuum. The tempera-
ture dependence of the absorption coefficient at the light wavelength of 660 nm
is plotted in Fig. 4.21b. Figure 4.21b shows that the absorption coefficient curve
can be divided into three regions: The region A is in the temperature range from
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Fig. 4.21 a Relation between sample peak temperature and irradiation intensity. b Temperature
dependence of absorption coefficient within the temperature range from 300 to 530 K. Reprinted
with permission from Ref. [20]. Copyright 2011, American Institute of Physics
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300 to 420 K, « decreases with temperature, and the linear fitting indicates that
da/dT = —2.31 x 107* m~! K~!. The region B is in the temperature from 420 to
470 K; o remains almost constant. The region C is in the temperature range from 420
to 530 K; « increases with temperature, the fitting doe/d7T = 1.13 x 103 m KL
Combining Fig. 4.21a and b, one can find that for laser intensities of 0.02 and
0.07 GW/m?, the sample temperature is in the range from 310 to 420 K, and the
z-scan measurement is found to be saturation absorption. For the laser intensity of
0.17 and 0.31 GW/m?, the sample temperature is in the range 420530 K, and the
z-scan measurement is found to be reverse saturation absorption. Thus, the thermally
induced absorption coefficient change agrees with the z-scan measurement.

Based on Fig. 4.21b and formula (108), in the temperature range from 310
to 420 K, the f; = —6.9 x 107> m/W and in the temperature range from 420 to
530 K, the B; = +3.38 x 1072 m/W. Tt is worth to point out that at 7 < 420 K,
the sign of B; agrees with z-scan measurement at the low laser intensity of 0.02
and 0.07 GW/mZ, while the value is one order smaller than the experimental result.
At T > 470 K, both the sign and value of B; agree well with the z-scan measure-
ment result at high laser intensity of 0.31 GW/m?.

In order to exclude the thermally induced nonlinearity, which is usually indicative
of thermal lens effect, another z-scan measurement with 21-ps laser pulse is performed
for ¢-GST at the laser intensities of 1,256, 2,109, 3,1813, and 4,710 GW/m?, respec-
tively. The rise time of thermal lens in a solid is determined by the acoustic transmit
time Tyransient = Wo/Vs, Where wo is the beam waist radius and vy is the propagation
speed of sound in the solid. For ¢-GST with vy = 3.2 x 103 m/s and wo = 4.3 um
for the z-scan setup, one obtain Tygansient = 1.3 ns, which is almost two order of mag-
nitude larger than the 21-ps laser pulse. Thus, the thermally induced nonlinearity can be
neglected in the picosecond z-scan. The measured results are plotted in Fig. 4.22; the
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Fig. 4.22 Effective nonlinear absorption coefficient § measured by picosecond z-scan at different
excitation intensities, the dashed line showing the average magnitude of 8 measured at the picosecond
timescale. Reprinted with permission from Ref. [20]. Copyright 2011, American Institute of Physics
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is at the order of 10~% m/W, which is much smaller than the nanosecond z-scan result.
Therefore, the picosecond z-scan experimental results give a solid support for the influ-
ence of thermal effect on nonlinearity in the nanosecond z-scan experiment.

4.3.5 Nonlinear Saturation Absorption and Refraction
of Ag-doped Si Thin Films

4.3.5.1 Microscopic Structures and Optical Spectrum Characteristics

The Ag-doped Si thin films are deposited on BK7 glass substrate by cosputtering
of Ag and Si targets. The Ag concentration is adjusted from 10 to 90 % by chang-
ing sputtering power of the Ag target.

The film morphology is characterized with an optical microscope and a scan-
ning electron microscope (SEM). Both optical and SEM topographic images are
presented in Fig. 4.23. The bright particles on the SEM pictures are the Ag parti-
cles, and segregated Ag nanoparticles are formed and randomly distributed on the
surface with a large volume fraction. The SEM images in Fig. 4.23b, c are taken
from different positions (indicated in Fig. 4.23a) of the same sample. The sam-
ple is irradiated by a 633-nm-wavelength laser pulse with a duration of 50 ns and
power intensity of about 9 x 10’ W/m?. In Fig. 4.23a, the blank point is the area
upon which the laser beam is not pointed, while the dark point is the area upon
which the laser beam is pointed. The obvious difference between the pre-laser irra-
diation and post-laser irradiation images is that the concentration and tightness of
the Ag clusters increase after their laser pulse irradiation. That is, there is a laser-
induced modification of the cluster concentration and configuration, and the metal
particles are aggregated with smaller distances after the laser irradiation.

Fig. 4.23 Optical and SEM images of Ag-doped Si thin films, a optical image of the thin film with
laser irradiation points; b SEM image of the blank area on (a); ¢ SEM image of the irradiation area on
(a). Reprinted from Ref. [21], with kind permission from Springer Science+Business Media
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Fig. 4.24 Optical absorption 0.50 T T T T T T
spectrum of pre-laser 045 | Pre-laser irradiation |
irradiation and post-laser A Post-laser irradiation
irradiation. Reprinted a2 0401 3
from Ref. [21], with kind s
permission from Springer g 035} il
Science+Business Media i i 17| B il
S
2 025} i
2
2 L -
2 0.20
0.15F .
0.10 B

300 400 500 600 700 800
Wavelength (nm)

Optical absorption spectrum is then measured in a wavelength range from
300 nm to 800 nm. The resulting curves for pre-laser irradiation and post-laser
irradiation samples are presented in Fig. 4.24. Obviously, there is an absorption
peak at about 415 nm wavelength, and the excitation at 415nm can be identified as
the surface plasmon resonance absorption (SPR) peak, stemming from the surface
plasmon between metal particles and matrix. In addition, the red curve in Fig. 4.24
has a higher peak value than that of the black one, indicating that the SPR absorp-
tion is enhanced after the laser irradiation. As is shown in Fig. 4.23, the local clus-
ters become more concentrated and the inter-particle distances are reduced after
the sample is exposed to the laser beam.

4.3.5.2 Optical Nonlinearity of Ag-doped Si Thin Films

In z-scan measurement, when the Ag concentration is below or above about 50 %,
there are small nonlinear responses whether in the pre-laser irradiation area or in
the post-laser irradiation area. Large nonlinear responses are recorded when sam-
ples are near 50 % Ag concentration. The measured results are shown in Fig. 4.25.

The measured z-scan curves corresponding to the pre-laser irradiation area
are drawn in Fig. 4.25a, and the curves corresponding to the post-laser irradia-
tion area are illustrated in Fig. 4.25b. The black curves represent the normalized
closed-aperture-mode z-scan measurements, and the red curves represent the open-
aperture-mode z-scan measurements. On the other hand, the green curves are the
results of normalized closed-aperture mode divided by normalized open aperture
mode, which indicates the optical nonlinear refraction. It is clear from Fig. 4.25a
that, for the pre-laser irradiation z-scan measurement, there is no evidence of sig-
nificant nonlinear refraction. In addition, there is an inflexion in the open-aperture-
mode measurement, indicating that there exists a threshold, at which the laser
triggers Ag particle aggregation.
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Fig. 4.25 Initial a and repeated b normalized transmittance of closed-aperture-mode (black) and
open-aperture-mode (red) z-scan measurement, and the green curves are the result of normalized
closed-aperture mode divided by normalized open aperture mode. Reprinted from Ref. [21], with
kind permission from Springer Science+Business Media

For post-laser irradiation, there is no inflexion in the open-aperture-mode
z-scan measurement, and the curve is symmetric. This behavior indicates
an apparent nonlinear refraction and suggests that the thin film functions as
a convex lens under laser irradiation, i.e., a self-focusing effect. The theo-
retical fittings of the nonlinear absorption and refraction in Fig. 4.25b indi-
cate nonlinear saturation absorption. The effective nonlinear absorption
coefficient is Pesr = —8.086 x 10~2 m/W. The nonlinear refraction coefficient
y = 1.47 x 1072 m?/W, which is several orders of magnitude larger than most of
the reported metal-doped composites. The z-scan measurements for the post-laser
irradiation area are taken repeatedly, and the results of each measurement remain
almost unchanged, suggesting that this nonlinearity is reversible.

4.3.5.3 Concentration Resonance-Induced Large Nonlinearity

The large nonlinear signals could only be recorded with a Ag concentration in a
narrow range near 50 %, and out of the concentration range, the signals are weak.
The nonlinear absorption can reach saturation, while the nonlinear refraction cre-
ates self-focusing effect. The process of generating nonlinear signals is accom-
panied with a laser-induced reconstruction of the Ag nanoparticles. Without the
modification of particle distribution, no signal could be generated.

Due to the fact that shows correlation between the enhancement and the redis-
tribution of the Ag particles, it is reasonable to conjecture that the interaction
among the particles would play an important role and be principal cause of the
giant enhancement. The enhancement responses come mainly from the scatter-
ing field of Ag particles. If the local field driving the particles would strongly be
enhanced due to the strong interaction among the particles, the optical response of
the whole system would increase strongly.
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The numerical calculation of the local field is carried out and in turn the
scattering field goes toward the observation area. The sample is modeled as a
cluster of 50 Ag particles. The distance among the particles and the size of the
particles is randomly generated. To simplify the model, the rest of the sample
is considered to be a surface beneath the cluster of Ag particles and the parti-
cles are two-dimensionally distributed on the surface as depicted in Fig. 4.26a, b.
A suitable parameter to take into account the degree of the inter-particle cou-
plings is the tightness of the cluster, i.e., an overall account of the distances
among the particles. For example, in Fig. 4.26a, the particles are tightly dis-
tributed, whereas in Fig. 4.26b the particles are loosely redistributed in a larger
area. One understands that the interaction would be enhanced once the tightness
increases. Actually, one finds out that the situation would be more complicated.
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Fig. 4.26 Cluster of 50 Ag particles with a tight distribution and b loose distribution, and ¢
the optical response as a function of the tightness, from tight distribution to loose distribution.
Reprinted from Ref. [21], with kind permission from Springer Science+Business Media
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A microscopic theory to calculate the optical response as a function of the tight-
ness of the cluster is employed. The calculation takes two steps, namely solving
the self-consistent set of formulas that account for all microscopic interactions
among the particles, and relating the local field to the scattering field in the
observation area. The two typical formulas, respectively, for each step can be
written as follows:

N

Ei() = B @) — no® 3 G(F oo -[&’j(w)-Ej(w)], i=1,23,....N
=1
! (4.118)

E(k, a)) = —uw? i&(ki,ﬂ,w> . [31‘(0)) -Ei(a))] (4.119)
i=1

In the first formula, the local field at each particle site is a sum of the contributions
from the rest of the particles with polarizability strength &;(w) and the interaction
among particles is included in the field propagator 8(?,~, 7j, w). Solving the set of for-
mulas self-consistently as a standard eigenvalue problem, one expects that the local
field can be accurately calculated with the possibility to have resonance. Once the
local field is calculated, the observed field at a point far away from the cluster at R is
calculated using the second formula representing the optical response of the cluster.
The details of the field propagator as well as other parameters involved in the numer-
ical simulation can be found in [22]. In the calculation, the length is normalized to
the wavelength. Therefore, the normalized length marked in Fig. 4.26a, b for a wave-
length of 633 nm corresponds to a range about 500-800 nm, respectively.

In Fig. 4.26¢, the calculated optical response is presented as a function of the
tightness. A notable feature in the curve is the resonance. When the particles are far
away from each other, the responses are small. When the tightness increases, there
are possibilities to excite the resonances and the scattering field is enhanced strongly
of several orders of magnitude. If the particles are further pushed together, the field
strength decreases again. The above behavior of the optical response appears to be
consistent with experimental results; that is, the optical response increases with the
density of the Ag clusters, and the enhancement reaches a peak before becoming sat-
urated. That is, the large nonlinearity occurs at suitable Ag concentration, which is
attributed to the laser-triggered concentration resonances.

4.4 Summary

In nonlinear super-resolution nano-optics, in order to obtain the below diffraction-
limited spot, the nonlinear absorption and refraction coefficients of samples are
required to be large. According to the manipulations from free-carriers, gap shrink-
age, and thermal effect, the semiconductor thin films (specially for chalcogenide
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phase-change thin films) generally possess large nonlinear effects, and the nonlin-
ear absorption coefficient can reach up to the magnitude of 1072 ~ 1073 m/W,
and nonlienar refraction coefficient is about 10710 ~ 1079 m? /W. Thus, these
semiconductor materials can be used to obtain optical super-resolution effect.
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Chapter 5
Nanoscale Spot Formation Through
Nonlinear Refraction Effect

5.1 Introduction

The diffraction limit of an optical lens system refers to the smallest focused spot
that the lens can produce, which is related to the wavelength and the numeri-
cal aperture (NA) of the lens system as D ~ 1.22)%/NA. For example, for a laser
beam of 4 = 650 nm and a lens of NA = 0.6, one estimates the size of the dif-
fraction limit spot D ~ 1.321 wm. Overcoming the diffraction limit and obtain-
ing a super-resolution spot have been hot topic because of the important demands
in the fields of nanolithography, ultrahigh-density data storage, and nanoscale-
resolved optical imaging and detection. Numerous methods and techniques have
been proposed to overcome the limit, including the use of a metamaterial lens
[1], microsphere-based microscopic lens [2], and fluorescence labeling methods
[3, 4], among others. One of the promising approaches to break through the dif-
fraction limit and form a super-resolution spot is taking advantage of nonlinear
effects.

For the nonlinear effects, nonlinear refraction is well-known phenomena in
most optical materials. Light beam with Gaussian intensity profile is incident
on nonlinear materials and causes the refractive index to present Gaussian dis-
tribution. The Gaussian distribution of refractive index can restrict light into
nanoscale spot by self-focusing behavior or interference manipulation [5, 6].
The nanoscale spot can be directly coupled into the samples in near-field range
to conduct high-density data storage, high-resolving light imaging, and nano-
lithography. In this chapter, the models of nanoscale spot formation, such as
interference manipulation model and multilayer thin lens self-focusing model,
are presented based on different conditions, and some application schematics are
given, accordingly.
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5.2 Interference Manipulation-Induced Nanoscale Spot

In nonlinear super-resolution effect of nanofilm sample with nonlinear refraction
and without absorption, some approximations can be used, the first is that the inci-
dent light is thought to be a collimated beam and does not diverge or broaden in
propagation inside the sample. The second is that the refractive index n remains
unchanged along sample thickness direction. According to the approximations, the
irradiation of Gaussian beam spot with initial intensity distribution is

Tine(r) = Io exp (—2r2/w(2)>, with Iy = 2P/mw? .1)

where P is incident laser power, and wy is spot radius at 1/e? central intensity. The
refractive index is marked as n(r),

n(r) = no + ylinc(r) 5.2)

where ng and y are the linear refractive index and nonlinear refraction coefficient,
respectively. The self-action effects (such as self-focusing effect or self-defocusing
effect) can be neglected; the contribution to super resolution is mainly from inter-
ference manipulation when the thin film thickness is smaller than incident light
wavelength. The interference manipulation can be approximately dealt with non-
linear Fabry—Perot cavity structure.

5.2.1 Nonlinear Fabry—Perot Cavity Structure Model

The approach to deal with the interference effect of nonlinear nanofilms is that the
nonlinear nanofilms can be considered as nonlinear Fabry—Perot cavity structure.
It is well known that nonlinear Fabry—Perot cavity containing a nonlinear mate-
rial can become bistable and multistable at a sufficiently high incident intensity.
Under suitable conditions, the light transmitted from nonlinear absorptive or dis-
persive medium in an optical cavity can exhibit a hysteresis cycle. For this reason,
the properties have attracted a great deal of attention. For example, the bistable
mode can be used as a switching element in an optical circuit. Here, the nonlinear
Fabry—Perot cavity structure can considered into an optical super-resolution device
because the interference manipulation can induce nano-optical hot spot formation.

5.2.1.1 The Theoretical Derivation

The designed nonlinear Fabry—Perot cavity structure is shown in Fig. 5.1, where
the region 2 is filled with a nonlinear thin film material, and the nonlinear thin
film material is sandwiched by dielectric mirrors situated in region 1 and region 3.
Figure 5.1 gives the schematic of light beam traveling through the nonlinear
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Fig. 5.1 The schematic of light beam traveling through the nonlinear Fabry—Perot cavity [7]

Fabry—Perot cavity, where the self-action and diffraction effects of light beam are
ignorable due to the thickness of nonlinear Fabry—Perot cavity structure is only
less than 1 pwm. The nonlinear Fabry—Perot cavity is made up of three regions,
where region 1 and region 3 are filled with transparent dielectric materials and
form two dielectric mirrors. The nonlinear thin film material is filled into region 2,
which is sandwiched by region 1 and region 3. The interface between region 1
and region 2 is marked as F2, and the interface between region 2 and region 3 is
marked as Fp3.

Assuming that a light beam with an electric field intensity of A; is normally
incident into the nonlinear Fabry—Perot cavity structure from region 1, the Aj is
written as

A1 = Epexp <—r2/w%) (5.3)

where wy is spot radius, and Ej is electric field intensity at the center of spot. The
light intensity can be accordingly expressed by formula (5.1).

The amplitude transmission and reflection at the interface F, are assumed to
be 712 and p12, and at the interface F»3 are assumed to be 123 and pp3, respectively.
For normally incident TE light beam [8],

_ n—n
P12 = ni+n
n—n3
P = i
3
T (5.4)
12 = ni+n
Ton = 20
23 = n+ns

whereas for TM light beam,
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_ (/np=0/n)
o
— n)— n3
P23 = (1/m)+(1/n3)
Ty — —Q/m) (5.5)
2= /) £/
_ n
23 = {+1/n3)
The n; and n3 are the refractive index of region 1 and region 3, respectively. In

general, the dielectric mirror of region 1 is identical with that of region 3, and
ny = n3. n is complex refractive index of nonlinear thin film in region 2.

- A
n=n+i—u« (5.6)
4
where n and o are refractive index and absorption coefficient of region 2,

respectively.
The reflectance R and transmittance 7 can be simply written as

R=Rp = lp2l* =Roz = lp3l* = oI 5
T=Tn= gﬁ{*} T2 = Toz = R[2]|23)? .7)

with
R+T=1

The N[-] denotes the operation of taking the real part.
The A passes through the interface F» and travels to the interface F3. The
light field becomes A(l), which is calculated as

Aél) ZAITeikL—%aL (5.8)

where k = 27n// is propagation constant, which is also called as wavenumber
inside the sample. The el*L=@L/2] means the variations of phase and intensity
of light field in the traveling from Fis to Fas. It is noted that for elKL—(@L/2)] the
mean-field approximation is implicitly made, in other words, n and « are assumed
to be unchanged along the thin film thickness direction position z. If such is not

the case, the [( “n— 20‘) ] should be replaced by fo |:l*l”l(Z) ot(z)} dz [9].

The A(2 )is partlally reﬂected to interface F» after traveling a distance of L, and
light field becomes A

ikL— 20:Lpe kL— oL (5.9)

A/z(l) =Ajte

The A, ' is also partially reﬂected to the interface F»3 after traveling a distance of
L, and the light field becomes A
A§2) ikL— 3oL po2ikL—aL

=Ajte (5.10)
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The A( ) is partially reﬂected to interface F; after traveling a distance of L, and
the hght field becomes A2

A,z(z) R 2"‘Lpe ~larL (RGZikaaL> (5.11)
Similar to A(zz), the 3rd forward light wave A;3) should be written as
AS) = yreibor (petiiot)” (5.12)
The 3rd backward light wave A/2(3) should be written as
ALY = Aot det et (gerit-or)” (5.13)
The ith forward light wave A(zi) should be written as
Ag‘) _ A]_L,eikL—%aL (ReZikL—aL)(iil) (5.14)
The ith backward light wave A} should be written as
Alz(i) — A TeikL—%aLpeikL—%aL (ReZikL—aL) =1 (5.15)

After coming and going m times (m is integer), the mth forward light wave A(m)
should be written as

, : (m=1)
A = Ayrel-tel ( Rezsz—aL) (5.16)

The mth backward light wave A, ™) should be written as

) . . (m—1)
Alz(m) = A Tesz—%aLpetkL—%aL (ReZtkL—ozL) (517)

After the light beam is reflected for m times between interface F> and interface
F»3, a stable effective field can be obtained. The effective field consists of forward
light wave and backward light wave. The forward light wave is marked as A and
the backward light wave is mark as Aj. Figure 5.2 presents the schematic, where
A3z and A are exiting and reflected light fields from the nonlinear Fabry—Perot cav-
ity structure, respectively. Here, one only considers the exiting light field As.
The forward light field A, is a superposition and can be calculated as
At oikL—3aL

1 — Re2ikL—aL (>-18)

Ay =AY + AP 4 AT 4 AD + Al =
The backward light field A is also a superposition and can be calculated as

: . 1
A/2 =A’2(1) +A/2(2) +A/2(3) 4. +A’2(l) 4. +A/2(m) =A2petkL—§aL (519)
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Formula (5.18) describes the properties of the nonlinear Fabry—Perot cavity struc-
ture. The intensity of forward light wave A, is

The oL
1 — 2Re~L cos(4nnL/A) + R2e—2eL

bL=AP= (5.20)

As is shown in Fig. 5.2, the exiting light field from the nonlinear Fabry—Perot
cavity structure is A3, which can be calculated as Az = tAj. The intensity is
accordingly

T211 e—otL
1 — 2Re~*L cos(4mnL /%) + R?e~2oL

L=A2=Th = (5.21)

In formula (5.21), the n and « are induced by the internal cavity field inside region 2,
which is named as Acayity. The Acavity consists of two parts, one is the forward light
wave Aj, and the other is the backward light wave Aj, thus Acaiyy = A2 + AS.
For simplicity, one can ignore the standing wave within the cavity structure; the light
intensity /eavity in region 2 is

2
Leaviy = A2 + |45 =L + I} (5.22)
According to formula (5.19), the I} can be calculated as

. 2
= | = ‘Azpe’kL_%“L — LReL (5.23)

Hence

Teaviey = (1 + Re_aL) (5.24)

If the n and o remain unchanged along the film thickness direction z and are
only function of radial coordinate r, which is reasonable because the self-action
and diffraction effects are ignored. The n and « are expressed as n(r) and a(r),

Fig. 5.2 Simplified Az
schematic of light beam

propagation using the

effective light field [7] Region 3

Dielectric mirror

Nonlinear thin film

=~ {chion 2 A, Al
Region 1 1 l

Ay Ay

Dielectric mirror
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respectively. The internal cavity field-induced refractive index and absorption
coefficient are, respectively

{ n(r) = ng + ylcavity (1)
a(r) =oap + ﬁIcaVity(r)

where « is linear absorption coefficient. 8 is nonlinear absorption coefficient. The
internal cavity field-induced complex refractive index is written as

(5.25)

A
n(r) = [nO + ylcavity(r)} + iE [O{o + ,Blcavity(r)] (5.26)

One can obtain the intensity distribution of the exiting spot from the nonlinear
Fabry—Perot cavity structure with formula (5.21). Here, it should be pointed out
that, for the thin film samples with both nonlinear absorption and nonlinear refrac-
tion, the super-resolution effect from the contribution of nonlinear absorption is
stronger than that from the contribution of nonlinear refraction because the non-
linear absorption easily generates an optical pinhole channel [10, 11]. In addition,
the absorption also causes interference effect to become weak inside the nonlin-
ear Fabry—Perot cavity structure. Hence, in the following, let us consider a special
case for nonlinear thin film without absorption, i.e., « = 0 in order to analyze the
interference manipulation effect inside the nonlinear Fabry—Perot cavity structure.
The thickness of dielectric mirror is assumed to be less than 100 nm. The light
intensity distribution in region 2 can be directly mapped onto the exiting surface
of the nonlinear Fabry—Perot cavity structure because the thickness of dielectric
mirror is in the optical near-field range. Based on formula (5.1), the formula (5.21)
can be rewritten as

2
T2I exp <— i@)
L(r) = A3 = 0 (5.27)

1 —2Rcos [L"A(r)l‘} + R?

The formula (5.27) is actually implicit equation and cannot be directly obtained.
However, one can have the exiting spot intensity distribution through numerical
calculations with initial values of n = ng for nonlinear thin film. When the calcu-
lated I¢qyiry is stable, the calculation is finished.

5.2.1.2 Nanoscale Optical Hot Spot Formation by Constructive
Interference Manipulation

The AsS3 thin film filled into the region 2 is taken as an example due to giant
positive nonlinear refraction coefficient of y = 8.65 x 10719 m?*/W and ignora-
ble linear and nonlinear absorption coefficient g &~ B ~ 0 at the light wavelength
of =633 nm [12]. np & 2.5 is chosen because of large linear refraction for
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chalcogenide glass materials. The incident laser power is fixed at P = 0.2 mW,
and wo = 300 nm, the incident light intensity can be obtained by Iy = 2P/ (rrw(z)).

Based on formula (5.27), in order to obtain nanoscale spot, I3(r) should be
maximum at r = 0, which requires 47nL/A = 2qm with ¢ = 0,1,2,.... After the
incident laser power is fixed, one can change the nonlinear thin film thickness to
obtain strongest interference field at r = 0 [13]. Thus

qui,q:O,l,Z,... (5.28)
2n

The rough internal cavity field intensity is estimated by assuming the L = 100 nm

and shown in Fig. 5.3a. One can find that /c,vity = 8.55 x 108 W/m? at r = 0. The

internal cavity field-induced refractive index is plotted in Fig. 5.3b, where the

n=~324atr=0.

According to formula (5.24) the I¢ayity has a little fluctuation at 4mnl/. = 2gm
with the nonlinear thin film thickness. In order to get the interference enhancement
at r = 0, by substituting n & 3.24 into formula (5.28) and optimizing the calcula-
tion, one can obtain a series of L values as follows.

L = 286 nm, 386 nm, 484 nm, 586 nm, 687 nm, . ..

Figure 5.4 presents normalized two-dimensional spot intensity distribution.
Figure 5.4a is incident spot itself, which is a typical Gaussian profile. Figure 5.4b
is the exiting spot at L = 286 nm; one can find that the spot is obviously smaller
than the incident spot. When the thickness is increased to L = 386 nm, the spot is
further smaller than the incident spot. At L = 484 nm, a central spot with a size
of about 100 nm occurs, as shown in Fig. 5.4d. Increasing L = 586 nm, a spot of
about 70 nm appears in the central region (also see Fig. 5.4e). A very small spot
with a size of 40 nm occurs in the central region when L = 687 nm; as is shown in
Fig. 5.4f, the spot size is only about /16, which is very useful in nanolithography
and high-resolving light imaging.

In order to further analyze the spot characteristic, Fig. 5.5 gives the normal-
ized three-dimensional spot intensity distribution. Figure 5.5a is the incident spot.

(a) 1ox0’ (b) s3] ,
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Fig. 5.3 The distribution of a cavity field intensity and b refractive index at incident laser power
of 0.2 mW and L = 100 nm [7]
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Fig. 5.5 The three-dimensional spot intensity distribution a incident spot, b L = 286 nm, ¢
L =386nm,d L =484 nm, e L =586 nm, and f L = 687 nm [7]

Figure 5.5b is exiting spot at L = 286 nm; compared with Fig. 5.5a, one can find
that the spot becomes sharp. Figure 5.5¢ is the exiting spot at L = 386 nm; the
spot becomes shaper and a central hot spot occurs at the position of normalized
intensity of about 2/3. Figure 5.5d shows that at L = 484 nm, the central hot spot
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becomes sharper and the size is also smaller than those of Fig. 5.5c. Figure 5.5¢
shows that with the nonlinear thin film thickness increasing to L = 586 nm, the
central hot spot size obviously decreases compared with Fig. 5.5d. The central hot
spot size is further reduced at L = 687 nm, as is given in Fig. 5.5f, and there are
two inflection points at the exiting spot intensity distribution. One is at about 1/2
of normalized intensity, and the other is at about 2/3 of normalized intensity. At
the position of about 2/3 normalized intensity, a very sharp central hot spot occurs,
and the central hot spot looks like a tip of optical probe. The central hot spot size
is far smaller than the incident spot itself.

Figure 5.6a shows the cross-section profile of the normalized spot intensity
along the radial direction for different nonlinear thin film thickness. The increase
of nonlinear thin film thickness can sharpen the exiting spot, and the central opti-
cal hot spot occurs at L > 386 nm. The central hot spot size is reduced to about
40 nm at L = 687 nm, which is a nanoscale optical hot spot applicable in nano-
optical data storage, high-resolving imaging, and direct laser writing lithography.

In spot simulation, one can find that the central hot spot size is very sensi-
tive to nonlinear thin film thickness. In order to understand the sensitivity, the
L = 687 nm is taken as an example, and the dependence of central hot spot size on
nonlinear thin film thickness at L = 687-690 nm is analyzed.

Figure 5.6b presents the calculated results, the central hot spot size linearly
increases with nonlinear thin film thickness for L = 687-690 nm, which indicates
that the hot spot size is sensitive to nonlinear thin film thickness, and the accu-
racy is required to be up to nanometer or even subnanometer scale, which is very
large challenging for thin film deposition method and process. Fortunately, some
advanced thin film deposition technique can prepare the thin film materials with
nanoscale (or even subnanometer scale) accuracy. For example, the atomic layer
deposition technique, also called as atomic layer epitaxy, is a good method to pro-
duce high-quality large-area thin film materials with perfect structure and process
controllability, and the accuracy can reach up to single atom layer accordingly [14].
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Fig. 5.6 The dependence of spot characteristics on nonlinear thin film thickness, a normalized
intensity distribution of exiting light spot from nonlinear Fabry—Perot cavity structure for dif-
ferent nonlinear thin film thickness, and b sensitivity of central spot size to nonlinear thin film
thickness for L = 687 ~ 690 nm and P = 0.2 mW [7]
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The advanced thin film deposition technique, such as atomic layer epitaxy, is
indeed good method for obtaining high-accuracy nonlinear thin films. Actually,
there is also an alternative method for realizing nanoscale central optical hot
spot, that is, slightly changing the incident laser power can obtain the same per-
formance as the high-accuracy manipulation of nonlinear thin film thickness,
which is because the super-resolution spot is also sensitive to the incident laser
intensity. The Fig. 5.4f with L = 687 nm and P = 0.2 mW is taken as an exam-
ple. The central hot spot with a size of about 40 nm can be obtained. However,
the central hot spot immediately becomes large, and the spot top becomes flat
when the nonlinear thin film thickness becomes L = 690 nm, as is seen in the
two-dimensional intensity distribution of Fig. 5.7a. Compared with Fig. 5.4f,
the central hot spot obviously becomes large although the thickness difference is
only 3 nm. The cross-section profile curve is shown with red curve in Fig. 5.7b,
and the central hot spot becomes about 80 nm, accordingly. In order to obtain the
same performance as Fig. 5.4f, one can slightly tune the incident laser power from
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Fig. 5.7 Laser power manipulation for obtaining nanoscale central optical hot spot, a the
two-dimensional intensity distribution for L =690 nm and P = 0.2 mW, b comparison of
spot intensity among L =890 nm and P =0.2mW, L =690 nm and P = 0.196 mW, and
L = 687 nm and P = 0.2 mW, c the two-dimensional intensity distribution for L = 690 nm and
P =0.196 mW [7]
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P =02mW to P =0.196 mW. Figure 5.7c gives the two-dimensional intensity
distribution accordingly. Compared with Fig. 5.7a, the central hot spot obviously
becomes small by tuning incident laser power of P = 0.196 mW, and the cross-
section profile curve is shown with blue curve in Fig. 5.7b, and the central hot spot
becomes about 40 nm, accordingly. Figure 5.7b also gives the intensity profile of
Fig. 5.4f with dark cyan curve (with L = 687 nm and P = 0.2 mW), where the
dark cyan curve is almost coincident with the blue curve (with L = 690 nm and
P =0.196 mW). Therefore, Fig. 5.7 indicates that the slightly changing the inci-
dent laser power is also an alternative method for compensating for drawback of
low thickness accuracy of nonlinear thin films.

The nanoscale optical hot spot can be reversibly generated because the nonlin-
ear characteristics of thin film in region 2 are reversible. For practical applications,
such as nanolithography and optical surface imaging, generation and movement
of the nanoscale central hot spot are possible by scanning the incident light beam
through a galvanometer mirror or by moving the nonlinear Fabry—Perot cavity
structure. The resist thin films or the samples to be imaged are directly deposited
on the surface of the nonlinear Fabry—Perot cavity structure. The nanoscale central
hot spot is directly coupled into the resists or samples to be imaged because the
thickness of the dielectric mirror is less than 100 nm, which is in the near-field
range.

However, the central hot spot size cannot decrease infinitely with increasing
L. That is, the q value of formula (5.28) cannot increase infinitely. For example,
further increasing the q value such that L = 781 nm at P = 0.2 mW. Figure 5.8
illustrates the optimized exiting spot characteristics. Figure 5.8a shows the
radial distribution of the normalized spot intensity. The central hot spot becomes
coarse and the size becomes large compared with the case at L = 687 nm and
P = 0.2 mW. Figure 5.8b shows the normalized two-dimensional intensity image.
Compared with Fig. 5.4f where L = 687 nm and P = 0.2 mW, the spot morphol-
ogy is no longer a single central hot spot, but is an annular spot, and the annular
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Fig. 5.8 The normalized spot intensity distribution for L = 781 nm and P = 0.2 mW, a cross-
section profile along radial direction, and b two-dimensional spot intensity profile [7]
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central spot size is about 80 nm. Such size is obviously larger than the central hot
spot at L = 687 nm. Figure 5.8 indicates, to obtain a nanoscale central hot spot by
interference manipulation, an optimum nonlinear thin film thickness for the non-
linear Fabry—Perot cavity structure needs to be adjusted. In the example, the opti-
mum thickness is L = 687 nm for P = 0.2 mW, and the nano-optical hot spot size
is 40 nm.

Here, one needs to notice that, based on the theoretical model, different laser
power can induce different refractive index profile; thus, the super-resolution per-
formance is also different for different laser power irradiation. That is, the super-
resolution effect can be regulated by changing the laser power.

It needs to be pointed out that in the theoretical model, some reasonable
approximations are used, such as mean-field approximation or ignoring the stand-
ing wave effect. In addition, Ref. [15] also gave some calculation and experimen-
tal results for reducing the spot through the nonlinear Fabry—Perot resonators.

5.2.1.3 Test and Application Schematic Designs of Nonlinear
Fabry—Perot Cavity Structures

According to the simulation analysis above, the super-resolution spot can be
obtained through the constructive interference manipulation in the nonlinear
Fabry—Perot cavity structures when the As;S3 thin film is chosen as the nonlinear
thin film. Figure 5.9 presents a test schematic design for the super-resolution spot.
The nonlinear thin film is sandwiched in between the dielectric mirrors, where the
thickness of dielectric mirrors is less than 100 nm. A collimated laser beam passes
through the neutral density optical filter and is focused by a converging lens.
The laser power can be finely regulated by the neutral density optical filter. The
focused spot is normally incident into the nonlinear Fabry—Perot cavity structure
and induces the formation of super-resolution spot. The super-resolution spot only
exists at the surface of nonlinear Fabry—Perot cavity structure and is difficult to
propagate into the air. Therefore, in order to test the super-resolution spot, a near-
field spot scanning method needs to be designed. The super-resolution spot can be
scanned and tested by near-field probe scanning head, where the distance regula-
tion between the fiber tip of scanning head and the sample surface is controlled by
utilizing a tuning fork, and the regulated distance should be maintained at ~50 nm,
which is a typical near-field range [16].

The application schematics can be roughly designed as follows. The resists
and optical recording materials with obvious threshold effect (such as structural
change and molten ablation) are directly deposited onto the nonlinear Fabry—Perot
cavity structure, as shown in Fig. 5.10a. The thickness of dielectric mirrors in the
nonlinear Fabry—Perot cavity structure is less than 100 nm. A collimated laser
beam is focused and normally incident onto the nonlinear Fabry—Perot cavity
structure, and the super-resolution spot can be generated and directly coupled into
the resists or optical recording media in the near-field range. The near-field dis-
tance can be regulated by the thickness of dielectric mirror. The laser power can be
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Fig. 5.9 Super-resolution spot test schematic of nonlinear Fabry—Perot cavity structures [7]

finely adjusted by the neutral density optical filter. When the spot intensity of 70 %
central maximum induces the threshold effect of resists or recording media, the
nanoscale lithography or optical recording can take place, as shown in Fig. 5.10b.
Here, it should be explained that in the example, the photo-induced or ther-
mally induced expansion effect is very weak due to the low laser power of mil-
liwatt magnitude, which is enough for laser direct writing lithography, optical
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Neutral density optical 70% of maximum intensity or optical di

filter: power adjustment %:
E

Monlinear Fabry-Perot
i { Distance from spot center
Resist with threshold effect

L]
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Fig. 5.10 Application schematics of the nonlinear Fabry—Perot cavity structure in nanolithog-
raphy, a formation schematic of super-resolution spot, b the threshold effect for lithography or
optical recording [7]
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recording, and imaging. If there is thermal expansion, which induces the thick-
ness change of nonlinear thin films, one can regulate the laser power a little by the
neutral density optical filter to eliminate the expansion influence on super-resolu-
tion effect.

When the resists or recording media are deposited onto the nonlinear Fabry—
Perot cavity structures, the interface loss may occur and has a little influence on
the super-resolution spot performance. The influence can be reduced or elimi-
nated by slightly adjusting the neutral density optical filter to change the laser
power a little.

Therefore, one can manipulate the nonlinear thin film thickness of the nonlin-
ear Fabry—Perot cavity structure to make the position at r = 0 become constructive
interference. The nanoscale optical hot spot can be produced in the central region.
The hot spot size is sensitive to nonlinear thin film thickness, and the accuracy is
required to be up to nanometer or even subnanometer scale, which is very large
challenging for thin film deposition technique; however, slightly changing the inci-
dent laser power can compensate for drawbacks of low thickness accuracy of non-
linear thin films. Taking As,S3 as the nonlinear thin film, the central hot spot with
a size of 40 nm is obtained at suitable nonlinear thin film thickness and incident
laser power. The central hot spot size is only about /16, which is very useful in
superhigh-density optical recording, nanolithography, and high-resolving optical
surface imaging.

5.3 Self-focusing Effect-Induced Nanoscale Spot Through
“Thick’ Samples

For nonlinear “thick” samples, the internal multiple interference effect among
interfaces can be neglected. The refractive index change along sample thickness
direction needs to be considered, that is, the # is not only function of radial coordi-
nate r, but also vertical coordinate z. For nonlinear refraction samples with y > 0,
the irradiation of Gaussian intensity beam spot induces self-focusing, and the con-
verging effect of light beam occurs inside nonlinear sample. In the process of con-
verging, the light intensity increases along sample thickness direction z, and the
refractive index should be marked as n(r, z).

The positive nonlinear refraction can induce self-focusing effect and form small
spot; however, the diffraction effect also needs to be considered when the light
beam becomes very small. The diffraction effect causes the beam to broaden,
while the wavefront curvature induced by nonlinear refraction tends to pull the
beam toward central region with higher intensity. When the nonlinear effect is
weak, the diffraction is dominant over self-focusing effect. With the increase of
laser power, a point might be reached when the self-focusing becomes balance
with the diffraction effect, and the beam can then travel over long distance without
any noticeable expansion or contraction, that is, a self-focusing needle produces
inside the nonlinear samples.
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The self-focusing needle can be physically considered to be an effective
waveguide for itself and propagates without spreading. One can also take advan-
tage of the self-focusing needle to obtain nanoscale spot at the bottom of nonlin-
ear medium by manipulating experimental conditions and some parameters. The
nanoscale self-focusing spot can be directly coupled into the samples, such as
optical recording thin films and resists, in near-field range, and realize the ultra-
high-density data storage and nanolithography, etc.

The formation process of nanoscale spot inside nonlinear “thick” film samples
can be obtained by solving the nonlinear Schrodinger equation; however, it is diffi-
cult to directly obtain analytical solution. Some numerical methods are usually used,
such as finite difference method and pseudo-spectrum analyzing method. In real
applications, the numerical methods are required to conduct complex mathematical
operations.

The self-focusing spot can be also roughly estimated by considering the non-
linear medium as converging lens, as shown in Fig. 5.11. In Fig. 5.11a, the light
beam irradiates into the nonlinear sample and forms a self-focusing spot. In prac-
tice, one can generally consider that the refractive index only changes along the
radial direction » and remains unchanged in the thickness z position. The nonlinear
sample is usually considered as an equivalent lens, as shown in Fig. 5.11b, and the
focal spot size and focal distance are calculated with simple geometrical optical
formulas, accordingly.

However, when the sample is thick, the light beam converging effect occurs
inside nonlinear sample. In the process of converging, the light intensity increases
along sample thickness direction, and the refractive index should be marked as
n(r,z). In addition, the beam broadening resulting from diffraction effect needs
to be considered, that is, in the propagation, the light beam might diverge with
increasing propagation length. Here, a multilayer thin lens self-focusing model
is presented to understand the formation and propagation characteristics of self-
focusing beam spot inside nonlinear “thick” samples. The As,S3 is still taken as an
example; the nanoscale self-focusing spot is analyzed as follows.

Fig. 5.11 Schematics of (a)
equivalent lens, a light beam Nonlinear sample
is incident into nonlinear y > 0)

sample and converging into a
point, b the nonlinear sample
is equivalent to converging
lens

. Focal distance

= m e e e m e m— == -
i

(b)
Light beam

Optical axis

]
Equivalent lens
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5.3.1 Multilayer Thin Lens Self-focusing Model [17]

A collimated light beam with Gaussian intensity profile is focused onto the “thick”
sample with positive nonlinear refraction coefficient (y > 0) and causes the refrac-
tive index n to be maximum at spot center and decrease with the radial coordinate
r increasing. The traveling speed of light at central region of the spot (r = 0) is
the slowest and then increases along radial coordinate r, and the traveling speed
at the rim of the spot is the fastest. Thus, a self-focusing lens is formed inside
the nonlinear “thick” samples. The nonuniform profile of traveling speed causes
the equiphase surface of wavefront to be curved surface, and the curved surface
changes with the sample thickness position z due to different refractive index pro-
file, as shown in Fig. 5.12. The propagation direction of light ray is perpendicular
to equiphase surface, which causes the light ray to bend in the process of trave-
ling inside nonlinear sample, and the spot becomes smaller and smaller; thus, a
nanoscale self-focusing spot is formed at the bottom side of nonlinear sample.

To understand the beam propagation inside the nonlinear “thick” film, the
multilayer (M-L) “thin” lens self-focusing model is proposed. The nonlinear
“thick” sample is divided into m layers, and the thickness of each layer is AL.
m x AL = L, where L is thickness of nonlinear sample. Every layer can be con-
sidered as “thin” lens when m is large enough. Inside every layer, n is uniform
along thickness direction and is only a function of radial coordinate r. The focal
length of self-focusing thin lens is marked as f;, withi = 1,2,3, ..., m. Figure 5.13
gives the schematic of multilayer thin lens self-focusing model for positive non-
linear refraction sample, where Fig. 5.13a is Gaussian intensity profile of incident
light beam spot, and Fig. 5.13b is the light beam self-focusing process.

A collimated light beam is focused into a diffraction-limited spot by a lens and
incident to the nonlinear sample surface. The phase change of wavefront inside
every thin layer is neglected because the thickness of thin layer AL is much less

Fig. 5.12 The schematic t

of beam propagation inside Collimated Gaussian light
positive nonlinear refraction
sample

Positive nonlinear _
refraction sample

Light ray bending ----

R el
Self — focusing spot
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Fig. 5.13 Schematic of multilayer thin film model for positive nonlinear refraction sample, a
intensity profile of incident Gaussian light beam spot, and b light beam self-focusing

than the Rayleigh length zg. The light ray at the rim converges to center of self-
focusing thin lens according to Fermat principle, that is, the light rays at the rim
and the center have the same optical path. Thus, the light ray at the rim deflects
toward optical axis at an angle of 6; (i = 1,2...m), where the 6;; is called as
self-focusing angle of the ith layer.

When the diffraction-limited spot goes into the 1st layer and induces redistribu-
tion of refractive index, the central refractive index of self-focusing thin lens is

ne, 1 = no + ylo (5.29)

At the rim of self-focusing thin lens, the refractive index is n,; = no + ylp /ez.
Based on Fermat principle, one has
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nel X AL =n,1 x AL/cosbs| = 051 = cos™! (l’lr’]/l’lc,]) (5.30)

The spot radius after passing through the 1st layer is changed into
w1 = wp — AL x tanfs | (5.31)
Considering the linear absorption effect «g, which has no influence on beam radius
variation, the central light intensity at the exiting surface of the first layer is
I = Ipe A wg w3 (5.32)

At the 2nd layer, n,» = no + yI /e2. The central refractive index n, 3, self-focus-
ing angle 6, spot radius wy, and light intensity after passing through the 2nd
layer are, respectively
nep =no + v, 655 = cos™! (nr2/nc2), w2 = wi — ALtanb,
I, =lLe AL 2/W

(5.33)
Similarly, at the ith layer, n,; = no + yIi_l/ez. The central refractive index n
self-focusing angle 6, spot radius w; and light intensity /; after passing through
the ith layer are
nei =no + yli—1, 0y = cos™" (ny;/nc;), wi = wi—1 — ALtanfy,

I = I,'_leiaoALWiz_l/wiz
(5.34)

At the last layer (the mth layer), n,,, = no + yIu_1/€>

Negn = No + vin—1, esm = COS?I (nr,m/nc,m), Wm = Wmn—1 — ALtanes,m’ Iy
= I, e %0Ay2 w2 (5.35)

In the process of light traveling inside every layer of nonlinear sample, the self-
focusing is always accompanied with diffraction effect. The diffraction angle 6, ;
is defined as

Oa.; = 0.614/(nyiwi-1) (5.36)

When the self-focusing angle 6;; is larger than diffraction angle 6,;, 05; > 64,
the self-focusing effect is dominant over the diffraction effect; the light beam size
and intensity are calculated by formula (5.34). In reverse, 6;; < 64, the diffraction
effect is dominant over the self-focusing effect, and the beam radius and central
intensity should be recalculated by

O = 0.61)/(l’lr iWi—1), Wi = Wq,; = wi—1 + AL tanfy,,

I =1_je” (xOAL 2 /W (5.37)
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Parameters setting

i=1
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Diffraction
Self-focusing | Yes
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Results

Fig. 5.14 Calculation flow of the light beam traveling inside the nonlinear refractive samples

5.3.2 Light Traveling Inside Positive Nonlinear
Refraction Samples

5.3.2.1 Calculation Flow Process

Arsenic trisulfide (As,S3) film is still taken as an example due to strong nonlin-
ear refractive coefficient, but little absorption at 633 nm wavelength. The calcu-
lation parameters are as follows: 4 = 633 nmwg = 2.15 pm,eg = 1000 m1,
y =864 x 107 m?/W [12], L=1.7um, AL =1nm, and ng = 2.32. The
initial incident laser power density is Iy = 2P/71w(2,, where P is laser power. The
numerical calculation flow is presented in Fig. 5.14. First, one needs to set the ini-
tial parameters, compute the central refractive index of the first layer (i = 1), and
then compare the self-focusing and diffraction effects for the ith layer. If the self-
focusing is dominant, then the light beam size and intensity are calculated using
formula (5.34) or else should be calculated by formula (5.37). Then, one calculates
the (i + 1)th layer by setting i = i 4+ 1. The exiting spot from the sample bottom
can be obtained when i = m.

5.3.2.2 Self-focusing Spot

The typical exiting spot intensity profiles at the bottom of sample are shown in
Fig. 5.15. Figure 5.15a is the incident spot intensity profile, the spot diameter is



5.3 Self-focusing Effect-Induced Nanoscale Spot Through “Thick™ Samples 127

g E

g g

g £ 1000

g £

2 T 0 o
: :

= = -1000

| =

3 E 2000

—2000 0 2000

: 3 =2000 0 2000
Radial ecordinate (nm) Radial coordinate (nm)

1.0 (d) T Incident spot ]
_ ,'l “II = - P=3mW
E 2 081 / —— P=4mW 1
E £ [
— E | \
2 2 [ |
= E 06 [ | 7
r— 1
z E :I.SHm I||I I'. i
g S 04f / ' 1
= E | I'|I Tum
= £ ™ \-
e Z 02 e 0.26pm | \ E
& O F oSS S EEREe
0.0 L
=2000 0 2000 : 3 2 -1 0 1 2 3
Radial coordinate (nm) Distance from spot center {(um)

Spot center 100
" 1.00 (e) P 100 (f) = (g)
g o3s £ o7 g os
B S 2
E 0.50 E 0.50 E 0.50

E g
E 028 2 025 S 025
W= 3 3 o § 2 4 a3 - & 0 = MOy 2 o1 @ 1 2
Distance from spot center (pm) Distance from spot center (pm) Distance from spot center (pm)

Fig. 5.15 The intensity profile of exiting spot at the bottom of sample, a incident spot, b
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observation of self-focusing spot intensity profiles from Ref. [18], e initial incident spot, self-
focusing spot f at P = 3.0 mW, and g at P = 5.0 mW. Reprinted with permission from Ref. [18].
Copyright 2003, American Institute of Physics

about 5.0 wm, and central intensity is about 5.5 x 108 W/m?. Figure 5.15b is
the exiting spot at P = 3 mW; compared with the incident spot, the spot size is
reduced, and the central intensity is about 2.7 x 10° W/mz, which indicates that
the self-focusing effect takes place. Figure 5.15c¢ is the exiting spot at P = 5 mW,
a very small spot occurs; the spot size is greatly reduced compared with the
Fig. 5.15a, b, and the central intensity is about 1.67 x 101! W/mz, which demon-
strates that the self-focusing effect at P = 5 mW is obviously stronger than that at
P =3mW.
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Figure 5.15d is the cross-section intensity profile of the Fig. 5.15a—c. The
incident spot diameter is about 5.0 pm. The self-focusing spot diameter for
P =3 mW is reduced to about 1.7 wm; the reduction ratio of spot size is about
66 %. At P = 5.0 mW, the self-focusing spot diameter at 1/e? intensity is about
0.26 pwm, the size is about the order of the wavelength inside the sample, and the
ratio of spot size reduction is about 95 %. The self-focusing spot size of 0.26 pm
is close to the diffraction-limited spot size inside the sample and has been reduced
to the minimum for the As;S3 sample at the 633 nm laser wavelength irradia-
tion. The experimental results from Ref. [18] are also presented in Fig. 5.15e—g,
where the experimental conditions are the same as the simulation parameters.
The circles are the experimental points, and the solid lines are the fitting curves
based on the numerical calculation of the non-paraxial approximation method
from Ref. [19]. In the spot scanning experiment, the initial incident spot size is
about 5.0 pm (also see Fig. 5.15e) and then is reduced to about 2.0 pm at 1/e2
intensity for P = 3.0 mW; the reduction ratio is about 60 % (also see Fig. 5.15f%).
At P = 5.0 mW, the self-focusing spot size at 1/e? intensity is reduced to about
0.28 pwm; the reduction ratio is close to 95 % (also see Fig. 5.15g).

5.3.2.3 Light Beam Self-focusing Behavior Inside the Nonlinear
Samples

The self-focusing behavior of light beam inside the nonlinear sample can be
obtained using the multilayer thin lens self-focusing model. Figure 5.16a gives
the dependence of the full width at half maximum (FWHM) on incident laser
power. The FWHM basically decreases linearly with the laser power increasing at
0<P<4mW. At P >4 mW, the FWHM is about 0.15 wm and remains basi-
cally unchanged with laser power increasing. That is, there is no more reduction
of the beam diameter at 4.0 mW < P < 5.0 mW. In the range of the incident laser
power, the reduction of the beam diameter is saturated and has reached the limit
at which the self-focusing effect cannot overcome diffraction. This means that the
self-focusing beam is arrested. The minimum beam FWHM is about 0.15 pm,
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= 20x10 |
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= = 11
g £ 15a0" b
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Fig. 5.16 The dependence of a FWHM and b central light intensity on incident laser power
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and a series of focusing—defocusing cycles do not occur in the simulation results.
The simulations are also consistent with the experimental results reported in
Ref. [18]. The central light intensity is first gradually increased with laser power
increasing at P < 3.5 mW, as shown in Fig. 5.16b, and then abruptly increases
3.5 mW < P < 4.5 mW, and remains almost stable at P > 4.5 mW.

The light beam intensity profile inside the nonlinear samples is presented in
Fig. 5.17, where the light beam incident is along sample thickness direction.
Figure 5.17a is for P = 3 mW, the light beam slowly converges to the sample bot-
tom, and the light intensity also becomes stronger. Figure 5.17b is for P = 4 mW,
a very strong spot is formed at the sample bottom. When the incident laser power is
increased to 5 mW, a self-focusing needle is generated, and the needle is extended
to the sample bottom.

In order to intuitively observe the light beam self-focusing process inside the
nonlinear sample, Fig. 5.18 presents the profile of light intensity normalized by the
optical axis center intensity for different sample thickness position. One can see
the light beam traveling and self-focusing behavior inside the sample.
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Fig. 5.17 Light beam intensity profile inside the nonlinear sample at different laser powers, a
P=3mW,bP=4mW,andcP =5 mW
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P =4.0mW, ¢ P = 5.0 mW, and d dependence of self-focusing spot position on incident power

Figure 5.18a is at P = 3.0 mW,; the light beam size slowly becomes small with
traveling distance. Figure 5.18b is at P = 4.0 mW, the light beam is self-focused
into a diffraction-limited spot at the bottom of the sample, which indicates that the
self-focusing effect becomes saturation, and a diffraction-limited self-focusing spot
is formed inside the sample. A self-focusing needle is generated after the diffrac-
tion-limited spot when one continues to increase the laser power to P = 5.0 mW
(as shown in Fig. 5.18c), which shows that the self-focusing reaches balance with
the diffraction effect, and the self-focusing needle size remains unchanged. By
comparison, the size of exiting spot in Fig. 5.18c is the same as Fig. 5.18b. The dif-
ference is that in Fig. 5.18c, the diffraction-limited self-focusing spot is generated
inside the sample, and the light beam travels in the form of self-focusing needle.
In Fig. 5.18b, the diffraction-limited self-focusing spot is generated at the bottom
of sample. That is, the position of the diffraction-limited self-focusing spot can be
manipulated by changing the laser power. Figure 5.18d presents the dependence
of self-focusing distance on incident laser power, the diffraction-limited self-focus-
ing spot occurs at the bottom of the sample when P ~ 4.0 mW, and then, the self-
focusing distance linearly decreases with the laser power increasing, and the higher
the laser power, the shorter the self-focusing distance.
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5.3.3 Comparison with Equivalent Converging Lens Model

Generally, if ignoring the diffraction effect and nonlinear refractive index variation
inside the sample, the self-focusing spot can be roughly estimated using an equiva-
lent converging lens method. That is, the Gaussian laser beam irradiation-induced
nonlinear refraction effect can be considered as converging lens, as is shown in
Fig. 5.19. The light beam with Gaussian intensity profile is normally incident onto
the nonlinear sample, and an equivalent converging lens with self-focusing angle
of Oy is produced, accordingly. The light beam radius is wo. The equivalent con-
verging lens focuses the light into a spot with a radius of wy.
For the converging lens, the central refractive index can be rewritten as

ng =ng + ylo (5.38)

The self-focusing angle is also rewritten as,

Oy = cos™ (no/ngf) (5.39)

According to Fig. 5.19, one has

costy = o
ngf / ZSZf + (Aw)2 (5.40)
with
Aw = wo — wyr (5.41)
By mathematical operation, the self-focusing distance is,
o = nO(WZ . wsf) (5.42)
Ny — g

According to Refs. [20, 21], using the lens formula, the diameter of self-focusing
spot can be calculated as

0.615 0612

Dy = 2wy = z z (5.43)
7 7 w0 T nowe Y
: . Self-focusing distance
Incident light beam Aw j=------------=----------- -
f sfy )
| Wy [\ Self-focusing spot

Optical axis

: A i
Equivalent converging lens Nonlinga'r sample

Fig. 5.19 Schematics of equivalent self-focusing converging lens
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Substituting formula (5.42) into formula (5.43), and by a series of mathematical
operation, one has

0.3Awg

W0 4 /nff — n% +0.34 (544

The self-focusing spot intensity can be calculated as

Ly = Ipe™* w5 /wiy (5.45)

The P = 5.0 mW is taken as an example. The incident light spot radius wg ~ 2.15 pm
.y =8.64 x 10719m2/W, ag = 1,000 m~!, L = 3.0 um, and ny = 2.32. By math-
ematical computing, one can obtain Iy = 2P/nw% ~ 5.5 x 108 W/m?, ng ~ 291
, O =37.13°% and wg = 0.103 pm. The spot diameter is 2 x wg = 0.206 um
, accordingly. The self-focusing distance and intensity are zg ~ 2.70 um and
Iy ~2.9931 x 10" W/m?, respectively. Compared with the multilayer thin lens
self-focusing model, where the spot radius and intensity are about 0.28 pm and
1.67 x 10" W/m?, respectively, one can find that the difference is very obvious. The
spot radius obtained by equivalent converging lens model is also obviously different with
the experimental reports of Fig. 5.15g. These indicate that for nonlinear thick sample,
the equivalent converging lens model is not suitable, and the multilayer thin lens self-
focusing model is a good alternative for analyzing and understanding the self-focusing
behavior and spot performances.

5.3.4 Application Schematic Design

The self-focusing spot can be reduced to nanoscale by manipulating the incident
laser power, and the nanoscale self-focusing spot is useful for high-density data

JResist or sample to be imaged
Self-focusing spot=——1""""

Nonlinear "thick" sample

.................. ~Incident spot

| Neutral density optical
| filter: power adjustment

Fig. 5.20 Designed application schematics
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storage, nanolithography, and high-resolution light imaging. The application sche-
matics, similar to Fig. 5.10, can be roughly designed as follows. The resists or the
samples to be imaged are directly deposited (or placed) onto the nonlinear sam-
ples, as shown in Fig. 5.20. A collimated laser beam is focused and normally inci-
dent onto the nonlinear thick film. A self-focusing spot is formed at the bottom of
sample and directly coupled into the resists or the samples to be imaged. The self-
focusing spot size and focal distance can be finely adjusted by the neutral density
optical filter. The high-density data storage, nanolithography, and high-resolution
light imaging can be carried out using the self-focusing spot to scan the samples.

5.4 Summary

Nonlinear refraction effect can generate nanoscale spot, which can be realized by
self-focusing behavior or interference manipulation. For “thin” film samples, the
refractive index changes only along radial direction and almost remains unchanged
along sample thickness direction. Taking advantage of the internal multiple con-
structive interference effect, one can obtain the nanoscale spot through designing
a nonlinear Fabry—Perot structure. For “thick” sample, considering the refractive
index change along sample thickness direction and diffraction effect, the self-
focusing behavior is dominant over interference effect and one can analyze the
light field characteristics using multilayer thin lens self-focusing model. Here, it
should be noticed that for “thick” sample, the self-focusing spot is still determined
by the diffraction limit; thus, in order to obtain small self-focusing spot, the linear
refraction is also required to be as strong as possible.
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Chapter 6
Optical Super-Resolution Effect Through
Nonlinear Saturation Absorption

6.1 Basic Description of Nonlinear Saturation
Absorption-Induced Super-Resolution Effect

Nonlinear saturation absorption is a well-known phenomenon in most opti-
cal materials. Taking advantage of nonlinear saturation absorption thin films to
reduce the spot to nanoscale can avoid the difficulty of controlling the near-field
distance between optical probe and sample surface, which has been experimen-
tally applied to nano-optical data storage and nanoscale lithography [1, 2]. The
basic physical picture of this technique is presented in Fig. 6.1. A collimated
Gaussian laser beam is focused on the nonlinear saturation absorption thin films
and induces nonlinear saturation absorption effect. For nonlinear saturation
absorption, a higher laser intensity results in a larger transmittance, which causes
the transmittance to be the largest in the central region of the spot and then gradu-
ally decrease along the radial direction. A below-diffraction-limit optical pinhole
channel is produced in the nonlinear saturation absorption thin films. The laser
beam goes through the optical pinhole channel, and a super-resolution spot is
obtained at the back side of the nonlinear saturation absorption thin film. Nano-
optical storage and nanolithography are realized by interaction of the super-res-
olution spot with the information-recording medium or photoresist by near-field
coupling. The optical pinhole channel can automatically close when the laser
beam is removed, and the nonlinear saturation absorption thin film returns to its
original state. Thus, the formation of below-diffraction-limited optical pinhole
channel is dynamic and reversible.
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Fig. 6.1 Schematics for
optical pinhole channel
generation and super-
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6.2 Beer—Lambert Model for Thin (or Weak) Nonlinear
Saturation Absorption Sample

6.2.1 Beer—-Lambert Analytical Model

In nonlinear saturation absorption-induced super-resolution effect, for thin (or
weak) nonlinear samples, some approximations can be used. The first is that the
incident light is thought to be a collimated beam and does not diverge or broaden in
propagation inside the sample. The second is that the absorption coefficient remains
unchanged along sample thickness direction. According to the approximations, the
irradiation of Gaussian incident laser beam spot with initial intensity distribution is

Fine(r) = Io exp (—2r2 /wg), with Iy = 2P/7w? 6.1)

where P is incident laser power and wy is spot radius at 1/e? central intensity, the
absorption coefficient is marked as

a(r) = ag + Blinc(r) (6.2)

where o and B are linear and nonlinear absorption coefficients, respectively.
Formula (6.2) shows that the absorption coefficient presents a reverse Gaussian
spatial profile for nonlinear saturation absorption samples with 8 < 0.

For the samples with nonlinear absorption without nonlinear refraction, there is no
self-action effect, and diffraction effect is also ignorable. The light is incident on the
thin (or weak) nonlinear saturation absorption sample, and the intensity decays expo-
nentially along thin film thickness direction. The exiting spot from the sample can be
approximately analyzed using the Beer—Lambert formula (abbreviated as B-L. model).

For thin film samples irradiated by a laser beam with an initial intensity profile
of Iinc(r), the intensity decaying can be expressed as follows:

dl/dz = —al (6.3)

where d/ is the variation of the laser intensity along the sample thickness direction,
dz. The transmitted beam spot intensity can be obtained by integrating formula
(6.3) as follows:
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L(r) = Line(r)e k (6.4)

where L is the thin film thickness. Formula (6.4) is the B-L. model. For most sam-
ples, @ = «g is constant. The normalized transmitted beam spot intensity profile,
I,(r), is spatially the same as the initial incident laser intensity, /jc(7).

The beam spot passing through the nonlinear thin film sample can be calculated
by substituting formula (6.2) into (6.4) to obtain

I;(r) = Linc(r)exp{—[ao + Blinc(r)]L} (6.5)

Generally, the initial incident beam intensity presents Gaussian profile and can be
expressed by formula (6.1). Substituting formula (6.1) into (6.5) yields the trans-
mitted beam spot intensity through the nonlinear thin film sample:

272 272
Li(r)y=1Ipexp | —— | exp§ — (o + Bloexp | —— | [L (6.6)
wo o

For nonlinear saturation absorption thin film samples, the intensity at » = 0 is the
strongest, and the normalized transmitted beam spot is derived as

(=3 Jow|-proewn (32)1
L(r) - exp W—(z) exp | —pBlo exp W—% o
O exp(—pBloL) '

where Iirans.normalized(#) 1S normalized spatial intensity profile of the transmitted
spot, and the transmitted spot is exactly the super-resolution spot.

Formula (6.7) is also called as (nonlinear) B—L. model. The B—-L model needs
to meet two requirements. One is that the absorption coefficient is thought to be
uniform along the sample thickness direction and is only a function of radial coor-
dinate r, marked as «(r). The other is that the radius of focused spot wq should
remain unchanged along the sample thickness direction coordinate z. In general, the
two requirements are easily met for thin film with a thickness of less than 100 nm.

Formula (6.7) shows that the size of the super-resolution spot is determined by
nonlinear absorption coefficient B, thin film thickness L, initial incident spot radius
wo, and laser power density /o. For a given nonlinear thin film device, 8 and L are
fixed, and wy is determined by the testing system. Thus, the super-resolution spot
size can only be tuned by changing the laser power density, /o, namely the laser
power P because Ip = 2P/(m w(z)).

Tirans normalized () =

6.2.2 Experimental Observation of Super-Resolution Spot

6.2.2.1 Ag-Doped Si Thin Films Used as Nonlinear Saturation
Absorption Samples

In order to verify the ability to reduce the spot to below diffraction limit by nonlin-
ear saturation absorption effect, the Ag-doped Si thin films are prepared by mag-
netron-controlled co-sputtering of Si target and Ag target using Ar™ ions. The Ag
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concentration is tuned by changing the sputtering power. The nonlinear properties
are measured by a z-scan method where a He—Ne laser with a wavelength (A) of
633 nm is used. The He—Ne laser is modulated into pulse light by an acoustic—
optic modulator, where the laser pulse width can be randomly tunable. The laser
power can be changed by a variable attenuator, and detailed experimental setup
schematic can be found in Ref. [3] and Chap. 3. The laser pulse width is fixed
at 50ns, and a converging lens with a numerical aperture (NA) of 0.09 is used
to conduct the z-scan measurement. The laser power P is fixed at 2.5 mW. The
laser intensity can be calculated by Iy = 2P/ (rrw%) ~ 8.625 x 10’ W/m? accord-
ingly, where wo(= 1.22A/2NA) is the beam waist radius. The Ag-doped Si thin film
thickness L is about 100 nm.

The measured results are shown in Fig. 6.2. The Ag-doped Si thin film pre-
sents an obvious nonlinear saturation absorption characteristic. The theoretical
fitting for the measured data indicates that the nonlinear saturation absorption
coefficient 8 is about —0.024, which is very large value compared with most non-
linear absorption materials [4]. Here, it needs to be noted that the nonlinear sat-
uration absorption coefficient of 8 = —0.024 is a little smaller than reported in
Chap. 4, and no obvious nonlinear refraction effect occurs. These may result from
different Ag particle concentration. The Ag particle concentration is generally
determined by the sputtering parameters. In this experiment, the percentage com-
position of Ag particles may be a little deviation from the resonance concentra-
tion. The detailed physical essence of the nonlinear effects can be found in Chap.
4 and Ref. [5].

In order to understand the nonlinear saturation absorption-induced super-reso-
lution effect, the sample structure as “Glass substrate with a thickness of 1.2 mm/
Ag-doped Si thin film with a thickness of 20nm” is firstly prepared. The diffrac-
tion-limited focused spot with a Gaussian intensity profile passes through the
glass substrate and irradiates on the nonlinear saturation absorption layer surface,
as shown in Fig. 6.3. For the nonlinear saturation absorption materials, the higher
the laser beam intensity, the larger the transmittance is. Thus, there is the largest
transmittance at the central part of spot, which causes a small optical channel to
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Fig. 6.3 Schematic of near-field spot scanning with fiber tip. Reprinted with permission from
Ref. [4]. Copyright 2010, Optical Society of America

be formed at the center of spot. The focused laser beam passes through the chan-
nel, and a below-diffraction-limited spot is generated at the surface of Ag-doped
Si thin film. The reduction degree of the spot can be tuned by changing the laser
intensity.

In order to further carry out a direct observation of the nonlinear saturation
absorption-induced below-diffraction-limited spot, a near-field optical spot scan-
ning setup is established. As is shown in Fig. 6.3, a laser diode at wavelength
635 nm is applied as the light source, and the converging lens with an NA of about
0.55 is used to focus the spot. Here, it needs to be explained that a high-NA con-
verging lens being not adopted is because the working distance of the higher-NA
lens is shorter than the thickness of glass substrate, which cannot realize the focus-
ing on the Ag-doped Si thin film. The theoretical full width at half-maximum
(FWHM) of the diffraction-limited spot can be calculated by D = 0.614/NA, for
setup in Fig. 6.3; the theoretical FWHM is about 0.704 wm. The laser beam passes
through the glass substrate and is focused on the Ag-doped Si thin film. After the
thin film, a metal-coated fiber tip affiliated onto the tuning fork is used to scan
the laser beam spot for the intensity distribution. The tuning fork is attached on
a three-dimensional piezoelectric transducer (PZT), the lateral maximum moving
distance of the PZT is 60 wm, and the lateral scanning resolution is about 100 nm
limited by the aperture of the fiber probe. The distance between the sample surface
and the fiber tip is modulated by an atomic force microscopy controller, and when
the fiber tip gets close to the sample surface, the resonance frequency of the tun-
ing fork would shift due to the generated shear force. The controller receives this
shift signal as error and regulates the z-axis voltage onto the PZT. The below-dif-
fraction-limited spot intensity profile information is collected by the scanning fiber
tip and then transferred to the photodiode and produces the signal in the format of
voltage to the computer.
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Fig. 6.4 Normalized real spot images obtained by near-field fiber probe scanning method, a the
diffraction-limited focused spot, b the squeezed spot at laser power of 11.5 mW, and ¢ cross-
sectional comparisons of the squeezed spot with the diffraction-limited focused spot. Reprinted
with permission from Ref. [4]. Copyright 2010, Optical Society of America

Before scanning the nonlinear saturation absorption thin films, the diffraction-
limited focused spot through the glass substrate with a thickness of 1.2 mm is
firstly scanned, and the result is shown in Fig. 6.4a. It can be seen that the focused
spot is an elliptical shape, and the FWHM of the short axis is about 1.48 pm;
this size is larger than theoretical FWHM, which may be from three aspects. The
first is that the glass substrate (1.2 mm thickness) affects the light path due to the
refraction; the second is that the semiconductor diode laser beam is not collimated
and has a large divergence angle; the third is that the setup may be not very per-
fect; for example, the real NA of the converging lens is a little smaller than theo-
retical NA(= 0.55). However, the measurement mainly focuses on the squeezed
spot size ratio; thus, the theoretical spot size of the setup has little effect on the
experimental results. The formation of the elliptical spot could be experienced due
to the laser diode’s junction. It is possible to avoid this elliptical spot by overfill-
ing the back aperture of the converging lens. However, the effective laser power
decreases greatly, which has an ill-effect on the direct observation of spot size
reduction.
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Then, the glass substrate is replaced by “Glass substrate with a thickness of
1.2 mm/Ag-doped Si thin film with a thickness of 20 nm” sample, and the spot
is scanned along the Ag-doped Si thin film surface. The laser power is fixed
at about 11.5mW. The spot intensity profile is presented in Fig. 6.4b; the spot
shape is still elliptical, which is the same as Fig. 6.4a. Whether at the short-
axis direction or at the long-axis direction, the spot size is obviously squeezed;
that is, the below-diffraction-limited spot is generated by the Ag-doped Si thin
film due to the nonlinear saturation absorption effect. In order to compare more
effectively and conveniently, the cross-sectional distribution curves of Fig. 6.4a,
b at the short-axis direction (marked in white color line) are plotted in Fig. 6.4c.
The FWHM of the short-axis size of the squeezed spot is reduced to about
1.12 wm, which is about 75 % FWHM of the diffraction-limited spot size. In
other words, the squeezed spot size ratio is about 0.75, where the squeezed spot
size ratio is defined as the ratio of squeezed spot size to the diffraction-limited
focused spot size.

By changing the laser power, the squeezed spot size can be tuned as well;
the results are given in Fig. 6.5. The results indicate that the squeezed spot
ratio decays exponentially with laser power increasing. The exponential decay-
ing seems to accord with the B-L model. That is, the reduction degree of the
squeezed spot size increases with laser power, and the higher the laser power,
the smaller the spot size is. However, from Fig. 6.5, the spot does not be
squeezed until the laser power increases to about 10 mW. In other words, there
is an abrupt reduction of spot size at laser power of ~10 mW, which may be due
to the nonlinearity excitation with threshold effect. The spot cannot be squeezed
infinitely because it is impossible to infinitely increase the laser power due
to strong laser intensity leading to the damage of the materials. The smallest
spot can be squeezed to 68 % the diffraction-limited focused spot size, which
is very useful for high-density optical recording and super-resolution optical
lithography.
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6.2.2.2 Sb;Te; Thin Films Used as Nonlinear Saturation
Absorption Samples

The Ag-doped Si thin films are replaced with the SboTe, thin films. The nonlin-
ear absorption coefficient and thickness of SboTe; thin film are approximately
B=-25x% 102 m/W [6] and L = 20 nm, respectively. Similar to Sect. 6.2.2.1, the
super-resolution spot is also measured. Figure 6.6a shows the morphology and intensity
profile of the spot passing through glass substrate. The focused spot of the testing setup
is elliptical, where the NA of lens in the testing setup is smaller than that in Sect. 6.2.2.1.

Subsequently, the glass substrate is replaced with the “glass/SbyTes (20 nm)”
sample and scanned along the SbyTes surface. The laser power is fixed at § mW.
The spot intensity profile is presented in Fig. 6.6b, where the spot shape remains
elliptical. At both short- and long-axis directions, the spot size is observed to be
squeezed; that is, the super-resolution spot is generated by the Sb,Tes thin film
due to the nonlinear saturation absorption effect. The cross-sectional profile
curves of Fig. 6.6a, b at the short-axis direction (marked as green color line) are
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Fig. 6.6 Spot analysis by the near-field optical probe scanning method: a through glass substrate
and b through “glass/SbyTe3” sample. Comparison of the normalized intensity profile along the
cross-sectional direction: ¢ experimental measurement and d theoretical calculation by formula
(6.7). Reprinted from Ref. [7], Copyright 2013, with permission from Elsevier
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plotted in Fig. 6.6¢ to facilitate comparison. The FWHM of the short-axis size of
the focused spot is approximately 2.016 pwm, whereas the spot through the “glass/
Sb,yTes (20 nm)” sample is reduced to approximately 1.632 pm. The results indi-
cate that the super-resolution spot can be produced by the Sb,Tes thin film. A
theoretical calculation of the super-resolution spot is shown in Fig. 6.6d. The cal-
culation, which aims to verify the analytical model of formula (6.7), is performed
by setting the experimental parameters of 4 = 650nm, L = 20 nm, and P = 8 mW.
B = —2.5 x 1072m/W, following a related study, wy is set to be 1.75 wm based
on the data from Fig. 6.6c. The radius size wy is at the position of 1/¢? intensity
of the spot through the glass substrate. The focused spot size is approximately
2.01 pm, and the super-resolution spot has the theoretical value of 1.60 pm.
Comparison with Fig. 6.6¢ shows that the theoretical model from formula (6.7) is
reasonable for thin (or weak) nonlinear saturation absorption sample.

6.3 Multi-layer Model for Thick (or Strong) Nonlinear
Saturation Absorption Samples

In nonlinear super-resolution effect, for thick (or strong) nonlinear saturation
absorption samples, the absorption coefficient is not only function of radial coordi-
nate 7, but also vertical coordinate z (along sample thickness direction). The light
intensity decays exponentially along sample thickness direction; the absorption
coefficient should be marked as «(r, z). The formation of the super-resolution spot
can no longer be roughly analyzed using the B-L model; more rigorous method
needs to be developed. Here, the multi-layer analytical model is introduced by
considering the absorption coefficient change along sample thickness direction.

6.3.1 Multi-layer Analytical Model for Formation
of Pinhole Channel

In the process of super-resolution spot formation, the optical pinhole channel is
the core. To determine the morphology of the optical pinhole channel, the sample
with a thickness L is dealt into a multi-layer system (e.g., m layers), and the thick-
ness of every layer is AL, m * AL = L. The light intensity and absorption coeffi-
cient of ith layer are marked as /; and o;, where i = 1,2, 3, ..., m, respectively. The
light is focused on the sample surface. On the nonlinear thin film surface, z = 0,
w(z = 0) = wo, and [ = Ipexp [—2r2/w3]. The sample is considered to be a
multi-layer system, as shown in Fig. 6.7. The light goes through the Ist layer and
decays into the second layer due to the absorption effect. As the m is chosen to be
sufficiently large, the B-L model is suitable for each layer.
The 1st layer can be considered to be a sample surface, z = z1 = 1AL

a; =ag + Bline, I1 = Iince_a]AL (6.8)
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At the 2nd layer, z = zp = 2AL
w =ao+Bh, L =IhLe A, (6.9)
Similarly, at the ith layer, z = z; = iAL,
ai =0+ Blict, I = Ii_je %Ak, (6.10)
Finally, at the mth layer, Z = zm = mAL,
om =00+ Blp_1, Ly =Lp_je 2L (6.11)

The light intensity profile of the super-resolution spot can actually be approxi-
mated to the light field of the last layer (mth layer) and can be simplified as

m
Isuper-resolution spot = Im = linceXp <_ Z OliAL) (6.12)
i=1
When m goes to infinity, theoretically accurate integral can be obtained, and the

formula (6.12) can be written as

L
Tsuper-resolution spot = finc€XP [_ {0[(7‘, Z)dZ:| (6.13)

Formula (6.13) is the expected expression for analyzing the pinhole channel and
light field characteristics of the super-resolution spot.

6.3.2 Super-Resolution Effect Analysis Using
Multi-layer Model

Based on the above theoretical analysis, numerical simulations are conducted to verify
the multi-layer model (M-L model). In order to intuitively compare with B-L. model,
the crystalline SbyTe; sample is used as an example in simulation because of strong
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nonlinear saturation absorption; the sample thickness is chosen as L = 150 nm. The
other parameters are as follows: ogp = 5.32 x 10" m™!, B =—6.63 x 1072 m/W at
A = 405nm [8], wo = 1,000nm, and Iy = 8 x 108 W/m?2.

6.3.2.1 Formation of Optical Pinhole Channel Inside
Nonlinear Samples

The optical pinhole channel can be essentially reflected by the absorption coeffi-
cient profile. That is, the essence of the optical pinhole channel is due to the small
absorption coefficient compared with other regions. Figure 6.8 gives the absorp-
tion coefficient distribution [9, 10]. Figure 6.8a is obtained by B-L model, where
« is only a function of the radial coordinate r. The optical pinhole channel with
~1 pm diameter is produced and does not change with sample thickness position,
which is because the absorption coefficient is considered to remain unchanged
along sample direction for B-L model.
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Fig. 6.8 Absorption coefficient distribution inside nonlinear sample, the three-dimensional pro-
file along r—z plane for a B-L. model and b M-L model, and ¢ variation of «(0, z) along thickness
direction
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Figure 6.8b is the three-dimensional distribution of the absorption coefficient
at r—z plane for M-L model. The «(r, z) varies with radial coordinates r and sam-
ple thickness position z and has the smallest value at the center of the incident
plane (z = 0 position). It is obvious that an optical pinhole channel, looking like
an aperture-type optical probe, is generated at the central region along the sample
thickness direction. The pinhole channel size decreases with the sample thickness
increasing, and a very tiny pinhole is formed at the apex of optical channel.

Figure 6.8c shows the variation of «(0,z); in order to give a direct compari-
son, the «(0, z) calculated by the B-L model is also presented. For B-L model,
the «(0, z) remains unchanged with the variation of thin film thickness. For the
M-L model, «(0, z) is almost unchanged for small sample thickness at L < 20 nm.
At L > 20nm, «(0,z) exponentially increases with the thickness position.
Comparison of B-L model and M-L model shows that at L < 20nm, the «(0, z)
of M-L model is basically consistent with the B-L model. In other words, the B-L.
model can be used for thin sample with L < 20 nm under this simulation.

This difference between B—L and M-L models is due to the fact that light inten-
sity attenuation inside the nonlinear thin film is considered in the M-L model;
thus, the absorption coefficient should increase with sample thickness increasing,
accordingly. That is, the absorption coefficient is no longer a fixed value for differ-
ent thickness position, but changes with thickness position.

6.3.2.2 Light Intensity Distribution Inside the Nonlinear
Saturation Absorption Samples

While light is traveling through the optical pinhole channel, the light inten-
sity changes inside the sample, which finally forms the super-resolution spot.
Figure 6.9 shows the light intensity distribution I(r, z) [9, 10]. In Fig. 6.9a, the
intensity obtained by B-L model slowly decreases along the thin film thickness
direction and slightly becomes narrow in radial direction. This is because in B-L.
model, the absorption coefficient a(r, z) is calculated using a fixed light intensity
Iy for different sample thickness position and the light intensity attenuation along
the sample thickness direction is ignored; it varies only radially; more intensity
is absorbed on the edge of the Gaussian beam, while little attenuation in the cen-
tral region; thus, the laser beam becomes narrow slightly. However, in Fig. 6.9b,
mutual influence between intensity and absorption coefficient is considered by
the M-L model; the light intensity attenuation results in the absorption coefficient
increasing along sample thickness direction.

Figure 6.9c shows the variation of central intensity (r = 0) along the sample
thickness direction. At L < 20 nm, the light intensity change in the B-L model is
almost the same as that in the M-L model. However, at L > 20 nm, the difference
between the B-L. model and M-L model increases dramatically with increased
sample thickness. At thickness position z = 150 nm, the central intensity decreases
to only 10 % of the incident light intensity in M-L model, while it almost remains
unchanged in B-L model.
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Fig. 6.9 The light internal intensity distribution for a B-L. model and b M-L model, and ¢ cen-
tral intensity variation along the sample thickness direction at » = 0

From the analysis above, one can see that B-L. model is consistent with M-L
model only at the L < 20 nm. The divergence increases with the thickness position
for the strong nonlinear absorption sample. Thus, the B-L model approximation is
no longer suitable, and the M-L model can give a more accurate theoretical simu-
lation for the thick (or strong) nonlinear saturation absorption samples.

6.3.2.3 Light Beam Size Variation Inside the Nonlinear Saturation
Samples

The light travels through optical pinhole channel and can be restricted into a very
small beam. Figure 6.10 shows the variation of light beam size along the thickness
direction inside nonlinear sample [9, 10]. In the B-L model, the light beam radius
change is marked in the dotted curve, whereas the solid curve depicts the beam
radius variation in the M-L model. The light beam radius exponentially decreases
along the sample thickness direction. At L < 20nm, the calculated results with
B-L model is almost the same as the M-L model. At L > 20 nm, the variation in
the M-L model is larger than that in the B-L model, and large difference occurs
with increasing sample thickness. For example, at z =40nm, the laser spot
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radius is 640 nm in B-L model, but only 530 nm in M-L model; the difference
is 110 nm. At z = 150 nm, the beam radius is about 100 nm in M-L model, while
in B-L model, the beam radius is about 350 nm, and the difference is 250 nm.
Considering the mutual influence between light intensity and the absorption coef-
ficient, the theoretical light beam size in M-L model is more reliable.

6.3.2.4 Super-Resolution Spot Formation at the Exiting Surface of
Nonlinear Sample

The optical pinhole channel restricts the light into very small beam, and the
super-resolution spot can be generated at the back surface of nonlinear sample.
Figure 6.11 presents the characteristics of super-resolution spot at different sam-
ple thickness position [9, 10]. At L < 20 nm, the super-resolution spot intensity and
size calculated by the B-L model are consistent with those obtained by the M-L
model, as shown in Fig. 6.11a. However, with increased thin film thickness, the
differences (including intensity and size) between the B-L. model and M-L model
become obvious, as shown in Fig. 6.11b—d. At L = 150 nm, the central intensity of
the super-resolution spot in M-L model is only 10 % that in the B-L model (also
see Fig. 6.11d), which also indicates that the B-L model is no longer suitable for
analyzing the characteristics of the super-resolution spot for L > 20 nm.
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Fig. 6.11 Characteristics of super-resolution spot, a L = 15 nm, b L = 40 nm, ¢ L = 100 nm,
andd L = 150 nm

The super-resolution spots from the exiting surface of sample are shown in
Fig. 6.12. Figure 6.12a is the incident spot intensity profile, and the diameter is
about 2 pwm. If the super-resolution spot is calculated using B-L model, the spot
diameter is about 1.2 pm as shown in Fig. 6.12b. However, the super-resolution
spot is actually much smaller than the size obtained by B—L model because in
B-L model the absorption coefficient change along sample thickness direction is
not considered. Figure 6.12c gives the super-resolution spot intensity profile cal-
culated through M-L model where the absorption coefficient attenuation along
thickness direction is considered. One can see that the super-resolution spot is
about 300 nm, and obviously smaller than the B-L model. The M-L model is more
accurate for analyzing the super-resolution of nonlinear saturation absorption
samples.
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6.4 Summary

In nonlinear saturation absorption-induced super-resolution effect, for thin (or
weak) nonlinear saturation absorption samples, the absorption coefficient can be
considered to be almost unchanged along sample thickness direction. If the inter-
ference effect between front and back surfaces of sample can be neglected, the
super-resolution effect can be analyzed using B-L. model. However, for thick (or
strong) nonlinear saturation absorption samples, the light intensity decays expo-
nentially along sample thickness direction, and the absorption coefficient should
be marked as «(r, z). The formation of the super-resolution spot needs to be ana-
lyzed with the M-L analytical model. For real application, the super-resolution
spot can be directly coupled into the materials in the near-field range to conduct
high-density data storage, high-resolution non-fluorescence labeling imaging, and
nanolithography, etc.
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Chapter 7
Resolving Improvement by Combination
of Pupil Filters and Nonlinear Thin Films

7.1 Introduction

A number of studies have focused on optical far-field super-resolution spot using
pupil filters. Pupil filters with diffractive optical elements have attracted much
attention due to simple and relatively easy fabrication processes under current
available techniques. Since Toraldo di Francia proposed the concept of super-
resolving pupil filters [1], a number of pupil filters including amplitude-only,
phase-only, and hybrid ones have been proposed [2-4]. Phase-only pupil filters
offer a significant advantage over amplitude-only pupil filters in that they deliver
most portion of incident light intensity to the sample. So far, some issues remain
for these super-resolving pupil filters. These issues include the fact that the side
lobe becomes non-negligible when the main lobe is squeezed to certain extent
while being used in optical storage and confocal scanning microscopy. The sec-
ond issue is that the reduction of the super-resolving spot to nanoscale is difficult.
In this chapter, the design methods and examples on the pupil filters for differ-
ent polarized light are given, and then some resolving improvement techniques are
presented by combination with nonlinear effect of thin films.

7.2 Super-Resolution with Pupil Filters

7.2.1 Binary Optical Elements as Pupil Filters: Linearly
Polarized Light Illumination

In real applications, the optical elements are required to be low cost, easy fabrication,
and simple operation. The binary pupil filter is one of the simple optical elements.
In addition, the linearly polarized laser beam can be directly obtained from laser

© Science Press, Beijing and Springer-Verlag Berlin Heidelberg 2015 153
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devices [5, 6]. Here, a design of linearly polarized light modulated by annular binary
pupil filter is used to obtain super-resolution spot.

7.2.1.1 Three-Zone Annular Binary Phase-Type Pupil Filters

A three-zone annular binary phase-type pupil filter is used as an example to obtain
a super-resolving optical spot due to a large light transmittance at the center of
the focal plane. In this design schematic, the GaN semiconductor laser device with
a wavelength of 405 nm is used as the incident light source. This is because on
one hand, the GaN semiconductor laser device is cheap and easy to obtain. On the
other hand, the wavelength of 405 nm is close to the transmission cutoff frequency
of common optical elements. The lens with a numerical aperture (NA) of 0.95 is
used to focus the light into the diffraction-limited spot. The NA of focusing lens is
also close to the theoretical limit of the far-field optical lens system, which is easy
to operate in practical application. The designed three-zone annular binary phase
pupil filter is placed in front of the focusing lens (shown in Fig. 7.1). Figure 7.1a
describes that the incident light emitted from the GaN semiconductor laser device
passes through three-zone annular binary phase filter and is focused by the lens
with a NA of 0.95 into a super-resolving spot. The super-resolving spot consists
of the main and side lobes. Generally, the intensity of main lobe is several times
that of the side lobe. Another important aspect is that the depth of focus (DOF) of
the super-resolving spot is elongated by optimizing the design of three-zone annu-
lar binary phase pupil filter. Figure 7.1b displays the front view of the three-zone
annular binary phase pupil filter, where the radius is defined as ry, 7, and r3, and
the phase is set to be ¢ = 0, ¢» = 7, and ¢3 = 0. The transmission function of
pupil filter is as follows.

(a) (b)

Linearly polarized

g
%

Super-
resolving spot

L1

g

Focusing Front view of three-zone annular

Three-zone annular :
+ le bi thase filte
binary phase filter = A s

Fig. 7.1 Design schematics of the three-zone annular binary phase pupil filter. a Incident light
passes through three-zone annular binary phase filter and is focused by high-NA lens. b The front
view of the three-zone annular binary phase filter. Reprinted from [7], Copyright 2013, with per-
mission from Elsevier
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For linearly polarized light illumination, according to the formulas (7.69) and

(7.70) in section, the electric field components of any point P on image space can
be calculated as

ex(P) = —ic[lp + Icos(2¢pp)]
ey(P) = —iCIZ Sin(2¢p) (72)
e;(P) = —2cl) cos ¢p
with
Io = Io(krp, 6p, V)
w 7 Q Q
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0
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i v i i 3 : ikrp cos 6 cos 6, (7.3)
=/ ( cos ¢ sin 9) (sin6) [ J1(krp sin 6 sin §p)e'™"? €08 €O P} do
0

I = DL(krp, Op, V)

" .
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For linearly polarized light illumination, formulas (7.2) and (7.3) give the elec-
tric field of any point P(rp, 6p, ¢p) on image space. For three-zone annular binary
phase filter system, the electric field components of any point P on image space
can also be calculated by formula (7.2), only if the Iy, I, and I, are rewritten as
follows accordingly

"
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where #(0) is the transmission of the pupil filter and can be replaced by #;(8) of
formula (7.1). The intensity at point P(x,y,z) can be calculated as (‘“ * " denotes
complex conjugate)

I =ee} +eyey +eel (1.5)

7.2.1.2 Optical Field Distribution of Three-Zone Annular Binary
Phase Filters

Figure 7.2 presents the simulated results. Figure 7.2a shows a diffraction-limited
spot in the focal plane. The spot is an ellipse that is longer in the x-axis direction
than in the y-axis direction. Figure 7.2b presents the super-resolving spot squeezed
in the y-axis direction. An evident side lobe occurs both at x-axis and y-axis direc-
tions. The intensity of the side lobe along the y-axis direction is stronger than that
along the x-axis direction.
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Fig. 7.2 Cross-sectional intensity distribution of optical spot at focal plane (x—y plane).
a Diffraction-limited. b Super-resolving. ¢ comparison of super-resolving spot (lower half) and
diffraction-limited spot (upper half). d Comparison of y-axis normalized intensity distribution
(black diffraction-limited spot, blue super-resolving spot). Reprinted from [7], Copyright 2013,
with permission from Elsevier
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To obtain an intuitive judgment of the super-resolving effect, the super-resolv-
ing spot is compared with the diffraction-limited spot, as shown in Fig. 7.2c,
where the upper half is the diffraction-limited spot and the lower half is the super-
resolving spot. The size of the main lobe of the super-resolving spot is evidently
smaller than that of the diffraction-limited spot at the y-axis direction. A strong
side lobe occurs, especially at the y-axis direction.

Figure 7.2d shows the comparison of the normalized intensity of the super-
resolving spot and that of the diffraction-limited spot along the y-axis. The FWHM
of the diffraction-limited spot and the main lobe of the super-resolving spot are
approximately 204 and 163 nm, respectively. The size of the main lobe is reduced
to approximately 80 % of the diffraction-limited spot. The three-zone annular
pupil filter causes the size of the FWHM to decrease, but the reduction proportion
is not sufficient in real applications. Meanwhile, the intensity of the side lobe is
more than 38 % of the main lobe intensity. Such strong side lobe is not effective
for practical applications and should be further reduced or eliminated.

The DOF can be observed along the z-axis direction in the y—z meridian plane.
Figure 7.3 gives the simulated results. In Fig. 7.3a, the diffraction-limited spot in
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Fig. 7.3 Depth of focus along y—z meridian plane. a Diffraction-limited spot. b Super-resolving
spot. ¢ DOF comparison of super-resolving spot (lower half) and diffraction-limited spot (upper
half). d Comparison of DOF between diffraction-limited and super-resolving spots along
z-axis direction (black diffraction-limited spot, blue super-resolving spot). Reprinted from [7],
Copyright 2013, with permission from Elsevier
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the y—z meridian plane is also an ellipse, and the DOF can be observed along the
z-axis direction. In Fig. 7.3b, the super-resolving spot is an elongated ellipse in
the y—z meridian plane, that is, it is elongated along the z-axis direction. The DOF
increases accordingly. In addition, the side lobe of the super-resolving spot can
also be observed clearly.

7.2.2 Ternary Optical Elements as Pupil Filters: Radially or
Circularly Polarized Light Illumination

Far-field super-resolution sometimes requires that both the spot size is below-
diffraction-limited and the spot shape is circular. For lots of applications, such
as lithography, optical data storage, the DOF needs to be extended. The radially
polarized Bessel-Gauss (BG) beam and circularly polarized light are good can-
didate illumination modes due to excellent spot intensity uniformity. The ternary
optical element with central block shows good performance in extending the DOF.
Thus, the combination of radially polarized BG beam or circularly polarized light
illumination mode and ternary optical element with central block is an alternative
for realizing the far-field super-resolution.

Figure 7.4 presents a radially polarized BG beam or circularly polarized light
being incident on a ternary optical element, as shown in Fig. 7.4a. The ternary
optical element is presented in Fig. 7.4b and consists of one zero transmission belt
at the central area (marked in grayscale) and four belts with transmissions of —1
and +1 alternately in the outer region. The yellow color represents transmission of
—1, and the white color represents the transmission of +1.

In the focal region of the lens, a super-resolution focal spot with a uniform size
and an ultralong DOF is obtained. The angle 6;(i = 1,2, 3, 4) corresponds to the
aperture half-angle of the ith belt and is computed as 6; = sin_l(r,-NA), where
r; is the normalized radius of the ith belt. The maximum aperture half-angle is
¥ = sin”!(NA/n), where NA is the numerical aperture of focusing lens and n is
the refractive index of medium, for air n = 1. The transmission function of the ter-
nary optical element is

(a)

Radially
polarized light
or

ircularly
polarized light

T

Ternary optical element FocUsing lens

Fig. 7.4 Radially or circularly polarized light illumination for the ternary optical element.
a Diagram of the light beam propagation. b Configuration of the ternary optical element
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radial polarization [8]
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The central block area makes the incident beam become annular beam, which
means that the portion of high-frequency band increases, the focused spot
becomes small, and the DOF increases. The four belts in the outer region are a
compromise between the longitudinal field strength and the optical efficiency. The
radius of the ith zone is normalized to the outermost pupil radius of the five-zone
annular ternary optical element, and r; = sin 6;/ sin .

In order to obtain small spot, one can use an oil lens of NA = 1.4 and refrac-
tive index of oil n = 1.5, which is easy to obtain in industry. The dependences of the
FWHM and DOF on the annulus ratio need to be first determined, where the annulus
ratio is defined as the inner radius divided by the outer radius, Fig. 7.5 gives the results.
Figure 7.5a shows that the DOF for the circularly polarized light is almost the same
as that for the radially polarized light when the annulus ratio is over 0.6. Figure 7.5b
shows that the FWHM of the radial polarization is larger than the circular polarization
when the annulus ratio is less than 0.7, and it is smaller when the annulus ratio is more
than 0.7. The FWHM of the longitudinal component of the radial polarization is smaller
than the transverse component of the circular polarization when the annulus ratio is
below 0.7, and continuously increasing the annulus ratio results in almost the same
value of the two components. Thus, comparison with the radially polarized illumina-
tion indicates that, in practical applications, the circularly polarized illumination is also
a good candidate for obtaining a small spot at an annulus ratio of over 0.7 if the materi-
als are only sensitive to the transverse component of the circular polarization light.

7.2.2.1 Circularly Polarized Light Illumination

The circularly polarized light can form uniform and circular focused spot under
converging lens system and has been used in the optical data storage. Further,
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reducing the spot size and extending the DOF are useful for nanotechnology, and
modulating the circularly polarized light with central block ternary optical element
is a feasible way.

1. Design of ternary optical elements for circularly polarized light illumination

Based on Fig. 7.5, the proposed system configuration is shown in Fig. 7.4. A cir-
cularly polarized beam passes through the ternary optical element and is then
focused by an oil lens with an NA of 1.4 and refractive index of oil njmsp = 1.5.
For circularly polarized light illumination, similar to the linearly polarized light,
the electric field of any point P on the image space can be written as [8]

ex = —ic{ly + Ix[cos 2¢p) + isin 2¢pp)]}
ey = —ic{ilp — ilz[cos (2¢p) + isin (2¢p)]} (1.7)
e; = —2clj(cos ¢pp + isin ¢p)

where ¢p is the azimuthal angle of point P. The maximum aperture half-angle is
Y = arcsin(NA /nimsp). 1o, 11, and I are integrals evaluated over the aperture half-
angle ¥ and can be written as

v
Iy = [t(0)+/cos 8 sin (1 + cos O)Jy(kr sin 0) exp (ikz cos 8)do
0
v
I = [t(@)+/cosb sin® 6, (kr sin 0) exp (ikz cos 0)do (7.8)
0

v
I = [t(0)+/cosOsinO (1 — cosB)J,(kr sin 0) exp (ikz cos 6)d6
0

where #(0) is replaced by #,(0) of formula (7.6). Jo, J1, and J> are the zero-order,
first-order, and second-order Bessel functions of the first kind, respectively.

The radius of ternary optical elements can be designed and calculated through
formulas (7.7) and (7.8). In order to save the computing time, one can take two-
step method computing strategy, which is also suitable for designing other pupil
filters. Firstly, by using exhaustive searching algorithm, one can obtain a certain
number of potential solutions under the confinement of uniformity of the beam
along the z-axis in the focal region and the FWHM of the focal spot, where one
restricts them to certain range. The combination of the two confinements allows a
fast searching speed. The uniformity along the z-axis is defined as the ratio of the
intensity difference to the summation between the maximum and minimum inten-
sities in the certain range along z-axis. Secondly, the FWHM is sorted from small
to large and some favorable results are selected. In order to obtain an ultralong
and uniform subwavelength light beam, the two decimal digits of the tolerance are
extended to four decimal digits manually according to experience, while it does
not take too much time. The most important feature of the computing strategy is
time-saving.
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2. Super-resolution non-diffraction beam

One of the set of optimized solutions is r; =0.8721, r, = 0.88609,
r3 = 09117, r4 = 0.9864, and rs = 1. Correspondingly, the electric energy density
distributions on the y—z plane are shown in Fig. 7.6.

For comparison, the electric energy density distribution of the clear aperture is
shown in Fig. 7.6a. Figure 7.6b shows that the DOF is elongated by the ternary
optical element. The DOF modulated by the ternary optical element is approxi-
mately 8.283 A, which is approximately 15-fold larger than that generated by the
clear aperture focusing. Compared with the clear aperture case shown in Fig. 7.6a
where the original beam has an FWHM of 0.4043 A and DOF of 0.552 A, the light
beam modulated by the ternary optical element in the optimized design has an
FWHM of 0.3562 A and DOF of 8.283 A, which means that the beam propagates
without divergence over 8.283 A. Thus, the beam is a highly localized super-reso-
lution non-diffraction beam.
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Fig. 7.6 Electric energy density distributions on the y—z plane. a Clear aperture. b Modulated
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Fig. 7.7 Electric energy density distributions on the y—z plane for the ternary optical element. a
Transverse. b Longitudinal components. ¢ Total electric energy density. d Electric energy density
component profile along the y-axis [8]

To further understand the optical characteristics of the super-resolution non-dif-
fraction beam modulated by the ternary optical element, Fig. 7.7 shows the radial,
longitudinal, and total electric energy density distributions on the y—z plane. The
transverse component (shown in Fig. 7.7a) occupies a dominant portion of the
total electric energy (shown in Fig. 7.7¢) and is localized. The longitudinal compo-
nent (shown in Fig. 7.7b) is shaped into a donut, which makes the spot size in the
focal plane become larger. Figure 7.7d shows that the super-resolution non-diffrac-
tion beam has an FWHM of 0.3562 A, whereas that of the transverse component
is 0.273 A, which means that the longitudinal component increases the focal spot
size, and the transverse component plays a dominant role in the spot size reduction
inside the media. The spot size of the super-resolution non-diffraction beam inside
the media can theoretically become 0.273 A.
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7.2.2.2 Radially Polarized Light Illumination [9, 10]

1. Optical field calculation

According to formulas (7.81) and (7.82), the effect of the ternary optical element
on the focusing system can be calculated through replacing /(8) with [(6);(6) in
formula (7.81). Here, the formula (7.81) is rewritten as

v )
e (ps, 25) = ¢ [ +/cos 0 sin(20)1(6)12(6)Jy (kps sin 6) e’k 5 dp
0

e (py, z5) = 2ic z Vcos 0 sin? 01(0)12(0)Jo (k ps sin 0)etks s dg 7o
with
0 for0 <6 < 6
10)2(0) = 4 ~XP {_Kz(iiiﬁfl)z}fl (%:%22) for 1 <6 < 6,63 <6 <6y

. 2 .
exp [—Kz(g;;;z) ]Jl (2¢522)  for62 <60 < 63,606 <«
(7.10)

Formulas (7.9) and (7.10) can be used to analyze the optical field distribution of
radially polarized light modulated by the central block ternary optical element.

2. The k value determination

For radially polarized illumination, the electric field distribution in the vicinity
of the focal region can be analyzed by formula (7.81). The k value first needs to
be determined. The dependences of DOF and FWHM on the « in clear aperture
focusing conditions are shown in Fig. 7.8. The FWHM increases, and the DOF
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first decreases slightly and then increases as « increases. Here, the DOF is defined
as the two-point distance, where the intensity maximum I/mgax along the z-axis
decreases to 0.8Imax. ¥ = 0.57 corresponds to the peak intensity of the radially
polarization Bessel-Gauss beam at the rim of the focusing lens.

Figure 7.8 shows that the selection of x = 0.57 is a reasonable compro-
mise between optical efficiency and the resolution of the focused beam; further,
decreasing the k¥ would increase the resolution a little. However, more light would
be outside the aperture of the focusing lens.

3. Super-resolution radially polarized beam

The computing strategy is similar to circularly polarized light illumination. As an
example, an optimized normalized radii are obtained as follows: r; = 0.8875,
ry = 0.8965, r3 = 09191, r4 =0.9481, and rs = 1. Considering the rotational
symmetry, the electric energy density distributions of the radial, longitudinal, and
total fields on the y—z plane are presented in Fig. 7.9. Figure 7.9a shows that the
axial electric field energy density is very uniform. The beam has a size of 0.3995 A
and it propagates without divergence over 12.83 A which is a highly localized
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Fig. 7.9 Electric energy density distributions on the y—z-plane after phase modulation of ternary
optical elements. a Total energy density distribution. b Radial component. ¢ Longitudinal com-
ponent. d The radial |E,|%, longitudinal |EZ|2, and the total |E,|> + |EZ|2 electric energy density
distribution on the focal plane (x—y plane)
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super-resolution non-diffraction beam. The extended DOF is almost 15 times larger
than that generated with clear aperture. Compared with the customarily used axial
extent of the ordinary focus, which is defined as A/NAZ? (for NA = 0.95 it gives
value 1.11 X), the obtained DOF of 12.83 & is extended to about 11.56 times. The
electric energy density profile of the transversal behavior of this beam on the focal
plane is shown in Fig. 7.9d. The FWHM of the total electric density profile is
0.3995 A, which is smaller than that of 0.58 A obtained through direct focusing of
Bessel-Gauss beam with k = 0.57. The area of the super-resolution spot is 0.126 A2,
As a longitudinally polarized beam, the maximum electric density of the transversal
polarization is only 5 % that of the longitudinal electric density. The way to evaluate
the quality of this beam is to look at the energy contained in longitudinal polariza-
tion in the whole focused beam, which is defined as the figure of merit as:

n=o;/(P;+ Py) (7.11)
with
ro
®, =27 [ |E.(r,0)|?rdr
0

0]
@, =27 [ |E/(r,0)|*rdr (7.12)
0

where ro(= 0.65 1) is the first zero point in the distribution of radial electric inten-
sity, as shown in the |E,|> curve of Fig. 7.9d. The figure of merit of the beam is
n = 0.876.

Comparing circularly polarized light with radially polarized light, one can find
that in Fig. 7.9 for the radially polarized light, the longitudinal component is local-
ized and occupies most part of the total electric energy, and the parasitic radial
component is donut-shaped [11], and the radially polarized light illumination is
only suitable for subsurface imaging due to the deterioration of resolution for a
longitudinally polarized beam inside materials, where the longitudinal component
plays a dominant role, this may be solved by a type of material that is sensitive
only to the longitudinal component [12, 13]. However, for circularly polarized
light illumination (as shown in Fig. 7.7), the transverse component is dominant in
the spot and does not decay rapidly inside the sample, which is very beneficial for
optical data storage, optical coherent tomography, and three-dimensional confocal
imaging and nanolithography, etc., since in these applications, the super-resolution
non-diffraction beam needs to go into the media.

7.3 Combination of Pupil Filters with Nonlinear
Absorption Thin Films

Optical far-field super-resolution with pupil filters can realize below-diffraction-
limited spot and long DOF; however, there are some concerns that the side lobe
becomes non-negligible when the main lobe is squeezed to a certain extent, and it
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is difficult to reduce the super-resolving spot to nanoscale. Thus, the combination
of super-resolving pupil filters with nonlinear absorption thin films is a good way
to reduce the main lobe size to nanoscale and lower the intensity ratio of side lobe
to main lobe, where the pupil filters are applied to extend the DOF, and the nonlin-
ear absorption thin films are used to further reduce the spot size to the nanoscale.

7.3.1 Combination of Nonlinear Saturation Absorption Thin
Films with Three-Zone Annular Binary Phase Filters:
Linearly Polarized Light Illumination

In real applications, the optical elements are required to be low cost, easy fabrica-
tion, and simple operation. The binary pupil filter is one of the simple optical ele-
ments, and the linearly polarized laser beam can be directly obtained from laser
devices. Here, a design of linearly polarized light modulated by annular binary
pupil filter is used to obtain super-resolving spot. In order to simplify the simula-
tion process, the three-zone annular binary pupil filter is used to combine with the
nonlinear saturation absorption thin film (NSATF). The super-resolution spot irra-
diates onto the NSATF and results in the generation of the nanoscale spot.

The combination of three-zone annular binary phase filter with NSATF is
shown in Fig. 7.10. The super-resolving spot is incident to the NSATF. For
NSATF, the higher laser intensity results in a larger transmittance. The intensity
presents an approximate Gaussian profile for both the main lobe and side lode of
the super-resolving spot.

The super-resolving spot is incident onto the NSATF, the side lobe is squeezed,
and the main lobe is further increased comparatively because the main lobe inten-
sity is several times larger than that of the side lobe. A nanometric optical aper-
ture is produced in the central region of the main lobe because for the NSATF

Linearly polarized
incident light

—_—
|
—_— .

=

Three-zone annular
binary phase filter Intensity profile

Focusing lens - Super-resolving spot
>— Nanometric spot

Optical axis

NSATF

Fig. 7.10 Combination of the NSATF with the three-zone annular binary phase filter. Reprinted
from [7], Copyright 2013, with permission from Elsevier
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the higher laser intensity results in larger transmittance. Subsequently, the
super-resolving spot goes through the nanometric optical aperture and a nanoscale
spot is formed in the center of the main lobe. The side lobe is eliminated or
squeezed. Finally, the nanoscale spot occurs only at the back side of the NSATF.
The production of the nanometric optical aperture is dynamic and reversible,
wherein the aperture can be open or closed when the laser beam is turned on or off.

7.3.1.1 Super-Resolution Performances

1. Theoretical calculation analysis

Here, the GaN laser with a wavelength of 405 nm is used as illumination light. In
order to produce the nanometric optical aperture in the NSATF, the nonlinear satu-
ration absorption coefficient B is required to reach up to the order of magnitude of
—107%2t0 — 1073 m/W. The SbyTes thin films with a thickness of 50 nm are cho-
sen as NSATF. The linear and nonlinear absorption coefficients at 405 nm wave-
length are g = 7.78 x 107/m and B = —2 x 102 m/W, respectively [14]. The
NSATF is combined with the three-zone annular binary phase filter to improve
the super-resolving effect further. The combination schematic is described in
Fig. 7.10, where the incident laser power is set at 2.0 mW.

It is well known that when a laser beam spot with an initial incident intensity
profile of I(x,y) irradiates onto a thin-film sample, the intensity decaying can be
roughly expressed as:

di(x,y)
dz

where « is the absorption coefficient of the sample and d/ is the variation of the
laser intensity along the sample thickness direction, dz. For three-zone annular
binary phase filter, the /(x,y) can be obtained by formula (7.5). The transmitted
beam spot intensity can be obtained by integrating formula (7.13) as follows:

= —al(x,y) (7.13)

Li(x,y,L) = I(x,y) exp (—aL) (7.14)

where L is the thin-film thickness. Formula (7.14) is the Beer—Lamber formula.
For general samples, o = o is constant and the normalized transmitted beam spot
intensity profile, I;(x,y, L), is spatially the same as the initial incident laser inten-
sity, I(x,y). However, the o changes with laser intensity for the nonlinear absorp-
tion sample. In order to simplify the calculation, assuming that the o remains
unchanged along sample thickness; thus,

a(x,y) = oo+ BI(x,y) (7.15)

Formula (7.15) shows that the absorption coefficient presents similar spatial pro-
file to the incident laser intensity for nonlinear absorption samples. The nano-
metric spot after passing through the NSATF can be calculated by substituting
formulas (7.5) and (7.15) into formula (7.14) to obtain
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Li(x,y,L) = I(x,y) exp {— [ag + BI(x,y)|L} (7.16)

Formula (7.16) shows that the size of the nanometric spot is determined by the
nonlinear absorption coefficient g, thin-film thickness L, and incident laser density
L. For a given NSATF, g and L are fixed. Thus, the nanometric spot size formed at
the back of the NSATF can only be tuned by changing the incident laser intensity
I, namely the laser power Py, because I & Py.

2. Super-resolution spot

The simulated results are presented in Fig. 7.11, where Fig. 7.11a gives the spot in
the x—y plane. The spot through the NSATF is still an ellipse, and a weak side lobe
occurs near the main lobe. Figure 7.11b shows a comparison of the spot through
the NSATF and the super-resolving spot, where the upper half is the super-resolv-
ing spot and the lower half is the spot through the NSATF. The size and side lobe
intensity of the spot through the NSATF are, respectively, smaller and weaker than

i 1 1
(b)
0.9 A 08 09
04 03
0.7 0.7
- 025 -
0.5 - 0.5
0.4 025 i
0.3 0.3
02 ] 0.2
0.1 3098 0.1
b 1

075 05 025 0 025 05

Distance from spot center along x-axis (L)
Distance from spot center along x-axis (L)

075 05 025 0 025 05 075 |

Distance from spot center along y-axis (1) Distance from spot center along y-axis (1)
. wfg : : - : - 1
(V] (d) —Diffraction limited spot
Super-resolving spot

=
™

—— Spot through nonlincar |
saturable absorption films

e o
o
T

=
a
T

Normalized intensity

=
s
T

0.5

0.75

Distance from spot center along x-axis (A)

o
o
T

a5 05 025 0 025 05 075 1 3 - @ i 2 EJ
Distance from spot center along y-axis (1) Distance from spot center (1)

Fig. 7.11 Comparison of transverse intensity distribution at the focal plane (x—y plane).
a Through NSATF. b Comparison of spot through NSATF (lower half) and super-resolving spot
(upper half). ¢ comparison of spot through NSATF (lower half) and diffraction-limited spot
(upper half). d Comparison of y-axis normalized intensity distribution (black diffraction-limited,
blue super-resolving, and red through NSATF). Reprinted from [7], Copyright 2013, with per-
mission from Elsevier



7.3 Combination of Pupil Filters with Nonlinear Absorption Thin Films 169

those of the super-resolving spot. The diffraction-limited spot is compared further
in Fig. 7.11c, where the upper half is the diffraction-limited spot and the lower
half is the spot through the NSATF. The spot through the NSATF is approximately
50 % of the diffraction-limited spot, and the side lobe intensity is slightly larger
than that of the diffraction-limited spot.

Figure 7.11d presents the comparison among the spot through the NSATF, the
super-resolving spot, and the diffraction-limited spot along the y-axis distribution.
The FWHM of the spot at the y-axis direction is reduced to a nanoscale size of
approximately 100 nm, which is smaller than the FWHM of the diffraction-limited
spot of ~204 nm , as shown in Fig. 7.11d. The size of the spot through the NSATF
is the smallest among the three spots, and the side lobe is effectively squeezed to
approximately 0.12 times of the main lobe intensity. Thus, the size of the main
lobe is reduced, and the side lobe is also squeezed by the combination of three-
zone annular binary phase filter and NSATF.

7.3.1.2 Application Schematic Design

The FWHM of the main lobe size in combined NSATF and three-zone annular
binary phase filter can reduce to nanometric size, and the side lobe intensity can
also be squeezed to approximately 12 % of the main lobe intensity. The nanomet-
ric spot is formed at the back of the NSATF. However, the nanometric spot expo-
nentially decays along the z-axis direction and becomes difficult to propagate
to far-field distance. Figure 7.12 shows a feasible application schematics to solve
this problem. The samples (such as chalcogenide resists and phase-change materi-
als) are directly deposited on the substrate. Then, a transparent dielectric thin film
with a thickness of 20-50 nm, which is used as isolation layer and near-field dis-
tance controlling layer, is deposited on the samples. Last, the NSATF is deposited
on the transparent dielectric film. In the application schematic, the nanometric spot
is directly coupled into the samples in near-field range of approximately 20-50 nm.
Thus, the nanolithography, nano-optical data storage, and nano-optical imaging can
be realized by the combined NSATF and three-zone annular binary phase filter.

Fig. 7.12 Feasible schematic ~ Linearly polarized

of combined NSATF and incident ]lght FOClISing lens
three-zone annular binary —_—
phase filter. Reprinted from NSATF Sample
[7], Copyright 2013, with ; |:
permission from Elsevier . Optical axis
— e ] . e e e e T
— |
—_—
—_— f

Transparent dielectric layer
thickness (20 — 50 nm)

Three-zone annular
binary phase filter
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The applicable schematic is easy to operate because the distance between the
focusing lens and the sample remains in the far-field range. Moreover, the toler-
ance distance between the super-resolving spot and the sample can be larger than
the DOF of the diffraction-limited spot, where the tolerance distance is defined as
the tunable distance of the sample along the z-axis direction, where the nanometric
spot intensity remains almost unchanged within the tolerance distance. Figure 7.13
shows the tolerance distance. Figure 7.13a gives the tolerance distance at the y—z
meridian plane. Figure 7.13b presents a comparison of the tolerance distance of
nanometric spot and the DOF of the super-resolving spot. The tolerance distance is a
little smaller than the DOF of the super-resolving spot. Figure 7.13c shows the com-
parison of the tolerance distance and DOF of the diffraction-limited spot. The toler-
ance distance is larger than the DOF of the diffraction-limited spot. Figure 7.13d is
the comparison along the z-axis direction in Fig. 7.13a, b, and c. The tolerance dis-
tance is a slightly smaller than the DOF of the super-resolving spot, but twice more
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the DOF of the diffraction-limited spot. The intensity fluctuation at both sides of the
center of the nanometric spot is much lower than the super-resolving spot and close
to the intensity fluctuation of the diffraction-limited spot.

7.3.2 Combination of Nonlinear Reverse Saturation
Absorption Thin Films with Five-Zone Binary Pupil
Filter: Circularly Polarized Light Illumination

As is analyzed in lots of literatures, the circularly polarized light can produce
uniform and circular spot, which is very useful for maskless direct laser writing
lithography. Here, under the illumination of circularly polarized light, the combi-
nation of super-resolution pupil filter and nonlinear reverse saturation absorption
inorganic resist thin films is designed to obtain nanolithography.

7.3.2.1 Design Method and Principle

The design schematic is given in Fig. 7.14. A collimated circularly polarized laser
beam passes through the super-resolution pupil filter and enters converging lens.
The converging lens focuses the laser beam into a super-resolution spot (marked in
green area), whose size is reduced compared with the focused spot (marked in red

Fig. 7.14 Combination of Collimated laser
pupil filter and nonlinear
reverse saturation absorption
films. Reprinted from

[15], Copyright 2013, with
permission from Elsevier

Phase plate

graphic Mark
OF of focused spot
DOF of super-resolved spot
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area). Meanwhile, the DOF (marked in green dotted line) of the super-resolving
spot is extended compared with the DOF (marked in red dotted line) of focused
spot. The super-resolution spot is incident on the inorganic resist thin films, which
are deposited on the substrate. The inorganic resist thin films have an obvious
nonlinear reverse saturation absorption characteristic. The higher the laser inten-
sity, the larger the absorptivity is. The largest absorptivity is in the central part of
the super-resolution spot due to the Gaussian profile of the light intensity, which
causes a smaller energy absorption spot at the center of the super-resolving spot
(marked in yellow area). The inorganic resist thin film absorbs the spot energy and
is heated. When the energy exceeds certain threshold, the inorganic resist at the
central region of the energy absorption spot experiences a structural transforma-
tion and forms the lithographic marks. The feature size of the lithographic mark is
far smaller than the focused spot.

The combination of super-resolution pupil filter and nonlinear reverse absorp-
tion inorganic resist thin films does not only extend the DOF, which is very helpful
for the auto-focusing and tracking servo controlling during the laser direct writing
lithography, but also reduces the lithographic feature size to being far smaller than
the focused spot itself.

Here, a five-zone annular phase-only binary optical element is chosen as
pupil filter because higher strehl ratio than the central block ternary optical ele-
ment, where strehl ratio is defined as the ratio of peak intensity of the main lobe
of super-resolving spot to that of the diffraction-limited focused spot. Figure 7.15
gives the schematic. Figure 7.15a presents the incident light traveling through five-
zone annular binary phase filter and being focused by high-NA lens. Figure 7.15b
is the front view of the five-zone annular binary phase filter. A monochromatic
circularly polarized plane wave with a wavelength of 635 nm passes through the
five-zone annular phase-only binary pupil filter and is focused by the oil lens with
a numerical aperture of 1.4 into a super-resolving spot. The radii of the five-zone

(@) (b)
Circularly polarized
incident light beam

S SF

spot

i

|

Five-zone phase plate

Focusing lens

Fig. 7.15 The schematic of the annular five-zone phase-only binary pupil filter. a Incident light
passes through five-zone annular binary phase filter and focused by high NA lens. b The front
view of the five-zone annular binary phase filter
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annular phase-only binary pupil filter are defined as ry, r2, r3, r4, and r5. The phase
of the five-zone is set to be 0 — 7 — 0 — w — O structure. Correspondingly, the
transmission function is

+1 for 0<6 <6
BRO)=< —1 for 6] <60 <6,03 <6 <by (7.17)
+1 for 6, <6 <03,04<6 <a«a

The optical field distribution of super-resolving spot can be calculated by formulas
(7.7) and (7.8) in Sect. 7.2.2.1, where ¢(0) is replaced by #3(6) of formula (7.17).

Besides the annular five-zone phase-only binary pupil filter, the inorganic resist
thin film is of importance to pursue nanoscale lithography marks. The inorganic
resist thin film needs to have strong optical nonlinear reverse saturation absorp-
tion effect and structural transformation threshold characteristic. The AgInSbTe
thin films present obvious nonlinear reverse saturation absorption, and the thresh-
old characteristic of structural transformation between amorphous and crystalline
states at the irradiation of laser beam with a wavelength of 635 nm. The AgInSbTe
is typical chalcogenide phase-change materials. The temperature of structural
transformation from amorphous state to crystalline state is about 150 °C. The
structural transformation can happen under a focused laser pulse irradiation due to
light absorption induced temperature rise [16]. In real application, the AgInSbTe
thin films can be directly deposited on the substrate by magnetron-controlling
sputtering method. The absorption coefficient of nonlinear thin film can be also
expressed as

a = ag + Befrl (7.18)

where Befr is an effective nonlinear absorption coefficient. The Begr of AgInSbTe is
written as [17]

fer = —0.088 + (4.7 x 107°)1 = (668 x 107712 + (34 x 1075) 7 (7.19)

Hence, the AgInSbTe thin film is used as the inorganic resist material in the design
schematic.

7.3.2.2 Super-Resolving Spot with Pupil Filters

In the numerical calculation, the design results are as follows: the aperture
radius of the lens R = 2 mm, and the focal length f = 0.77 mm, and the nor-
malized optimum radii of the five-zone phase-only binary pupil filter are
rp =0.21,rn =0.48,r3 =0.91,r4 = 0.97, and r5 = 1. The spot intensity profiles
in the y—z plane are given in Fig. 7.16.

Figure 7.16a is the focused spot in the y—z meridian plane and the DOF can
be observed along the z-axis direction. Figure 7.16b is the super-resolving spot in
the y—z meridian plane. A direct comparison of the DOF of super-resolving spot
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Fig. 7.16 The spot intensity profiles in the y—z meridian plane. a Focused spot. b Super-
resolving spot. ¢ Comparison of super-resolving and focused spots. d The intensity profile along
z-axis. Reprinted from [15], Copyright 2013, with permission from Elsevier

and the focused spot is present in Fig. 7.16¢c, where the upper half is the focused
spot and the lower half is the super-resolving spot. Figure 7.16d gives the quantita-
tive comparison of the DOF along the z-axis. The DOF is extended to 7.39 times
of the focused spot and reaches up to about 2.82 A, that is, DOF is about 2 pm
for the design schematic shown in Fig. 7.15, which is useful for the focusing and
tracking servo controlling in high-speed laser direct writing lithography. Here,
one also notices that there are side lobes in the 3 1 distance range near the focal
point at z = 0, the ratio of side lobe intensity to the main lobe intensity is about
0.87. Actually, in laser direct writing, such lobes are little ill-influence on the resist
because the resist is placed at the focal point center. The center of focal spot is
about 3 A distance away from the side lobes.

The intensity profiles of spot along the x—y plane are given in Fig. 7.17.
Figure 7.17a is the focused spot, and Fig. 7.17b is the super-resolving spot. By
comparing Fig. 7.17a, b, the main lobe size of the super-resolving spot is smaller
than focused spot, while a side lobe appears in the super-resolving spot.
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Fig. 7.17 The intensity profile along x—y plane. a Focused spot. b Super-resolving spot.
Reprinted from [15], Copyright 2013, with permission from Elsevier

7.3.2.3 Nanometric Lithographic Marks

As is shown in Fig. 7.14, the super-resolving spot is incident on the AgInSbTe thin
film. The AgInSbTe thin film has an obvious reverse saturation absorption characteris-
tic, and the higher the laser intensity, the larger the absorptivity is. The largest absorptiv-
ity is in the central part of the super-resolving spot due to the approximately Gaussian
profile of the intensity, which causes a smaller energy absorption spot at the center of
the super-resolving spot. The energy absorption spot intensity can be expressed as

I,(x,y) ocall(x,y)]® (7.20)

where g reflects the multi-photon absorption characteristic, g = 1 means single-
photon absorption, and ¢ = 2 means two-photon absorption. For the AgInSbTe
thin films, the g = 1.87 [16, 17] due to the nonlinearity resulting from one-photon
absorption and two-photon absorption process. I(x,y) is the intensity profile of
the super-resolving spot. Substituting formula (7.18) and g = 1.87, and the data of
Fig. 7.17b into formula (7.20), where g = 3 X 107 /m, laser power P, = 5mW.
One can get the intensity profile of the energy absorption spot, and Fig. 7.18a gives
the results. Figure 7.18a indicates that the side lobe of super-resolving spot has not
only disappeared, but also the energy absorption spot size is obviously reduced. The
AgInSbTe thin film absorbs the spot energy and is heated. The temperature rise of
the AgInSbTe thin films presents approximately a Gaussian profile. When the ratio
Tth/Tpeak» Where Ty, and Tpeax are phase-change threshold and peak temperatures,
respectively, is controlled at about 80 % by tuning the incident laser power Pr, and
the phase-change threshold lithographic mark can be further reduced to be smaller
than the energy absorption spot diameter accordingly, as is shown in Fig. 7.18b,
where the phase-change threshold lithographic mark is about 1/10 the focused spot
size, and the lithographic marks with a nanoscale feature size can be obtained.

For the further understanding of the reduction of the spot size and the phase-
change threshold lithographic mark, the intensity profiles along y-axis of spots
in Figs. 7.17 and 7.18 are plotted in Fig. 7.19. The black line is the focused spot,
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and the FWHM is about 256.74 nm. The red line is the super-resolving spot inten-
sity profile, and the FWHM is about 233.68 nm. The super-resolving spot size is
reduced to about 89 % of the focused spot. The side lobe intensity is about 23 % of
the main lobe. The blue line is the effective energy absorption spot intensity profile,
and the FWHM is squeezed to about 96.52 nm, which is about 0.37 times of the
focused spot size. In order to make full use of the phase-change threshold char-
acteristic, one assumes that the intensity above 80 % of the maximum can induce
the phase change of AgInSbTe thin films from amorphous state to crystalline state.
Thus, the lithographic mark can be reduced down to about 54.6 nm, which is about
0.106 times of the original spot size, and reduced down to about 4/12.

The combination of five-zone phase-only binary annular pupil filter and
AgInSbTe nonlinear reverse saturation absorption inorganic resist thin films does
not only extend the DOF to 7.39 times of the focused spot, which is very helpful
for the auto-focusing and tracking servo controlling during the laser direct writ-
ing lithography, but also reduces the lithographic feature size down to 54.6 nm.
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The ill-effect of side lobe on the lithography is also eliminated by the nonlin-
ear reverse saturation absorption and the phase-change lithographic threshold
characteristic.

7.4 Nonlinear Thin Films as Pupil Filters

The nonlinear thin film can be used as a uniform pupil and is inserted at the aper-
ture of the focusing lens. There is no need to fabricate the annular pupil filter.
Inside the film, the complex refractive index is a function of the local light inten-
sity, which is the key property. When a laser beam is incident upon the thin film,
the complex refractive index changes according to the spatial intensity distribution
of the laser beam. To simplify, here, the scalar diffraction theory is used to analyze
the super-resolution spot performance.

7.4.1 Scalar Theoretical Basis

The general integral of the spot distribution from textbooks is [18]:

1 9
Uu,v) = 2£Pu<p>Jo<vp>e—’“P pdp (7.21)
with
V= 2THrNA

where Jj is the zeroth-order Bessel function of the first kind, r is the radial coordi-
nate, /4 is wavelength, NA is the numerical aperture, and z is the axial coordinate.
P, (p) is the so-called pupil function which can change the focal properties. In the
diffraction limit, one assumes a constant pupil function P,(p) = 1 and obtains
straightforwardly the well-known intensity distribution I(u,v) = U(u,v)U (u, v)*
Atu = 0, by formula (7.21), the electric field in focal plane can be obtained as

1
U@©,v) =2 { Py(p)o(vp)pdp (7.23)

The intensity distribution in focal plane is

. [27107]?
1(0,v) = U(0,v)U(O,v) ={ ; ] (7.24)

Similarly, at v = 0, by formula (7.21), the electric field in axial direction can be
obtained as

1 iup?
U,0) =2/ Pu(pre™" pdp (7.25)
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The intensity distribution in axial direction is

sin (u/4)] 2 726)

u/4

Setting t = p2, P.(p) can be written as Q(7); here, Q(z) is defined as equivalent
pupil function. Formula (7.25) is rewritten as

1G1,0) = U, 0) U, 0)* = [

1 .
Uu,0) = {Q(r)e—””/zdt (7.27)

Formula (7.27) indicates that the amplitude of electric field in the axial direc-
tion is a Fourier transform of Q(¢); thus, by changing the pupil function P,(p),
one can realize the different pupil filers, such as amplitude-type, phase-type, and
hybrid-type.

In the focal plane, the first zero of the intensity /(v,0) occurs when vy = 3.83,
whereas along the axis, the first zero of the intensity 7(0, u) locates at uy = 4.

In the integral of formula (7.21), the origin of the coordinates in both radial
and axial directions is set at the focus of the lens with a constant pupil function
P,(p) = 1. The focus position shifts in the axial direction when a different pupil
function is introduced and the focal plane moves according to the pupil function.

The super-resolution pupil filter is designed into a uniform thin film instead of
an annular pupil filter. The thin film is a nonlinear material, where the complex
refractive index is a function of the local light intensity. Therefore, the transmis-
sion of the thin film is no longer a spatially uniform function. The transmission
depends on the power and spatial intensity distribution of the incident laser beam.
In other words, a special annular pupil filter is created and its property is tunable
by adjusting the laser power and beam characteristics. In Fig. 7.20, the model of
the special pupil function is explained schematically [19].

The mathematical expression for the pupil function is derived as follows. The
complex electric field can be written as

2
E(r) = Egexp (—%) (7.28)
0

Incident Gaussian
light beam

Super-resolution spot

Fig. 7.20 Schematic of laser tunable pupil filter with nonlinear film. 7 laser power regulator, 2
imaging lens, 3 pupil filter (composed of nonlinear thin film and substrate), and 4 focal plane.
Reprinted with permission from [19]. Copyright 2008, Optical Society of America
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where Ej is the on-axis amplitude and wy is the radius of the incident beam. The
laser beam is incident upon the nonlinear thin film. The complex refractive index of

-2
the thin film changes according to the local laser power density I(r) = ’E (r)| as
- . A
n(r) = n(r) + ik(r) = [no + yI(r)] +i 7 leo + BI)] (7.29)

where ng is the linear refractive index, y the nonlinear refraction coefficient.

Due to the nonlinearity of the thin film, the transmitted light has several
changes. Firstly, the amplitude and wavefront phase of the complex electric field
are modulated by the internal multi-interference effect. Secondly, the wavefront
phase is also modified due to the Gaussian lens-like phase shift. All the changes
can be incorporated into the transmitted complex electric field as

U(r) = E(r)i(r) exp [iAg(r)] (7.30)
One defines the complex pupil function as
U(r)

Py(r) = E(r)

= 1(r) exp [iAp(r)] (7.31)

where the distribution of the Gaussian lens-like phase shift can be written in a lin-
ear approximation as

Ag(r) =

4y Pr{1 — exp [—a(r)L]} exp <_2r2> (7.32)

Ax (r)w% W(%

where Py is the laser power, L is the thickness of the thin film, a(r) = g + BI(r)
is the absorption coefficient, and the laser power density can be written as

2P, 2r2
I(r) = —exp|——5 (7.33)

The complex transmission for the two-interface layered system in normal inci-
dence is

112123 €Xp {21'27”}5(}‘)[4}

i(r) = t(re'® = — (7.34)
1+ ripr3 exp [Zi%n(r)L}
with
= 83
_ n(r)—n3
3 = =
e (7.35)
12 = Wam
ty = 2n(r)

n(r)+n3
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where ry2, 23, 112, and #3 are, respectively, the reflection and transmission coef-
ficients for each interface, and n; and n3 are the corresponding refractive index
for air and substrate, respectively. The inclusion of the complex refractive index,
the local nonlinear absorption, and the multi-interference in formulas (7.32) and
(7.34) enables one to calculate the exiting field distribution.

Substituting formulas (7.32)—(7.34) into formula (7.31), one finally obtains the

complex pupil function as
4yP[1 — e L] 2r?
o) + exp| ——~ .
(r) o (r)w(z) Y w% (7.36)

ﬁu(r) = t(r)exp {i

One notes that the use of formula (7.34) should be considered as an approximation
because the Fresnel formalism is actually developed for plane waves.

7.4.2 Super-Resolution Spot Analysis

Numerical simulations are carried out based on the above formalism for the focal
spot. Since the complex pupil function in formula (7.36) contains radial modula-
tion both in amplitude and in phase, one expects therefore that the super-resolving
spot properties would be significantly modified from the case of constant pupil
function shown analytically in formulas (7.24) and (7.26).

In the numerical simulations, the parameters are chosen as follows. The beam
radius is wg = 5 wm. The thin film thickness is fixed L = 100 nm. The laser has
the wavelength 4 = 633 nm, and the laser power is assumed to be P, = 200 mW.
Silicon is considered as the material to form the nonlinear thin film.
Experimental parameters for the thin film are used for the nonlinear coefficients
y ~ 4.45 x 1072 m2/W, and the initial refractive index ny = 4.21.

Before showing the focal spot, Fig. 7.21 presents the transmission of the
thin film. In Fig. 7.21a, the normalized transmission amplitude is plotted, and
in Fig. 7.21b, the phase of the transmission is plotted. One clearly sees from
Fig. 7.21 that as far as the transmission is concerned, the thin film acts as an annu-
lar pupil filter with a strong radial modulation. The modulation contains three
principal contributions, including amplitude, phase, and Gaussian lens-like phase
shift. In Fig. 7.21, these three effects are shown separately. The amplitude modu-
lation is symmetrically concave (see Fig. 7.21a). The phase modulation appears
stair-like (see Fig. 7.21b). The Gaussian lens-like phase shift (the dotted curve in
Fig. 7.21b) has an insignificant effect to the modulation.

The optical field intensity distributions of focal spot are shown in Fig. 7.22. In
Fig. 7.22a, c, the distributions along the axis and at the focal plane are shown in top
view mapping, respectively. In Fig. 7.22b, d, the cross sections are shown in axial
and transverse directions, respectively. One realizes that the focal plane is shifted
in axial direction, which is because that the added nonlinear pupil filter function
changes the focal length. In the transverse direction, the first zero point occurs at 2.6
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Fig. 7.21 The transmission with modulation (a) in amplitude, (b) in phase (blue curve) plus
Gaussian lens-like shift (black curve). Reprinted with permission from [19]. Copyright 2008,
Optical Society of America
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cross-sectional plot, (¢) top view mapping at the focal plane, (d) transverse cross-sectional plot.
Reprinted with permission from [19]. Copyright 2008, Optical Society of America

which is significantly smaller than the first zero point 3.83 obtained from the well-
known diffraction spot in formula (7.24). A careful comparison of FHWM with the
diffraction spot shows that the spot becomes about 0.7 times of the focused spot
with constant pupil function. Also, compared with the peak intensity of main lobe,
in transverse direction, the peak intensity of side lobe is at about 16 % in height. In
axial direction, the spot is shifted about 47 and the spot is prolonged.

Since the laser power appears in the expression of the pupil function of for-
mula (7.36), it is anticipated that the super-resolving property is tunable by adjust-
ing the incident laser power. The modification of the focal spot should occur when
the laser power is increased due to the factor that the nonlinearity of the thin film
increases with the laser power. In Fig. 7.23, the super-resolving spots are drawn
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Transverse direction

Axial direction

Fig. 7.23 Cross-sectional plots of the super-resolution focal spots in (a) transverse direction (b)
axial direction with various laser powers. The focal spot of constant pupil is included for com-
parison. Reprinted with permission from [19]. Copyright 2008, Optical Society of America

as a function of the laser power. The original diffraction spot is also plotted for
a comparison. As expected, the focal spot becomes narrow in transverse direc-
tion (see Fig. 7.23a) when higher laser power is applied. However, the decrease
of the spot transverse size becomes insignificant when the laser power is further
increased after about 350 mW. Figure 7.23b shows that the super-resolving spot
shifts along the axis and the DOF increases with the increase of the laser power.
As shown in Fig. 7.23b, the DOF is about 2 times of the focused spot when the
laser power is increased to 500 mW. In general, the increased DOF would be help-
ful for the imaging and lithography.

Super-resolution pupil filter is a feasible method to reduce the spot down
to below-diffraction-limited size and extend the DOF. However, it is difficult to
eliminate the side lobe effect and obtain nanometric spot. The combination of
super-resolution pupil filter with the nonlinear thin-film materials is a good way to
realize nanoscale spot, which is useful for super-resolving optical imaging, high-
density data storage, and nanolithography.

Appendix: Optical Field on the Image Space

In general, the electric component of optical field is mainly taken into account and
denoted as €, which is a complex field. In focusing and imaging system, a mono-
chromatic point source Sy with angular frequency w passes through the lens and
forms a Gaussian image point S [20], as shown in Fig. 7.24.

The electric field of any point P at image space is denoted as é(P), and the elec-
tric vector E in time 7 is written as

E(P,1) =0 [é(P)e—iwf} (1.37)
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where symbol N denotes the real part. Let (x,y, z) be the coordinate of point P in
Cartesian orthogonal coordinate with origin at the S; and positive z-direction along
the optical axis pointing away from the exit pupil. In whole image space é satisfies
time-independent wave equation and may be represented as

R “+00 +00 i N ik - ik
epP)= [ [ ¢ (Sext5y) U (sx, Sy)el S 4 V(s Sy)e_l SZZ:| dsxdsy (7.38)

—00 —0O0
with

2
k= nimspTO (7.39)

s;=4y/1—s2—s2 for si+s5<1

7.40
s;=+iy/si+si—1 for sf+s§>l (7.40)

where k is wave number in image space with refractive index #imsp, and A is light
wavelength in vacuum. . .

Formula (7. 38) indicates that € is in the form of two angular spectra U and V)
of plane waves. s + sy < 1 means homogeneous waves, and 52+ s > 1 means
inhomogeneous waves. Before determining the U and V, some approx1mations
need to be made as follows.

The first approximation is that all inhomogeneous waves can be neglected,
which causes the inﬁnite domain of integration in formula (7.38) to become finite
domain, i.e., s + s <L The approx1mat10n is obviously justified because s is
pure 1maginary number at s + sy > 1, “V-wave” diverges as kz — oo, and “U-
wave” is negligible because the distance Az between pupil plane and image region
is assumed to be lots of wavelengths.

The second approximation is that the Kirchhoff’s boundary conditions can be
met in the exit pupil plane (marked as B), i.e., the incident light inside the exit
pupil plane does not be perturbed, and the light field is O outside the exit pupil
plane. The approximation is justified only if the linear dimensions of exit pupil are
larger than light wavelength, and the field at lots of light wavelength away from
the pupil plane is taken into account.
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The unperturbed incident field of any point P'(x’,y’,7) at exit pupil plane is
denoted as é® (P"), and one can have the following assumption

// eik(sxtsyy) {ﬁ(sx, sy)eikszz + ‘_}(sx, sy)e—ikxzz] dsxdsy

s24s52<1

(7.41)

_[e(P) for P'eB

10 for P'¢B

Formula (7.41) is effective only if the exit pupil dimension is far larger than the

light wavelength, and the distance between the calculated field and exit pupil plane

is large enough. The integral of formula (7.41) can be estimated by an asymptotic
approximation. For this purpose, one sets

r/ =+ x/2 +y/2 +Z/2
e =x' /1 uy = y'/1’ (7.42)

2

=2 = 12—

Then if the formula (7.40) is also used, the left side of formula (7.41) becomes
a sum of two integrals of the form

ol = y—y .
O (kr'; ux, uy, uz) = / / P(sy, 5y)e/m Plesyittety ) gg. ds,

2 62
sx+sy <1

(7.43)
with

<I>(sx,sy; Uy, Uy, uz) = Syly + Syly Uz /1 — s)% — s% (7.44)

According to the principle of stationary phase, Born and Wolf obtained an

asymptotic approximation to an integral for large kr’ [20]. Since u; < 0 formula
(7.41) can be simplified as

2mi

o L o .y 3 (pr /
7 uZ [_U(_Mx, _uy)eflkr + V(Mx, uy)elkr :| — { e (P ) for P € B }
7

0 for P'¢B
(7.45)
The error introduced in using the asymptotic approximation instead of the exact
value is of the order of (kr')~3/2. Except the points of immediate neighbor of the
edge, the e (P) can be approximately expressed as

-

SO (p — b ikpP)
eV (P) = ———e 7.46
)= Frdm (740

where r; and rp are the principal radii of curvature of the associated geome-
try optical wavefront going through point P’. The g (P’) is the eikonal function.
a is a complex vector of perpendicular to the geometrical ray through point P’.
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In geometrical optics approximation, @ is also independent of exact point P’ and
called as strength factor of the light ray.

In general, it is not easy to directly obtain g (P'); fortunately, g (P’) may be
approximately expressed with a form of aberration function of system. Define o as
Gaussian reference sphere with a center of S, and the Gaussian reference sphere
goes through the center point E of the exit pupil plane, as shown in Fig. 7.25. The
geometrical optical wavefront going through E is denoted as W. The intersects of
P'S1 with o and W are marked as F and G, respectively.

The optical path is written with sufficient accuracy as

©(P") = [SoG] + [GF] + [FP'] (7.47)

where [...] denotes optical length. The [SoG] = [SoE] because G and E lie on the
same wavefront W. [FP’ ] = [FS$1] — [P/ Sl] = Nimsp(R — '), and R is the radius of o.
Hence,

©(P') = nimsp(C+ @ — 1) (7.48)
1

where C = . ——[SpE] + R is a constant, and ® = %[GF ]is the wave aberration.

imsp . . ms . . .
The curvature center of geometrical optical wavelront lies in the image space,
and thus, r; ~ ry & ¥/, so that ./r{,/r> ~ r’. Formula (7.46) can be rewritten as

&0 (P) = a(sxisy) kn[ C+®(sc.5)—r'] (7.49)
r
Formula (7.49) reveals that both a and ® are functions of the first direction
cosines (sy, sy) of the light ray going through point P’. The unit vector of light ray
is marked as § with direction cosine components of s, Sy, Sz, which is denoted as
§(sx, Sy, 57), with

Sy = —x/r' = —uy
sy = —y/r' = —uy (7.50)
§; = —z/r = —ug

Based on formulas (7.45), (7.49), (7.50) and assuming the medium in image
space is air or vacuum with njys, = 1, one has
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where € is the solid angle formed by all the s-vectors associated with the geo-
metrical light rays which reach the image space through the exit pupil plane of the
lens. The illustration § can be found in Fig. 7.26.

According to formula (7.51), one can obtain the expression for time-independ-
ent part of the electric field é[P(x, y, z)] in the image space of the optical system as

R ik alsy, .
6(t,y.2) = _2177[ // a(SzZ Sy) etk[@(sx,sy)+sxx+syy+szz]dsxdsy (7.52)
Q

Formula (7.52) is the expected expression for the optical field in the imaging
space (or focusing space) and can be applied in any polarized light beam.

1. Optical field on the image space using linearly polarized light

A monochromatic linearly polarized plane incident light beam with a polariza-
tion direction along the x-axis travels through the lens system and is focused in the
image space. According to formula (7.52), the optical field expression of any point
P(x,y,z)in image space of lens system can be analyzed as follows.

Following the work of Richards and Wolf [21], for an aplanatic imaging, the
wavefronts in image space are spherical with a common center of Gaussian image
point. So for all vectors § in the solid angle £

o (sx, sy) =0 (7.53)
Substituting formula (7.53) into formula (7.52), one has
. [ a(505) rnyin
ey = / / T Corton ) ds,ds, (7.54)
Q

The a can be determined by tracing rays through the lens system up to region
of the exit pupil and making use of the laws relating to the variation of the field
vectors along each light ray. Figure 7.26 presents the light ray traveling through
an imaging lens system. A and B are denoted as incident pupil plane and exit
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pupil plane, respectively. Taking a typical light ray CQy as an example, CQ( goes
through the lens at a height & from the optical axis and is imaged to the focal
sphere center O, where the focal sphere is denoted as M. The radius of focal
sphere is f, which equals to the focal length of lens system. The corresponding
light ray of CQp in image space is marked as QO. The angle formed by QO mak-
ing with optical axis is marked as 6. Since incident optical field in object space is
linearly polarized light, the polarization state at plane A is unchanged, and only
the polarization direction is different for different light ray. The optical field in the
region of the exit pupil plane B is also linearly polarized only if the incident angle
at each surface of system is small.

Considering all the light rays going into an annulus bounded by circles of
radius & and h + Sh. The area of the annulus is denoted as §Sg, and 657 is the area
formed in the focal sphere accordingly. €y and € are the electric amplitude vectors
on 88y, and 8S), respectively. &y and &, are unit vectors in the éy and &, respec-
tively. One has

o0 = Inéneiksn
{eo 0¢0e (7.55)

€1 = l]é]éikg‘)l
where [y and /1 are amplitude factors and g and g are the corresponding eikonal
values. Since the optical fields in object and image spaces are linearly polarized
light, the Iy, I}, g, and € can be considered to be real numbers if the origin of
phase is suitably chosen.

Assuming that the refractive index of object and image spaces is
Nobsp = Mimsp = 1, and the energy losses resulting from reflection and absorption
of the lens system are ignorable, one can get

15580 = 135S (7.56)

From Fig. 7.26, one has

889 = 6Sp cos O (7.57)

Thus, according to formulas (7.56) and (7.57), one gets
I} = lpv/cosO (7.58)

The ¢, may be determined with e® of formula (7.46) with rj = r, =f, and
£ = 1, SO
a = flgv/cos 9é, (7.59)

To simplify the calculation, the spherical polar coordinates r, 8, and ¢ are intro-
duced, with

r>0
0<0<m (7.60)
0<¢ <27
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The polar axis is in z-direction with 8 = 0, and the azimuth angle ¢ = 0 includ-
ing the electric vector in object space. Thus, the relation of unit vector $(sy, Sy, s;)
of Cartesian orthogonal coordinate system with §(r = 1,6, ¢) of polar coordinate
system in image space (as marked in Fig. 7.26) is expressed in the form

sy = sin 0 cos ¢

sy = sinf sin ¢ (7.61)
s; = cosf

The relation between P(x,y,x) of Cartesian orthogonal coordinate system and
P(rp,0p, ¢p) of polar coordinate system in image space is accordingly expressed
as

X = rpsinBp cos ¢p
y = rpsinfp sin ¢p (7.62)

z=rpcosbp

By complex mathematical operation, Richards and Wolf obtained the strength
factor vector a of formula (7.54) as

ay = flor/cos @ [cos 6 + sin® ¢ (1 — cos 6)]
ay = flon/cos O[(cos @ — 1) cos ¢ sin ¢] (7.63)
a; = —floa/cos 6 sin 6 cos ¢

and the ds,dsy/ds; represents the element dS2 of the solid angle, which is given as
follows

dsydsy/ds; = dQ2 = sinfd6d¢ (7.64)
Substituting formulas (7.57), (7.63), and (7.64) into formula (7.54), one has

V2 )
ex=—iS [ [ {\/cosé) sin@}{cos@ + (1 — cos ) sin® ¢ }e'k? o3& dgpdo
00
¥ 2 .
ey=i- [/ {\/cose sin@}{(l — cos 8) cos ¢ sin ¢ ek P & dpdo (7.65)
00
v 2m )
e;=iz [ [ {\/0059 sin@}{sin@ cos ¢ lekrr cosE dpde
00
with
cos& = cos 6 cosOp + sin 0 sin Op cos (¢ — ¢p) (7.66)

For homogenerous plane wave, [y = 1. ¢ is the angular semi-aperture on the
image side, i.e., 2¢ is the angle which the diameter of the exit pupil subtends at
the geometrical focus. ¢ is constant and can be calculated as

c=mnflo/ (7.67)
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The integration with respect to ¢ can be done by the following formulas, which
is valid for any integral value of m,

2 .
{ cos (m¢)e@cs @=9dgp = 27" J,,(0) cos(ms)

2 , (7.68)
[ sin (m¢)e'@<s @=9dgp = 27" J,,(0) sin(ms)
0

Jm(0) is the Bessel function of the first kind and the order of m. Using
cospsing = 1/2sin(2¢), sin’¢ = 1/2[1 — cos(2¢)], and formula (7.68), the
components of field vectors at the point P in the image region are

ex(P) = —ic[ly + Icos(2¢p)]
&y(P) = —icly sin(2¢p) (7.69)
e;(P) = —2clj cos ¢p
with
v
To = Io(krp, 6p, W) = [ (x/cosesiné)(l + cosh)
0
{Jo (krpsind sin9p)eikrP0059°089P] do
v
I = Li(krp, 6p, W) = [ (vcosesine)(sine)
0 (7.70)

[ Jy (krpsinf sinGP)eikaCosacosep} 4o

v
b = Lkrp, 6p, ¥) = [ (x/cosésiné)(l — cost)
0

[J 5 (krpsinfsin@p) ek Peosdcosoe } 40

Formulas (7.69) and (7.70) give the electric field of any point P(rp,6p, ¢p) in
image space.

2. Optical field on the image space using radially polarized illumination

Based on the work from Youngworth and Brown [22], for radially polarized
beam illumination, the electric field in the image space can be analyzed as follows.
A light beam is assumed to have a planar phase front at plane A, passes through an
aplanatic lens system, and is focused into a spherical wave at focal sphere M. The
spherical wave travels to a diffraction-limited axial point image P in the image
plane S (as shown in Fig. 7.27).

The unit vector g of the incident light beam is perpendicular to the optical axis
and can be expressed in cylindrical coordinates

8o =icos¢ +jsing (7.71)
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Fig. 7.27 Geometrical 8
relation of radially polarized L J_
light focusing k
Light
beam Optical axis

Image plane S

M

A Aplanatic lens

where ¢ is azimuthal angle with respect to the x-axis. g, represents the radial com-
ponent in object space. The azimuthal component can be denoted as 8o x k, where
k is unit vector along propagation direction (optical axis). The electric field in
entrance pupil plane A can be written into radial and azimuthal components as

é0 =l [e% + e (g x ) (1.72)

where [y is amplitude of incident field and is assumed to vary radially but maintain
cylindrical symmetry about optical axis.

According to formulas (7.54) and (7.64), the electric field near focus plane S is
diffraction integral over the vector field amplitude a; on a spherical aperture with a
focal length f as follows

s _ k[~ 517 4y
e’ = . //al(e, p)e d (7.73)
Q
where the amplitude @; may be related to the object space electric field as follows

@1(0.¢) = f~/cos01o(0) [eVg) + <y (&1 x1)] (7.74)

where unit vector g, lies in the plane containing both the ray and the optical axis,
and is perpendicular to 5| traveling direction of the ray in image space. @ is polar
angle, and after refraction, the radial unit vector may be expressed as

g, =cosd (; cos ¢ +}sin¢) +ksin® (7.75)

In image space, the cylindrical coordinates are employed with F(py, ¢, z5), and
the origin located at the paraxial focus is py = 0, z; = 0. Thus, for points near par-
axial focus, one has

§1-F =z,c0860 + pssinO cos (¢ — ¢y) (7.76)
For radially polarized light, it is trivial to show that the azimuthal component

e((PO) = 0 of formulas (7.72) and (7.74) everywhere in image space. According to
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formulas (7.73-7.76), the Cartesian components of electric field vector near focus
may be written as

e = —i%? T sin 6+/cos Ol () eiklzs cos 0-+ps sin6 cos (9=,
0o cos 0 cos ¢pd¢pdo
) _ e@ _ _i;Z { 5in 0+/c0s Ol () eiklzs €0 0+ps sin6 cos (9—¢,)]
cos 0 sin ¢d¢pdo
e — —i%? T sin 6+/cos Ol () eiklzs c0s 0-+ps sin6 cos (9—0y)]
o sin 0d¢do

(7.77)

The local azimuthal, radial, and longitudinal components of ¢ are constructed
as:

= eﬁs) cos g5 — e sin b,

30 _ el = el cos ¢y + el¥ sin ¢

2
egs) — i% 7 f Sinz leo (e)eik[zs cos 0+ py sin O cos (¢7¢s)]d¢d9
’ 00

RO

(7.78)

For radially polarized light, the azimuthal component is zero in image space,
and from formulas (7.77) and (7.78), the electric field near focus is

v 2m 3
e}f) = —i- [ [ sinfcos2 fcos(p — ¢s5)lo(6)
00

eik[zx cos 0+ pg sin 9cos(¢7¢s)1d¢d0
e® =

v 2
el = —i& g g /cos 8 sin 0ly(0) (7.79)

eik[zs cos 04 py sin 9C03(¢_¢5)]d¢d9

The integration over ¢ can be carried out using the identity:

2 ik ps sin O cos ¢ - .
£ cos (m¢)e d¢ = 2xi"J,;, (kps sin 0) (7.80)

Jin(kps sin 0) is a Bessel function of the first kind of order m.
Substituting formula (7.80) into formula (7.79), one can get

v .
el (s, 2) = ¢ [ +/cos 0 sin(20)1(0).J; (k py sin 6) e’k 30 dp
0

v ) 7.81
e (py,25) = 2ic g Vcos 8 sin? 01(0)Jo(kps sin 0)ekas <050 4g (781
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1(0) is apodization function by using an appropriate pupil filter, for example, for
Bessel-Gauss beam whose waist is at plane A, /(6) can be expressed as,

sin6\? sin 6
1(0) = exp _K2<Sina> J1 (2/{ sinot) (7.82)

where « is the ratio of pupil radius to the beam waist. ¢ is set to be 1, Jo(x) and
Ji1(x) denote the Bessel function of the zero and first orders of the first kind,
respectively.
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Chapter 8
Applications of Nonlinear Super-Resolution
Thin Films in Nano-optical Data Storage

8.1 Development Trend for Optical Information Storage

Optical storage is very useful for high-definition digital television, data
distribution, and memory. With the development of information technology,
the capacity of optical storage devices is required to become larger and larger.
Correspondingly, the density is also required to become higher and higher. In
order to improve the density, one has to reduce the information bit size. The size
is determined by the optical diffraction limit. That is, D ~ 1.224/NA, where D is
the size of the focused spot, 4 laser wavelength in vacuum, and NA the numerical
aperture of optical pickup. In order to improve the capacity and density of optical
storage devices, one has to shorten the laser wavelength and increase the numeri-
cal aperture of optical pickup. Table 8.1 gives the development of optical storage
devices [1].

However, a larger NA will reduce the focal depth of pickup and increase
comatic aberration when the disk tilts against the optical axis. So far, for far-
field optical storage, the NA of pickup has been very close to the theoretical
limit (NA = 1). To reduce the mark size, a short wavelength laser source must be
used. The laser wavelength has been decreased from 780 nm for compact discs
to 405 nm for blue ray disks. Further shortening the laser wavelength is difficult
due to the high product cost and low transmission of general optical elements at
wavelength below 360 nm.

In this regard, the near-field optical probe is a very good method to generate
small spot due to avoidance of the diffraction limit, and it can also record nano-
metric information marks. However, the low optical transmission and some prob-
lems in controlling the near-field distance between the probe tip and the sample
surface meet difficulties in application to the high-speed rotation optical disk sys-
tem. The solid immersion lens near-field method can obtain a subwavelength spot
and produce nanometric information marks. It can also maintain a higher optical
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Table 8.1 The development of optical storage devices (optical disks)

CD DVD HD-DVD BD
Laser wavelength (nm) 780 650 405 405
Numerical aperture 0.45 0.60 0.60 0.85
Size of information bit (nm) 830 400 250 150
Capacity of a 5-inch disk 650 MB 4.7GB 15 GB 27 GB

CD compact disc, DVD digital versatile disk, HD high density, BD blue ray disk

transmission compared with the near-field probe technique. However, the prob-
lem of near-field distance control between the lens surface and the sample still
remains.

Nonlinear super-resolution optical information storage has undergone con-
siderable development in the past two decades. Advances include the ability to
break through the optical diffraction limit as well as the capability to realize the
recording and readout of below-diffraction-limited information marks [2—4]. In
this chapter, the basic principle and important experimental results of nonlinear
super-resolution-induced high-density data storage are presented and analyzed.

8.2 Saturation Absorption-Induced High-Density Optical
Data Storage

8.2.1 Read-Only Super-Resolution Optical Disk Storage

8.2.1.1 Principle of Super-Resolution Readout

A scanning spot with an electric field distribution Eo(r) (shown in Fig. 8.1) is inci-
dent onto the nonlinear saturation absorption thin film. Let the nonlinear saturation

(a) (b)

Eo(r)

AU
VY

r

Nonlinear saturation
absorption thin film

Fig. 8.1 Super-resolution principle of nonlinear saturation absorption thin films: a illustration of
focused spot-induced optical pinhole, and b electric field distribution
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absorption thin film function be O(r) and its amplitude transmittance be #(r)O(r).
The #(r) is nonlinear transmittance and can be expressed as [5, 6]

t(r) =to[1+ x - g(Eo)] 8.1)

where the g(Ep) represents the dependence on the incident light. g(Ep) equals O if
Ep(r) = 0 and increases with Ey(r) up to material destruction. The nature of the
nonlinearity is characterized by x, x > O corresponds to bleaching, and y < 0 cor-
responds to blackening. 7y is the standard linear transmittance of the nonlinear sat-
uration absorption thin films. The transmitted field immediately after the nonlinear
thin films can be written as

Eio(r) = E(r) - O(r) (8.2)
with
E/(r) = 1(r) - Eo(r) (8.3)

Signal from the nonlinear saturation absorption thin film may be found from the
Fourier transform of E; o(r). One integrates the signal over a detection pupil P(p),
which corresponds to the same NA as the spot-forming pupil. Resolution can eas-
ily be judged with the aid of the frequency response function Rres(f). Since in
spatial frequency considerations, the nonlinear saturation absorption thin film is
considered to be a grating with discrete orders, in the case of gratings in a nonlin-
ear material, the spot narrowing yields an aperture widening after passing. Widely
opened diffracted beams overlap the detection pupil up to larger diffraction angles;
thus, interference between zero and first orders is possible up to higher spatial fre-
quencies. Since only the detected region has to be taken into account, the response
RRes(f) is given by the convolution of the field E;(p) in the detection pupil with
the field itself:

Rees() o |[Ei(p) - P(p)| @ Ex(p) (8:4)

where E;(p) is the Fourier transform of E,(r) and P(p) = 1 if o < NA/4, other-
wise 0. Let G(p) represent the Fourier transform of g with respect to r. Formulas
(8.1) and (8.3) then lead to

Eip) = 10| Eo(p) + xG(p) ® Eo(p)] (8.5)

where Eo(p) =1 if p < NA/A, otherwise 0. Eo(p) corresponds to the conven-
tional linear case. With formula (8.4), it yields the modulated transfer function.
[ xG(p) ® Eo( p)} shows the influence of the nonlinearity. Because the convolution

covers a wider field than Eo(p), the nonlinear part of E;(p) will extend beyond the
value NA/A. This is the beam widening due to the spot narrowing. From formula
(8.4), it then follows that Rres(f) will show a finite value above the conventional
cutoff frequency f;; thus, there will be super-resolution.
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8.2.1.2 Dynamic Readout of Super-Resolution Pit Arrays Using Sb
as Nonlinear Thin Film Material

Sb thin films possess excellent optical super-resolution effect and are good can-
didates for high-density data storage [7, 8]. The pit arrays premastered on the
optical disk substrates with a diameter of 120 mm and a thickness of 1.2 mm are
shown in Fig. 8.2, the refractive index of this substrate is approximately to 1.52
at visible frequencies, and the pit depth and diameter (space) are 50 and 380 nm,
respectively. It can be seen that the surface shape of pit arrays has a sinusoidal
distribution. Sb thin films are directly deposited on the optical disk substrates by
sputtering method, and the thickness is controlled in the range from 10 to 100 nm.

Figure 8.3 gives the schematic of dynamic testing setup for optical disks, where
the laser wavelength A and the numerical aperture (NA) of converging lens are 633
and, 0.40 nm respectively.

jm 56.‘?2

Fig. 8.2 AFM analysis of pit arrays on the optical disk substrate

1/4 wave

Frequency spectrum
receiver or oscilloscope Mator

Fig. 8.3 Dynamic readout setup for the pit arrays on optical disks
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The laser passes through p-polarization plate and goes into polarized beam
splitter (PBS) and 1/4 wave plate and then is reflected to the lens and focused
onto the disk surface. The focused spot interacts with the nonlinear thin film and
then is reflected into the spectrum frequency receiver and oscilloscope. The diam-
eter of optical spot on the optical disk can be calculated by D ~ 1.224/NA and is
~1.93 um, which is much larger than the pit diameter of ~380 nm. The dynamic
readout resolution limit can be approximately calculated by 4/4NA and is ~396 nm,
so the pit arrays on the optical disk substrates are smaller than the readout resolution
limit and cannot be dynamically read out by conventional reflective layer.

In order to confirm the spatial resolution of the dynamic readout setup shown
in Fig. 8.3, the disk structure “Al reflective layer (150 nm)/premastered disk sub-
strate” is measured, and the results are shown in Fig. 8.4a, where the pit arrays
onto the disk substrates cannot be read out. Then, the Al thin film is replaced with
Sb thin film with a thickness of 28 nm, and the Sb thin film possesses large nonlin-
ear saturation absorption characteristics and is used as nonlinear super-resolution
layer. The dynamic readout results are shown in Fig. 8.4b. From the Fig. 8.4b, the
pit arrays are read out and the carrier-to-noise ratio (CNR) is 38 dB.

In addition, Fig. 8.5 shows the CNR dependence on the Sb thin film thickness.
With the increase of the Sb film thickness, the CNR increases, and when the thick-
ness is 2830 nm, the CNR is the maximum of ~40 dB. While with the further
increase of the thickness, the CNR decreases. The CNR is close to 0 when the thin
film thickness is more than 50 nm.

In the focused beam traveling through the nonlinear saturation absorption thin
films, one aspect is the spot size reduction due to nonlinear saturation absorption
effect, and the other is the spot size expansion due to diffraction effect. It is well
known that the dynamic readout resolving power and CNR are reversely propor-
tional to the spot size. The dependence of CNR on thin film thickness is actually

(@09 (b)100 .
Fidueial

30 80 frequency signal
@ 60 % 60 Readout signa
£ <4

Z

% 4( S . B & 40

20 20

0 ! 0

Frequency (MHz) Frequency (MHz)

Fig. 8.4 Dynamic readout signals, a conventional read-only disk (Al thin film used as reflec-
tive layer, thickness: 150 nm, b super-resolution disk (Sb thin film used as nonlinear super-
resolution layer, thickness: 28 nm). Reprinted from [9], with kind permission from Springer
Science+Business Media
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determined by the spot size. The spot size changes with thin film thickness are
simulated by COMSOL multi-physical field software. In this simulation, the linear
and nonlinear saturation absorption coefficients are chosen as ag = 7.53 x 107/m
and B = —0.608 x 1072m/W, respectively. The linear refractive index is
ng = 3.1, and the NA of converging lens is 0.90. The focused spot intensity is
Ip = 5.1 x 10° W/m?,

Figure 8.6 shows the relationship of the FWHM of light spot from the exit-
ing surface of Sb thin film with the thickness [10]. One can see that the FWHM
decreases first from ~0.716A down to ~0.43\ and then increases up to ~0.642
with the increase of the film thickness. That is, the size of transmitted light spot
cannot decrease continuously with the increase of the film thickness, there is
an optimum thin film thickness at L ~ 0.07A (L is thin film thickness), and the
minimum FWHM is about ~0.42A accordingly. This is because that though
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inhomogeneous absorption can reshape the transmitted light spot into below dif-
fraction limit, the effect of nonlinear saturation absorption gets weaker with the
increase of thickness due to the light intensity decaying with the thickness increas-
ing. Finally, the effect of diffraction is stronger than that of nonlinear saturation
absorption and the size of transmitted light spot increases and becomes larger than
that at the optimum thin film thickness.

In order to further understand the light beam reshaping effect by the nonlin-
ear saturation absorption thin film, the light beam intensity distribution along the
thickness direction is simulated. Figure 8.7 gives the simulated results, which
are normalized along thin film thickness direction [10]. One can find that a laser
beam propagates inside nonlinear saturation absorption thin film, the laser beam is
reshaped, and the light spot becomes smaller than incident light due to the reshap-
ing effect. When the laser beam propagates to the thickness of about 0.074 A, the
light spot becomes the smallest value because the reshaping effect reaches a bal-
ance with diffraction effect. Then, the spot becomes larger again due to the dif-
fraction effect being stronger than the reshaping effect of nonlinear saturation
absorption, the spot size increases with the increase in the propagation distance,
and the FWHM of spot reaches up to about 0.815A at the thickness of 0.247A,
which is in agreement with the results of Fig. 8.6.

Generally speaking, the dynamic readout resolution of optical disk is
reversely proportional to the light spot size, and the smaller the spot size is,
the higher the readout resolution is. The readout resolution can be defined as
Rresolving ¢ 1/FWHM. Figure 8.8 shows the dependence of the normalized
Riesolving on thin film thickness [10], where the dependence of CNR on thin film
thickness is also given. The readout resolution increases to the maximum at
L ~ 0.07/ and then decreases with the increase in film thickness. This dependence
of resolution on thin film thickness is consistent with the previous experimental
results of CNR on the film thickness (shown in red line).

2450
1.23A
0.0

-1.232

Distance from optical axis

~2.45) i
0.0 0.05% 0.101 0.15% 0.202 0.251

Nonlinear saturation absorption thin film thickness

Fig. 8.7 Normalized spot intensity along the thin film thickness direction
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Fig. 8.8 Dependence of optical resolution and CNR on the thin film thickness

8.2.2 Recordable Super-Resolution Nano-optical Storage

In the nonlinear super-resolution nano-optical data storage, the sample structure is
designed as “substrate/dielectric layer/saturation absorption layer/near-field layer/
recording layer/signal enhancement layer,” as is presented in Fig. 8.9, and the
working principle is described as follows.

In the process of nano-optical information recording, the higher power
Gaussian laser beam spot is incident from the substrate side and passes through
the substrate and dielectric layer. It is focused on the nonlinear layer. The

(a) Laser beam (b)
Optical axis
1
1 Intensity

Lens of pickup

.-~ Focusing spot

Threshold
intensity

Dielectric layer
' |= Super-resolution spot

Near—ﬁeld . '

Distance from optical axis

Signal enhancement layer

Fig. 8.9 Schematic and principle of nano-optical information storage: a sample structure and
b optical spot intensity profile. Reproduced from [11] by permission from The Royal Society of
Chemistry
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nonlinear layer possesses an optical saturation absorption characteristic, and the
higher the laser intensity is, the larger the transmittance is. The largest transmit-
tance is at the central part of the spot, which causes a small channel to be formed
at the center of the spot (shown in Fig. 8.9a). The laser beam goes through the
channel, and a below-diffraction-limited optical spot (named as super-resolution
spot) is generated at the bottom surface of the nonlinear layer. The intensity of
the super-resolution spot approximately maintains Gaussian profile (shown in
Fig. 8.9b). Then, the energy of the super-resolution spot is directly coupled into
the recording layer in the near-field distance. The recording layer absorbs the laser
energy and is heated. When the energy exceeds certain threshold, the recording
layer at the central region of the super-resolution spot is decomposed and ablated
into an information mark. The mark has a different reflectance from the original
recording material itself. The mark size is smaller than the super-resolution spot,
and it is far smaller than the focused spot itself, which realizes the nano-optical
information recording.

In the process of the readout, the lower power Gaussian laser beam is focused
on the nonlinear layer. Similar to the recording procedure, the super-resolution
spot is formed at the bottom surface of the nonlinear layer. The super-resolution
spot passes through the near-field distance-controlling layer and is incident on
the recording layer. In this layer, there is strong reflectance contrast between the
recording and the non-recording marks. The super-resolution spot is smaller than
the focused spot and can detect nanometric marks. The super-resolution spot takes
the signal of information marks and continues to go to the signal enhancement
layer. This layer is designed to have high reflectance. The super-resolution spot
is finally reflected by this signal enhancement layer and collected by the optical
pickup.

In the nonlinear super-resolution nano-optical data storage, the key factor is
the use of optical nonlinear layer with a thickness of tens of nanometers. When
the focused beam spot irradiates on the nonlinear layer, a super-resolution optical
aperture is produced at the central region of the spot. Subsequently, the focused
beam spot passes through the super-resolution optical aperture, which produces a
below-diffraction-limited spot (super-resolution spot) at the back side of the non-
linear layer. The production of super-resolution optical aperture is dynamic and
reversible, wherein the aperture can be reversibly open or closed when the laser
beam is on or off. Nanoscale pits are detected and dynamically read out by this
super-resolution spot.

8.2.2.1 Experimental Results of the Nano-optical Data Recording
and Readout

The sample “substrate/dielectric layer/nonlinear layer/near-field layer/recording
layer/signal enhancement layer” (shown in Fig. 8.9) is prepared. Polycarbonate
materials with a thickness of 0.6 mm and with premastered grooves are used as
substrates. The 120nm SiN thin film is deposited on the substrate through the
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radio frequency magnetron-controlling sputtering method and served as the die-
lectric layer. SboTesz with a thickness of approximately 20 nm is subsequently
deposited on the dielectric layer through a direct-current magnetron-controlling
sputtering method. SbyTes is used as the nonlinear layer because the resonant
bonding weakening induced giant nonlinear saturation absorption characteristics
[12, 13]. A 20 nm-thick SiN is used as the near-field layer between SbyTes and
the recording layer. The dye is used as the information recording layer [14, 15].
Finally, the metal reflective layer is deposited directly on the recording layer to
function as signal enhancement. Information recording and readout are carried
out by a high-density digital versatile disk testing system, which has a laser wave-
length 4 of 405 nm and a numerical aperture (NA) of 0.65. The dynamic readout
resolving limit A/4NA of this testing system is approximately 156 nm.

In the dynamic recording and readout, the rotation speed of the sample is fixed
at 3m/s, and the duty ratio of the laser pulse is set at 50 %. The recording marks
are immediately read out by another laser beam after recording. The dynamic
readout signal is obtained by an optical—electronic detector and then fed into a
frequency spectrum analyzer. Generally speaking, the dynamic readout signal can
be detected only after the information recording is completed. This means that if
there is a readout signal, there must be from the information recording marks on
the sample.

The dynamic readout signal does not only reflect the information mark being
detected, but also means that the information is recorded. Figure 8.10 shows a typ-
ical frequency spectrum signal of the recording marks with a size of 75 nm. The
recording and readout powers are 5.0 and 1.4 mW, respectively. The CNR is about
23 dB. This recording mark size is much smaller than the diffraction-limited focused
spot itself of the testing system, whose spot size is theoretically about 760 nm.

The dynamic readout resolution limit of the testing system is theoretically
156 nm (d = 1/4NA), and the readout marks of 75 nm are smaller than the resolu-
tion limit. Therefore, based on the traditional optical diffraction limit, dynamically
resolving marks with a size below 156 nm are impossible. However, the experimen-
tal results indicate that the recording and readout of nanoscale information marks

Fig. 8.10 Frequency
spectrum signal of the
dynamic readout for
recording marks with a size
of 75 nm. (The mark size
can be calculated by v/2f,
where v is rotation speed | Sicnal bf 75nm
of the sample, v = 3m/s in | | [ Er
this experiment, and f is the
frequency.) Reproduced from
[11] by permission from The
Royal Society of Chemistry
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are realized experimentally by using nonlinear thin films, which also verify that the
sample structure, where SbyTes is used as the nonlinear saturation absorption layer,
dye as the information recording layer, and Ag as the signal enhancement layer, is a
good experimental schematic for realizing nano-optical data storage.

To verify further the ability to reduce information marks, Fig. 8.11 presents the
dependence of the CNR on the mark size by optimizing the recording and read-
out laser powers. The minimum marks of 60 nm are recorded and read out with
a CNR of 8 dB, which is about 1/12 of the diffraction-limited focused spot. The
dynamic readout resolving power is almost 1/3 of the resolution limit of the test-
ing system. These indicate that the nonlinear saturation absorption thin film has
excellent super-resolution capability. The CNR increases rapidly with the increase
in the mark size in the range of 60-80 nm and then increases slowly when the mark
size exceeds 80 nm, which may be due to the nonlinear saturation absorption char-
acteristic of the Sb,Tes thin films.

In the dynamic readout, the CNR depends on the readout laser power.
Figure 8.12 shows the experimental results for marks with a size of 100 nm, which
are obtained at the recording power of 5.0 mW. One can see that there is a thresh-
old readout power of 0.5 mW. This is due to the threshold effect of the nonlinear
saturation absorption of the SbyTes thin films; that is, the nonlinear saturation
absorption does not occur when the laser power is below 0.5 mW, and the super-
resolution readout spot cannot be formed accordingly. The nonlinear saturation
absorption occurs and increases with the readout laser power of more than 0.5 mW,
which leads to the formation of the super-resolution readout spot. The size of the
super-resolution readout spot is reduced with an increase in laser power, which
in turn results in an increase in the CNR. When the readout laser power exceeds
1.6 mW, the CNR decreases quickly, which can be due to the destruction of record-
ing marks because of their low melting temperature of about 300 °C [15].

There is an optimal readout power for marks with certain size. For example, as
shown in Fig. 8.12, the optimal readout power for the recording marks of 100 nm
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Fig. 8.12 Dependence of the CNR of the dynamic readout on the readout power for recording marks
with a size of 100 nm. Reproduced from [11] by permission from The Royal Society of Chemistry

(a) (b)

on of FIB cutting

Fig. 8.13 SEM analyses of the recording marks with a size of 100 nm: a along the perpendicular
direction with the groove and b along the direction of the groove. Reproduced from [11] by per-
mission from The Royal Society of Chemistry

is approximately 1.5 mW. To observe directly the recording marks, scanning elec-
tronic microscopy (SEM) analysis of the sample is carried out. Before the obser-
vation, a platinum thin film is deposited on the sample surface, and a focused ion
beam is used to cut the sample along the perpendicular direction with the record-
ing groove, as shown in the inset of Fig. 8.13a. Observation in sifu is conducted
for the cross section of the recording groove by thermal field emission scanning
electronic microscopy. Figure 8.13a presents the experimental results. It can be
found that the interfaces among the layers of the sample structure cannot be dis-
tinguished clearly due to the resolution restriction of SEM itself. However, the
marks can be seen very clearly. The marks are recorded in the middle layer (dye
layer) of the sample structure, and the width size of the marks is about 100 nm.
The length of the marks is also observed by cutting the sample along the direction
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of the groove. Figure 8.13b presents the experimental results. A row of marks with
a length of about 100nm is observed clearly in the middle layer of the sample
structure. Figure 8.13 directly verifies that information marks of about 100 nm are
recorded, which further indicates that nano-optical information storage is realized
by the sample structure shown in Fig. 8.9.

Figures 8.11 and 8.12 present the experimental results on the dynamic readout
of nonlinear super-resolution optical storage devices for the recording marks with
a size of 100 nm. In order to further understand the dynamic readout characteristic,
Fig. 8.14a gives experimental results for the marks of 75 nm. Figure 8.14a illus-
trates the dependence of the CNR on the readout laser power. A dynamic read-
out threshold power of approximately 0.9 mW could be observed at the CNR of
5dB. The CNR increases with the readout power and remains unchanged with the
continuous increase of the readout power. Finally, the CNR falls to zero when the
readout power exceeds some threshold. These trends are consistent with the marks
of 100 nm (shown in Fig. 8.12).

The dependence of the readout threshold power on the mark size is tested,
where the 3-5 dB of CNR as the readout threshold signal is defined. Figure 8.14b
presents the results. Absence of readout threshold power is observed when the
mark size is larger than the resolving limit. For marks, whose size is smaller than
the resolving limit, the threshold power increases with the reduction in mark size.
According to the experimental results of the dynamic readout testing, some impor-
tant questions need to be understood:

1. What can account for the presence of a dynamic readout threshold power in
nonlinear super-resolution optical storage?

2. Why does the CNR increase at the initial stage and then decrease with the
increase of readout laser power or laser irradiation time?

3. Why does the dynamic readout threshold power increase with the reduction in
mark size?
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Fig. 8.14 Dynamic readout experimental results: a dependence of CNR on laser power for
marks of 75nm and b relation of readout threshold power with mark size. Reprinted from [16],
Copyright 2013, with permission from Elsevier
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8.2.2.2 Theoretical Analysis and Calculated Results

1. Theoretical basis of super-resolution spot formation

For thin film samples irradiated by a laser beam with an initial intensity profile of
Iinc (1), the laser intensity decaying can be expressed as follows:

dline/dz’ = —alinc (8.6)

where « is the absorption coefficient of the sample and d/jy. is the variation of the
laser intensity along the sample thickness direction dz’.

The transmitted laser beam spot intensity can be obtained by integrating for-
mula (8.6) as follows:

Ii(r) = Iinc(r) exp (—aL) (8.7)

Formula (8.7) is the Beer—Lamber formula. For general samples, o = « is con-
stant, where o is the linear absorption coefficient. The normalized transmitted
laser beam spot intensity profile, I;(r), is spatially similar to the initial incident
laser intensity, linc(r). However, the o changes with laser intensity for the nonlin-
ear absorption sample. The « can be written as

a(r) = ao + Blinc(r) (8.8)

where § is the nonlinear absorption coefficient. Formula (8.8) shows that the
absorption coefficient presents the similar spatial profile to the incident laser beam
intensity for nonlinear absorption samples.

The laser beam spot passing through the nonlinear thin film sample can be cal-
culated by substituting formula (8.8) into formula (8.7) to obtain

I;(r) = Linc(r) exp {—[oo + Blinc(r)IL} (8.9)

Generally, the initial incident laser beam intensity presents a Gaussian profile and
can be written as

Line(r) = Ioexp(—ZrZ/W%) (8.10)

where Iy is the intensity at the central point of spot » = 0 and wy is the spot radius.
Substituting formula (8.10) into formula (8.9) yields the transmitted laser beam

spot intensity
272
oo+ Bloexp [ —— | | L (8.11)
wo

2r?
Ii(r) = lIpexp| —— | exp{ —
wo

For nonlinear saturation absorption thin film samples, the intensity at » = 0 is the
strongest, and the normalized transmitted laser beam spot is derived as

2r2 2r2
Loy exp (—W(z)>exp [—/310 exp <—W%>L}

L) exp(—BIoL) (8.12)

Ttvans normalized (1) =
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where Iransnormalized () 1S @ normalized spatial intensity profile of the transmit-
ted spot passing through the nonlinear absorption thin films. This transmitted spot
is exactly the super-resolution spot if nonlinear saturation absorption thin film
material is used as the nonlinear layer. Formula (8.12) shows that the size of the
super-resolution spot is determined by nonlinear absorption coefficient B, thin film
thickness L, initial incident spot radius wy, and laser power density /o.

2. Theoretical analysis of dependence of threshold readout power on mark size

The experimental results of the nano-optical data recording and readout show that
the dynamic readout of nanometric marks results from nonlinear super-resolution
spot at the back side of nonlinear layer. The smaller the super-resolution spot, the
stronger the ability to detect the nanometric marks is.

(a) Theoretical analysis of the dependence of readout threshold power on mark size

In optical information storage devices, the dynamic readout resolving limit of
the testing system is generally defined as dresolving = 4/4NA. Theoretically, the
spot size is D = 1.224/NA, and accordingly, the spot radius is wp = 0.614/NA.
dresolving Shows that the readout resolving limit is approximately 0.2 times the
spot size (dresolving ~ D/4.8). Setting r = dhesolving/2 ~ wo/4.8 and substituting
it into formula (8.10) yield a normalized intensity value of approximately 0.90.
In other words, the resolving limit size dresolving = 4/4NA of the testing system
corresponds to the spot position where the normalized intensity value is approxi-
mately 0.90.

In nonlinear readout, the spot is exactly the super-resolution spot. D should
be the super-resolution spot size. Thus, the D/4.8 super-resolution spot
size is the dynamic readout resolving limit dresolving, Which corresponds to
Lirans normalized () ~ 0.90 of formula (8.12). For the nonlinear super-resolution
optical storage devices, the dresolving can be obtained by calculating the r value at
Ttrans.normatized () ~ 0.90, and the dresolving = 27. For any fixed nonlinear super-
resolution optical storage device and dynamic testing system, the super-reso-
Iution spot size, D, is determined by the readout laser power. Therefore, setting
Iirans normalized () ~ 0.90 of formula (8.12) and conducting mathematical opera-
tions would yield the relation of the dynamic readout threshold power, Py, with
the readout resolving limit size of dresolving:

1 2 1.2
P . s [ZdresulvinngfWO In (090)] d : < L
h = drzewlvmg s> Uresolving 4NA
1. —exp [~ e (8.13)
4] P
Pth — O, dresolving = ﬁ

Formula (8.13) indicates that because the marks are smaller than the readout
resolving limit A/4NA of the testing system itself, the different sizes of the infor-
mation marks correspond to the different readout threshold powers, and the read-
out threshold power is only a function of the mark size. The analysis answers the
first two questions put forward above.
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In the nonlinear super-resolution optical storage devices, formula (8.12) can be
used to calculate dresolying by setting Jirans.normatized () ~ 0.90. Thus, the relation
of the dynamic readout threshold power Py, with the mark size can be derived, as
shown in formula (8.13). Formula (8.13) indicates that for super-resolution marks,
the different sizes correspond to the different readout threshold powers. Using the
experimental parameters would yield the dependence of Py, on mark size. For the
experiments of Fig. 8.14b, the laser wavelength and numerical aperture of opti-
cal pickup are 4 =405nm and NA = 0.65, respectively. The wo(~0.611/NA)
is approximately 380 nm. The nonlinear absorption coefficient and thickness of
Sb,Tes thin film are approximately 8 = —2.5 x 1072 m/W for the laser pulse of
80 ns [13] and L = 20nm, respectively. Figure 8.14b displays the theoretically
calculated results. The experimental data points are shown as well to provide the
basis for comparison with the theoretical calculation. The readout threshold power
increases with the reduction of the mark size, and the experimental data points are
basically consistent with the theoretical calculation.

(b) Dependence of readout characteristics on laser power

In the nonlinear super-resolution optical storage, the SbTe-based phase-change
materials are generally used as nonlinear thin films due to the giant nonlinear
saturation absorption effect. The nonlinear saturation absorption characteristic
originates from the thermally induced weakening of the resonant bonding. The
thermally induced nonlinear absorption coefficient can be expressed as

ooty do

B = 20C, dT (8.14)

where t,, is laser pulse width. In the dynamic readout, the ¢, is the laser irradi-
ation time, which is determined by the readout speed of optical disk. de/dT
is the absorption change coefficient with temperature, which is a constant for a
given phase-change material. The p and C, are the density and heat capacity of
materials, respectively. The pC,(= k/D) can partially reflect the influence of
thermal diffusion characteristic on the thermally induced nonlinear absorption
coefficient, where x and D are the thermal conductivity and diffusivity, respec-
tively. Substituting formula (8.14) to formula (8.12), one can get

2,2 agty do 2s2
exp| =55 |exp | —52x=Flpexp | —=5 |L
Li(r) p( Wé) p( 20Cp dT70 p( Wg) ) (8.15)

1;(0) exp (—;gtcwp %R)L)

Tirans.normalized () =

Formula (8.15) indicates that for a given nonlinear super-resolution optical storage
device, do/dT and L are fixed, and wy is determined by the dynamic testing sys-
tem. Thus, the super-resolution spot size can only be tuned by changing the read-
out laser power density, /o, namely the laser power, P,, because Iy = 2P, /rrw(z),
and the laser irradiation time, i.e., the readout speed of optical disk.
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By the thermo-physical properties da/dT = —7.37 x 10°/(m - K),
ap = 7.78 x 10° /em, p = 6.50 x 10° Kg/m®, C, = 205.5J/(Kg - K) [13], and the
laser irradiation time #,, = 80ns, one can obtain the optical spot intensity profile
according to formula (8.15). Figure 8.15a shows the comparison of the super-
resolution spot with the initial focused spot of the testing system where the readout
laser power is set as P, = 0.9 mW. The super-resolution spot size is approximately
one half of the initial focused spot. Based on the definition, the dynamic readout
resolving limit corresponds to the spot position where the normalized intensity
value i Iirans.normalized () ~ 0.90. Figure 8.15a shows that the resolving limit of
the nonlinear super-resolution optical storage device is approximately 72 nm at
P, = 0.9mW; this value is lower than the initial focused spot resolving limit of
approximately 156 nm. Hence, the dynamic readout threshold power is 0.9 mW
for the information marks of 72 nm, which approximates the results in Fig. 8.14a,
where the Py, is approximately 0.9 mW for 5 dB of CNR, which is regarded as the
readout threshold signal.

The dependence of the intensity profile of the super-resolution spot on the
readout power is illustrated in Fig. 8.15b as well, according to formula (8.15).
The super-resolution spot size decreases with the increase of laser power.
Generally, the smaller the super-resolution spot size is, the higher the dynamic
readout power will be. As shown in Fig. 8.14b, to detect smaller marks, the super-
resolution spot should become smaller. Figure 8.15b indicates that the higher the
readout power, the smaller the super-resolution spot is. Accordingly, higher read-
out threshold power is needed for smaller marks. This requirement is one of the
essential reasons of the increase of the dynamic readout threshold power with the
reduction in mark size.

For marks with a fixed size, the smaller the super-resolution spot size is, the
larger the CNR will be. Thus, CNR increases with the increase in the readout laser
power. With the continuous increase of the readout power, CNR will be close to a
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Fig. 8.15 Calculated spot intensity profiles: a dynamic readout resolving limit analysis and
b dependence of spot intensity profile on readout laser power. Reprinted from [16], Copyright
2013, with permission from Elsevier
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stable value because the mark signal intensity reaches a limit level. However, the
CNR cannot increase infinitely with the increase of the readout power, because
the structural change will occur if the readout laser power exceeds threshold of
structural change of the Sb-based phase-change thin films due to the temperature
rise. These findings are verified by Fig. 8.14a, where the dynamic readout thresh-
old power is 0.8 ~ 0.9mW at the CNR of 3-5 dB, the CNR increases with the
readout power and remains basically unchanged with the continuous increase of
the readout power. Finally, the CNR falls to zero when the readout power exceeds
the certain threshold of the nonlinear thin films.

(c) Dependence of readout characteristic on laser irradiation time

The dependence of spot intensity profile on the laser irradiation time can be
theoretically analyzed according to formula (8.15) by using the same thermo-
physical properties as Fig. 8.15, and the readout laser power is set to be
P =0.9mW. Figure 8.16a gives the calculated results. The super-resolution spot
size decreases with the increase of laser irradiation time #,,, which may be because
the thermally induced nonlinear saturation absorption coefficient f; is directly pro-
portional to the laser irradiation time #,, and the longer the laser irradiation time,
the larger the nonlinear saturation absorption coefficient g; is, as shown in formula
(8.14). Thus, the longer laser irradiation time can form smaller super-resolution spot
size. Generally, the smaller the super-resolution spot size, the higher the dynamic
readout resolving power is. For the below-diffraction-limited recording marks, the
smaller the super-resolution spot size, the higher the CNR of dynamic readout is.
In the real nonlinear super-resolution optical storage, the laser irradiation time ¢,, is
determined by the rotation speed of the disk v, i.e., t,, & 1/v. Thus, the high readout
speed means the short laser irradiation time, which causes the large super-resolution
spot size, as shown in Fig. 8.16a. These indicate that the high readout speed leads
to low CNR for super-resolution marks. By lowering the readout speed, one can
improve the CNR, which can be verified by the experimental results in [17].
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Fig. 8.16 Dependence of readout characteristic on the laser irradiation time: a spot intensity
profile and b replot of Fig. 6 from [17]: the influence of the readout speed on the CNR. Reprinted
from [16], Copyright 2013, with permission from Elsevier
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In order to explain the effect of laser irradiation time on the readout charac-
teristic, Fig. 8.16b replots the typical dependence of CNR on the readout speed
from [17]. The CNR increases with the readout speed reduction from about
9.2 m/s to 5.25 m/s, which is consistent with Fig. 8.16a, where the laser irradia-
tion time #,, increasing means the readout speed decreases. However, the CNR can-
not increase infinitely with the decrease of the readout speed, which is because
the longer laser irradiation time will cause the higher temperature in the nonlinear
thin films. When the temperature exceeds the threshold of the structural change,
the CNR decreases with the further decrease of the readout speed, as shown in
Fig. 8.16b, where the CNR decreases from about 23.5 dB to 5 dB with the read-
out speed decreasing from about 5.25 m/s to 2.8 m/s. That is, there is an optimum
readout speed for the super-resolution marks in a fixed readout power for a given
nonlinear super-resolution disk.

(d) Analysis of the influence of laser energy on dynamic readout characteristic

There is a common concern that when the laser power or irradiation time exceeds
some threshold, the structural change of the nonlinear layer will occur due to the
temperature rise, and the CNR decreases with the increase of readout power or
laser irradiation time.

In the nonlinear super-resolution optical storage, the nonlinear layers are
mostly the Sb-based phase-change thin films. The nonlinear effect originates
from the weakening of the resonant bonding due to the temperature rise. Thus,
the super-resolution spot formation is dependent on the temperature rise. In the
dynamic readout, the temperature rise is fast due to the large linear absorption
coefficient of the order of magnitude of 103 /cm. The temperature rise AT can be
estimated by [18]

aogD

where t,, X Ij, = AFE is the irradiation laser energy deposited into the nonlinear
layers. Thus, the influence of laser power and speed (i.e., laser irradiation time) on
the dynamic readout characteristic can be analyzed by AE. Formula (8.16) indi-
cates that the temperature rise is directly proportional to AE. The spatial profile
of temperature rise approximately equals to the incident light intensity and can be
expressed as

aogD 2r2
AT(r) «« —typloexp | ——5 (8.17)
K W

Formula (8.17) gives the temperature profile of the nonlinear layers. The crystal-
line state is resonant bonding, and the amorphous and molten states are covalently
bonding for Sb-based phase-change materials. There is the nonlinear saturation
absorption effect only in the crystalline state because the nonlinear effect is from
the weakening of the resonant bonding. There is no obvious nonlinear effect in the
molten state due to the lack of resonant bonding. For the dynamic readout, when
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the laser power is low or the irradiation time is short, the irradiation laser energy
AE deposited into the Sb-based phase-change materials is not enough to induce
the structural change, and the Sb-based thin films remain in crystalline state. The
super-resolution spot formation results from the nonlinear effect, as is shown in
Fig. 8.17a, where in the whole region of spot, the Sb-based thin film remains in
crystalline state. The highest temperature at the center of the spot is lower than the
threshold temperature Ty, of structural change, and the super-resolution spot for-
mation can be analyzed by formulas (8.12) and (8.17).

However, when the laser power is higher or the irradiation time is longer, the
laser energy AE deposited into the Sb-based phase-change thin films is enough
to induce the structural change from crystalline state to molten state. The cen-
tral region of the spot becomes firstly molten state due to the Gaussian profile of
the temperature, and the periphery of central region remains crystalline state, as
shown in Fig. 8.17b. For the phase-change materials, the absorption coefficients of
the amorphous and molten states are smaller than those of crystalline state; thus,
the optical aperture of below-diffraction-limited spot generates in the region of the
molten state. With the increase of the AE, the optical aperture radius increases due
to the increase of temperature and radially thermal diffusion from the center of
the aperture, i.e., increasing the area above the threshold temperature Ti,. At cer-
tain temperature, the optical aperture radius approaches the feature size of marks
on the super-resolution disk and the CNR decreases with the increase of the laser
irradiation time or power, as shown in Figs. 8.12, 8.14a, and 8.16b. This is the
essence that when the readout power or irradiation time exceeds certain threshold,
the CNR decreases with the increase of readout power or laser irradiation time.
It should be noted that if the laser irradiation time is longer or the cooling rate is
lower than about 10° °C/s, the formation of the “molten” aperture will become
crystalline after the laser is removed, i.e., the generation of “molten” aperture is
reversible.

(a)

AT (b)

Fig. 8.17 The schematic of the super-resolution aperture formation: a low-energy laser irradia-
tion, b high-energy laser irradiation. Reprinted from [16], Copyright 2013, with permission from
Elsevier
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8.3 Reverse-Saturation Absorption-Induced
Super-Resolution Optical Storage

8.3.1 Recordable Super-Resolution Optical Disks
with Nonlinear Reverse-Saturation Absorption

AgInSbTe thin films possess strong nonlinear reverse-saturation absorption char-
acteristics at red light wavelength [19], which has been applied to the nano-optical
data storage of bubble-type super-resolution near-field structure. The disk struc-
ture is schematically shown in Fig. 8.18, where AgInSbTe is helpful for reduc-
ing the recording mark size due to nonlinear reverse-saturation absorption effect
in 635nm light wavelength. In the recording, the focused spot passes through
the AgInSbTe thin film and a below-diffraction-limited energy absorption region
is formed, the below-diffraction-limited energy absorption region is heated, and
the heat is transferred to the PtOx layer, which can induce the decomposition of
PtOx into Pt particles and O, and produce the bubble-type recording marks. In the
bubble-type marks, the Pt particles can enhance the readout signal and improve
the CNR of dynamic readout. In order to demonstrate the schematics, Kim et al.
carried out the dynamic recording and readout by using Pulstec DDU-1000 with
a laser wavelength of 635 nm and a lens with an NA of 0.60 [20]. The disks were
rotated at a velocity of 6.0m/s. The results showed that the 100 nm recording
marks in the track direction were realized, and the mark size corresponds to 1/10
of the laser spot size (~1.0 um).

Figure 8.19 presents the experimental results from [20], and Fig. 8.19a is the
dependence of CNR on mark size. The CNR reaches up to 47 dB for the marks
of 100 nm length and exceeds 43 dB for the marks of 80 nm length, and the mark
length is obviously smaller than the resolution limit of the optical testing setup of
~265nm. The large CNR may result from the Pt nanoparticles being activated in

ZnS — Si02 (95 nm)

| zns - sioz (25 nm)
3 PtOx (3.5nm)
ZnS — 5i02 (25 nm)

ZnS — §i02 (95 nm)

Polycarbonate (0.6mm)

Fig. 8.18 Sample structure and expected marks in PtOx layer
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the area of the bubble-type marks by the laser irradiation or a thermal effect, and
the Pt nanoparticles can enhance and scatter the light.

Another distinctive feature is the rapid increase of CNR at ~2mW readout
power (shown in Fig. 8.19b), which results from small Pt nanoparticles in the
bubble-type marks. The small Pt nanoparticles may become more sensitive as
the readout power increases. The lower readout power is helpful for the readout
durability.

The readout durability is very important for actual application, which strongly
depends on the bubble-type mark stability. There is no doubt that the size and
morphology of bubble-type marks can be changed by thermal accumulation in
the readout process, which has ill-effect on readout durability. Actually, the defor-
mation of bubble-type marks can be controlled by adjusting the readout power,
AgInSbTe layer thickness, and ZnS-SiO, dielectric layer. In order to improve the
ability to anti-deformation, on one hand, the dielectric materials with good thermal
diffusion and anti-deformation should be developed. On the other hand, a readout
power as low as possible is useful for good readout durability [21].

8.3.2 Read-Only Optical Disk with Reverse-Saturation
Absorption Effect

Crystalline InSb thin films present typical nonlinear reverse-saturation absorp-
tion effect in 405 nm light wavelength [22]. For reverse-saturation absorption thin
films, the stronger the light intensity, the larger the absorptivity is. For Gaussian
laser beam spot irradiation, the absorptivity is the largest at the central region of
spot, which causes the central scatterer to be formed in the spot.

The nonlinear reverse-saturation absorption-induced central scatterer within
the spot can be directly observed experimentally. Assafrao et al. constructed an
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experimental setup, as shown in Fig. 8.20 [23]. A diode laser with a wavelength
of 405 nm emits a laser beam that is coupled into a single-mode fiber and redi-
rected to the near-field optical spot scanning unit. The sample is placed in the focal
region of the lens. Near-field images of spot are taken with the near-field scanning
probe head which is in contact with the sample. For the far-field measurement
with scatterometry, the near-field scanning probe head is removed and a beam
splitter is used to redirect the transmitted light to a CCD camera.

The nonlinear sample is layer stack of “ZnS-SiO2(35 nm)/ZrO,(15 nm)/
InSb(20 nm)/ZrO>(15 nm)/ZnS-SiO>(35 nm)”, and the layer stack is directly
deposited on a 0.6 mm-thickness glass substrate by magnetron sputtering. The
InSb is used as nonlinear reverse-saturation absorption layer. A pair of ZrO; lay-
ers adjacent to an InSb thin film are used to improve readout stability. A pair of
ZnS-Si0; is used as dielectric protective layer.

According to the theory of coherent far-field scatterometry, any change of the
nonlinear layer should noticeably result in some influence on the far-field intensity
profile of the transmitted spot. In particular, if a small scatterer occurs inside the
region overlapped by the spot, the outer part of the far-field intensity profile can be
influenced. The influence can move toward the center of the far-field distribution if
the scatterer dimension increases. In order to intuitively observe the scatterer for-
mation, Assafrao et al. obtained the far-field intensity profile at different laser pow-
ers, which is direct evidence of the scatterer formation (shown in Fig. 8.21a—c).
At low power of 0.8 mW, the far-field intensity has an undisturbed Gaussian-
like profile, which indicates that there is no scatterer formation in the InSb layer
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(Fig. 8.21a). At the laser power of 1.8 mW, a tiny ring appears in the outer edge,
resulting from a change in the InSb layer (Fig. 8.21b). When the laser power is
increased to 3.2 mW, a clear annular pattern becomes visible in the far-field distri-
bution (Fig. 8.21c) [23].

The super-resolved spots are measured by near-field probe scanning method
for the objective lens with NA = 0.4. Figure 8.21d is the first measurement at low
power of 0.8 mW, the profile presents the focused Airy pattern, and there is no
super-resolution effect. Figure 8.21e is obtained at laser power of 1.8 mW, and
there is a dip in the center of intensity distribution resulting from light being par-
tially blocked by the scatterer at the central region of spot. In Fig. 8.21f, the laser
power is 3.2mW, and the spot presents a below-diffraction-limited spot intensity
profile, which is smaller than the focused spot.

Utilizing the central scattering effect resulting from nonlinear reverse-satu-
ration absorption, Nakai et al. prepared super-resolution read-only disk with a
layer stack of “ZnS—SiO2(35 nm)/ZrO>(15 nm)/InSb(20 nm)/ZrO>(15 nm)/ZnS—
Si02(35 nm)” [24]. The layer stack was deposited onto the read-only disk sub-
strate by magnetron-controlling sputtering method. The thickness of a cover
layer on the stack is 0.1 mm. The disk substrate has a random pit array including
a minimum pit size of 75nm. The track pitch length is 320nm. A pair of ZrO;
interface layers adjacent to the InSb active layer are used to improve read stabil-
ity. Using a playback system with a light wavelength of 405 nm and NA of optical
pickup of 0.85, the playback test was conducted at a data transfer rate of 36 Mbps.
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Fig. 8.22 Snapshot of
playback demonstration

of high-density video
content from read-only
super-resolution disk [24].
Copyright (2010), The Japan
Society of Applied Physics

High definition
television

Optical pickup Nonlinear super-resolution disc

The high-definition video content was replayed successfully with no image dis-
continuity on the television display during video playback. Figure 8.22 gives a
snapshot of the playback demonstration. A seamless playback with a data transfer
rate of 72 Mbps was also demonstrated successfully.

8.4 Read-Only Super-Resolution Optical Disks
with Thermally Induced Reflectance Change Effect

The thermally-induced reflectance change can also be applied to the optical disk
storage due to the formation of small reflected spot [25]. For most materials, the
thermally-induced reflectance change actually results from thermally-induced
absorption coefficient change. According to [26], the reflectance of Si thin film is a
function of temperature. The reflectivity change can be expressed as
R(T) = 0.367 4+ 4.29 x 107°T, T <Tm
{R(T) — 0372 42,693 x 10757 +2.691 x 10°57%, Ty > T > 1, &1

where Ty, is the initial melting temperature, 7t is the boiling point temperature,
and R(T) is the reflectivity. Formula (8.18) is plotted in Fig. 8.23. Figure 8.23
gives the values of R = 0.38 at room temperature and 0.44 near T}, and the R(7)
shows a linear increase with the increase in temperature when 7' is below the T,
[27]. However, R(T) shows a nonlinear increase with the increase in temperature
when temperature is between Ty, and 77 and reaches up to 0.72 at 7.

The designed optical disk structure is “premastered substrate/SiN layer/Si thin
film/SiN layer” (shown in Fig. 8.24). Si thin film replaces the metal reflective layer
in the conventional read-only optical disk and is used as super-resolution readout
layer, and the SiN dielectric layer is used to protect the Si thin film from being
damaged in the irradiation. The disk substrate structure is shown in Fig. 8.24,
where the pit diameter is 380 nm.
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The dynamic readout is tested in the setup of Fig. 8.3, where the laser wave-
length A and the NA of converging lens are changed into 780 nm and 0.45, respec-
tively. The diameter of focused spot on the optical disk is 2.115 pwm, which is
much larger than the diameter of pits (~380 nm). The dynamic readout resolution
limit of optical disk approximately is about 433 nm, so the size of pit arrays on
the optical disk substrates is smaller than the readout resolution limit, and the pit
arrays cannot be dynamically read out by conventional reflective layer.

Si thin film was deposited by RF sputtering on the optical disk substrate at the
background pressure of less than 1.0 x 10%*Pa. SiN was used as the protection
layer and prepared by reactive sputtering technique with Si target by introducing a
gas mixture Ar and N».

Figure 8.25 describes the dynamic readout results. Figure 8.25a shows that the
oscilloscopic signal is modulated, and Fig. 8.25b shows that the CNR is about
25 dB. These indicate that the super-resolution pit arrays are dynamically read out.

In the process of dynamic readout, the Si thin film does not only function as
a super-resolution layer, but also as an optical reflective layer. Since the focused
Gaussian beam is irradiated on the moving Si thin film during readout, the
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temperature rise of the Si thin film overlapped by the rear portion of the spot is
higher than that of the front portion of spot. In the region heated above the melt-
ing temperature, the Si thin film melts, which causes a drastic reflectivity change
and formations of the crescent-shaped solid region in the front portion and the
ellipsoid-shaped melted regime in the rear portion of the spot (shown in Fig. 8.26).
Because the reflectivity of Si thin film in molten state is higher than that in the
solid state, the crescent-shaped solid region overlapped by the spot is optically
masked (shown in Fig. 8.26a). Hence, the effective spot size is reduced both in the
linear direction and in the track direction, and the resolving power is increased.
That is, the thermally induced reflectance change does not only increase the linear
density, but also improves the track density.

The fatigue characteristics of dynamic readout are also tested. Figure 8.27a is
the frequency spectrum signal for the first dynamic readout, and the CNR is about
20dB. After 10° times readout, the CNR still remains at about 20 dB (also see
Fig. 8.27b), which indicates that the optical disks can not only realize the dynamic
readout of super-resolution pit arrays, but also signal is very stable. The stability
of signal is very important in real application.
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Chapter 9

Applications of Nonlinear Super-Resolution
Effects in Nanolithography

and High-Resolution Light Imaging

9.1 Introduction

As scientific and engineering interests in nanoscale structures increase, there is a
strong need to fabricate nanometric surface and interface patterns with high regu-
larity, reliability, and controllability. Formation of nanometric patterns on surfaces
and thin films is often carried out with advanced nanolithography techniques, such
as electron and ion beam lithography [1, 2], nanoimprint [3], X-ray lithography
[4], and local scanning probe microscopy method [5]. However, these techniques
usually involve highly sophisticated procedures and require expensive equipments.
Therefore, maskless direct laser writing has still been the choice for many applica-
tions in microelectronics and photonics [6, 7]. As far as nanometric patterns are
concerned, the method suffers from the fundamental limit in resolution due to light
diffraction. In maskless direct laser writing, an alternative inorganic resist is ther-
mal lithographic thin film, such as chalcogenide and phase-change thin films [8].
The thermal lithographic material absorbs the laser energy and is heated to cer-
tain temperature, such as phase-change or melting points, to form various pattern-
ing on the material surface. In thermal lithography, the pattern resolution can be
improved by using lithographic materials with nonlinear absorption and thermal
threshold effect, and the corresponding principles and experimental methods are
presented. In addition, as an extended application of nonlinear effects, the super-
resolution mark detection and imaging are also explored in this chapter.

9.2 Thermal Threshold Lithography

In the direct laser writing lithography, the lithography line width (or characteristic
size) is generally determined by the spot size. For example, for a direct laser writ-
ing system with a light wavelength of 405 nm and numerical aperture (NA) 0.90
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Fig. 9.1 Principle schematics of thermal threshold lithography

of converging lens, the focused spot size is D ~ 1.22A/NA ~ 0.52 wm, where
. is light wavelength. The lithography line width should be about 0.5 ~ 0.6 pm
if the traditional photoresist is used. However, the lithography line width can be
reduced if the photoresists with obvious threshold effects are used. Figure 9.1 gives
the basic principle schematics of thermal threshold lithography. The focused Airy
spot pattern intensity presents typical Gaussian profile. For traditional photoresist
lithography, the lithographic area is mainly determined by the focused Airy pattern,
while if one uses the special photoresists with thermal threshold effect, the lithog-
raphy can be conducted at certain intensity, such as 80 % maximum intensity; thus,
the characteristic size is obviously smaller than focused Airy pattern spot.

9.2.1 Crystallization Threshold Lithography

Chalcogenide phase-change thin films are usually used as information storage
materials due to the difference of optical reflectivity or electric resistivity between
crystalline and amorphous states. The crystalline state is obtained through the
crystallization of amorphous state under laser or electrical pulse, and the crystal-
lization occurs when the temperature exceeds to the crystallization threshold point;
thus, the crystallization is actually thermal process [9, 10]. Another performance
of the chalcogenide phase-change thin films is the selective etching between
crystalline and amorphous states. The selective etching makes the chalcogenide
phase-change thin films be used as lithography materials, and the lithography
characteristic size can be smaller than optical diffraction limit due to the crystal-
lization threshold effect [11].

Here, the Ge,Sb;Tes is taken as an example and laser-induced crystallization
threshold lithography process flow is shown in Fig. 9.2. The sample is designed
as “Ge,SbyTes (70 nm)/interface layer/substrate” structure [12]. The laser-induced
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Fig. 9.3 Laser-induced crystallization and etching on Ge;SboTes thin films, using 658-nm-
wavelength laser beam as light source, a line shape patterns fabricated by the red laser writing
system, b—e are AFM images with laser power of 1-2.5 mW; f AFM image with a 405-nm laser
at 2 mW

crystallization is conducted by a laser writing system with light wavelength of
658 nm or 405 nm and NA of 0.9. Wet-etching development is carried out in tetra-
methylammonium hydroxide solution with concentration of 25 wt.% for 10 min
and then washed in deionized water for two times. The area of laser irradiation
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(crystallization) is remained, whereas the non-irradiation region (amorphous state)
is etched away.

Figure 9.3a—e shows the line shape lithography structures, where laser wave-
length is 658 nm. The line width becomes large as laser energy increases. The line
width can be reduced using low laser power, which can be seen from the com-
parison of among Fig. 9.3b—e. To obtain small line width patterns with the crystal-
lization threshold lithography method, a 405-nm laser is used to replace 658-nm
laser, and subwavelength line width structures are presented in Fig. 9.3f, where
the line width is about 390 nm, which is smaller than focused spot size of 520 nm.
The small line width is because the crystallization can be controlled at about 50 %
spot intensity position. The line width can be further reduced if the crystallization
occurs at about >50 % spot intensity position.

9.2.2 Thermal Decomposition Threshold Lithography

The metal oxide can be easily thermally decomposed into metal and oxygen by
laser heating above certain temperature, which can be used to fabricate patterns
[13]. Compared with photoresist, the metal oxides do not need developing and
etching processes, and the laser power is required to be in a very small range, so it
is suitable for fabricating a large-area pattern structure in very short time and very
low cost, which largely decrease the time-consuming and industrial cost. More
importantly, the pattern size can be controlled by changing the laser pulse energy
due to the thermal decomposition threshold effect. The AgOx is taken as an exam-
ple and laser pulse-induced pattern structures are given as follows.

The AgOx material can be thermally decomposed into Ag particles and O>
about 160 °C by laser pulse heating.

Laser heating

1
AgOx — ~Ag+ Esz

According to the chemical reaction, in order to obtain pattern structures, the multi-
layer structure “ZnS-SiO2/AgOx/ZnS-SiO;” is designed as pattern sample, as shown
in Fig. 9.4. When the laser beam irradiates on the AgOx thin film, a small volume of
thin film is locally and rapidly heated to the thermal decomposing temperature, and
then, the reaction happens. The oxygen released by the decomposition is stayed in
the enclosed system, so it will apply pressure to surface, which can produce a large
oxygen bubble. The oxygen bubble makes the ZnS—SiO, thin film deform and form
bump-type pattern structures (Fig. 9.4a). Figure 9.4b shows the interior situation
when AgOx decomposes into silver and oxygen. The O, and Ag particles are rough
and tumble and fill into the whole room. After the AgOx cools down to the room
temperature, the expanded volume will be left as bump. If one precisely controls the
laser energy, the regular and uniform bump array pattern structures can be obtained.
Actually, the sample is not a completely enclosed system, and interdiffusion of
gas can take place between the inner and the outer of the bumps, which causes the
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(a)

Fig. 9.4 Formation schematics of bump-type pattern structure on “ZnS—SiO/AgOx/ZnS—Si0,”
samples by laser pulse heating, a laser pulse irradiation on the sample and the bump formation,
and b decomposition of AgOx and the formation of ZnS—SiO, bump-type structure. Reprinted
from [23], with kind permission from Springer Science+Business Media

pressure inside and outside the bump to reach up to balance. However, if the laser
energy is large enough, the bump raptures and a hole forms at the apex of bump.
Figure 9.5 shows the pattern structures fabricated with a range of laser
power from 3.0 to 5.0 mW. The pattern structure appears to be taper shape
and regular. The bumps with different height and size can be realized by tun-
ing the laser power. The higher the laser power, the larger the bump height and
size are. When the laser power is 5.0 mW, the height reaches up to the largest

Fig. 9.5 Bump pattern structures written on multilayered ZnS—-SiO2/AgOx/ZnS-SiO, samples
by green laser (A = 488 nm) in different laser parameters, the AFM three-dimensional and lateral
images for laser power a from 4.2 to 5.0 mW, and b from 3.2 to 4.0 mW. Reprinted from [23],
with kind permission from Springer Science+Business Media
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value. As the laser power decreases, the height and size gradually decreases
to the smallest value at the laser power of 3.0 mW, where the bump is almost
undistinguishable.

9.2.3 Molten Ablation Threshold Lithography

The molten ablation of chalcogenide phase-change thin films can take place under
laser pulse heating when the temperature exceeds to melting point. The melting
point is called as molten ablation threshold temperature [14]. The Sb,Tes is taken as
an example, and the molten ablation threshold lithography is introduced as follows.

The “Sb,Tes thin film/glass substrate” samples are prepared. SboTes phase-
change materials are very sensitive to temperature. The micro-/nanopatterns are
directly formed on the thin film using direct laser writing system, where a laser
beam with a wavelength of 650 nm is used and focused through an objective lens
with an NA of 0.90. In laser writing process, the laser power is firstly fixed at 5.0
mW, and the pulse width is adjusted from 100 to 5 ns.

Figure 9.6a—f shows the AFM two-dimensional patterns where the pulse
width is also listed on the right side of the images. The pattering may be
from two competitive effects, one is chemical capillary effect, and the other

Pulse width

20um 20um

0 20um 0
Fig. 9.6 Pattern structures formed on the SbyTes thin films under laser pulse irradiation with a
laser power of 5.0 mW and different pulse width, a pulse width from 100 to 60 ns, b pulse width
from 50 to 10 ns, ¢ pulse width from 95 to 55 ns, d pulse width from 45 to 5 ns, e pulse width
from 36 to 32 ns, and f pulse width from 31 to 26 ns. Reprinted from [24], with kind permission

from Springer Science+Business Media
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is thermal capillary effect. One can see that three regimes occur as the pulse
energy increases. The first regime is at #, < 20 ns, where £, is laser pulse width.
In this regime, the material structure changes from amorphous state to crystal-
line state. The second regime is 20 ns < #, < 34 ns, in which the pattern with a
“Sombrero” shape is formed, which is because the chemical capillary effect is
gradually strengthened to its peak value, and continuously carries the molten
materials toward the central region. The third regime is at t, > 34 ns, in which
the thermal capillary effect becomes dominant. The central dome is gradually
broadened following the increase of pulse energy, and the bowl shape pat-
terns become deep. If the pulse energy is further increased, the regime may be
ablated to form a central hole, which corresponds to the molten ablation thresh-
old lithography. Comparison among Fig. 9.6a—f shows that the pattern size can
be controlled by changing the laser pulse energy. The below-diffraction-limited
pattern structures may be obtained by using laser pulse energy close to the
molten ablation threshold temperature.

9.2.4 Pattern Application: Grayscale Lithography

Figure 9.6 shows the pattern structures with different height and size can be gen-
erated on the SbyTes thin films by precisely changing the laser pulse energy. It is
well known that the reflection spectra are directly dependent on the height and size
of pattern structure; thus, the grayscale images can be inscribed on the SbyTes thin
films through precisely controlling the laser pulse energy.

Figure 9.7 presents the continuous-tone grayscale patterns inscribed on
Sb,Tes thin films by the direct laser writing. The different gray levels are real-
ized by adjusting laser energy, where a high power laser yields a low reflec-
tance. Each pixel of the image is assigned to a laser power to obtain certain
reflectance. The high-resolution optical image shown in Fig. 9.7b is lifelike
bird with fine structures, for example, the eyes can be seen in the inset observed
by the AFM topographic image. The AFM topographic image is very consist-
ent with the corresponding optical image marked with red circle in Fig. 9.7b.
The black eyeball has larger microscopic structures than the white eyeball.
Figure 9.7a is original image of bird; comparing Fig. 9.7a with Fig. 9.7b, one
can see that the appearance and expression of bird have been fully written on
the Sb,Tes thin films.

Figure 9.7c is the original image of lifelike cat. One can see from the cat’s eyes
that the cat is concentrating its attention on something. The lifelike cat is writ-
ten on the SbyTes thin films, shown in Fig. 9.7d. By comparing Fig. 9.7d with
Fig. 9.7c, the expression and appearance of the lifelike cat are fully inscribed on
Sb,Tes thin films, which can be seen from fire-eyed eyes, and some fine structures
like furs and whiskers.
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2 100um

100um

Fig. 9.7 Grayscale images written on SbaTesz phase change thin films, the lifelike bird images
a original b grayscale image written onto SbyTes3 thin film, and the lifelike cat images ¢ original
and d grayscale image inscribed onto SboTes thin film [25]

9.3 Nanolithography by Combination of Saturation
Absorption and Thermal Threshold Effects

9.3.1 Basic Principle

The sample structure is “substrate/nonlinear saturation absorption thin film/
lithography layer.” A visible laser beam is focused onto the nonlinear saturation
absorption layer by a converging lens. A far-field distance exists between the con-
verging lens and sample. This far-field distance is very easy to operate, as shown
in Fig. 9.8. For the nonlinear saturation absorption materials, a higher laser beam
intensity can increase the transmittance. The largest transmittance is at the center
of the spot, which can cause a nanochannel to be formed at the center of spot. The
focused laser beam spot passes through the nanochannel. A nano-optical spot is
generated at the interface between the nonlinear saturation absorption layer and
the lithography material. The spot reduction could be tuned by changing the non-
linear saturation absorption coefficient, laser intensity, and the thin film thickness.
The nano-optical spot is directly coupled to the lithography layer. Hence, nano-
structure lithography by optical means can be performed.
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Nanostructures
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Focused spot
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Visible laser beam

Fig. 9.8 Schematic of nanolithography by nonlinear saturation absorption effect. Reproduced
from [26] by permission from The Royal Society of Chemistry

9.3.2 Nanoscale Lithography Induced by Si Thin Film with
405-nm Laser Wavelength

The optical nonlinear absorption effect of the Si thin film under 405-nm laser irra-
diation is measured by the traditional z-scan method. The Si thin film is directly
deposited on the glass substrate by magnetron-controlled sputtering. The thick-
ness is ~100 nm. The laser power is ~0.5 mW. The measured z-scan curve is given
in Fig. 9.9. The Si thin film clearly presents nonlinear saturation absorption. The
curve indicates that the § ~ —10~2 m/W, which signifies a large nonlinear satura-
tion absorption effect.

The direct laser writing lithography is carried out using a high-density digital
versatile disk tester with a laser wavelength of 405 nm and a converging lens
with NA of 0.65. The diffraction-limited focal spot size of the apparatus is theo-
retically ~760 nm . The Si thin film is used as the nonlinear saturation absorp-
tion layer. The AgInSbTe thin film is selected as the lithography material due
to the ability to form bumps under laser irradiation [14]. Under the irradiation
of laser pulse with a power density of 10° ~ 10! W/m?, AgInSbTe thin film
absorbs the laser energy and is heated to melting temperature of about 500 °C
and then becomes molten state. The bump structure is immediately formed
due to large difference of thermal expansion coefficient between the solid and
molten states.

In direct laser writing lithography, the writing speed is fixed at 3 m/s. A
recordable digital versatile disk, without depositing recording materials, is used
as the sample substrate. The Si thin film is first deposited on the disk substrate.
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Fig. 9.9 Nonlinear absorption measurements at 405 nm light wavelength for Si thin films.
Reproduced from [26] by permission from The Royal Society of Chemistry

Afterward, the AgInSbTe thin film is deposited on the Si thin film. Figure 9.10
gives the optimized experimental results, where the experimental parameters are
as follows: laser power P = 3.75 mW, the laser pulse width is 65 ns, and the thick-
ness of AgInSbTe and Si thin films is about 20 and 100 nm, respectively. One can
find that the nanobump structures are rapidly formed in the recording grooves
of the disk substrate (Fig. 9.10a). Every nanobump is formed by a laser pulse.
Figure 9.10 gives the magnified images of the nanobumps. The nanobump is ~
80 nm in diameter, and this size is only about 1/10 the original spot size. In addi-
tion, the molten threshold effect of AgInSbTe thin film is another contribution to
the reduction of bump size.
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Fig. 9.10 Experimental results of optical nanolithography, a nanobump structures formed in the
grooves of disk substrate, and b the magnified image of the nanobump structures. Reproduced
from [26] by permission from The Royal Society of Chemistry
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9.4 Nanolithography by Combination of Reverse
Saturation Absorption and Thermal Diffusion
Manipulation

In direct laser writing thermal lithography, the thermal lithographic material
absorbs the laser energy and is heated to certain temperature, such as phase-
change or melting points, to form various patterns on the material surface.
Generally speaking, the pattern resolution is restricted by the optical diffraction
limit. However, the resolution can be improved by using lithographic materials
with thermal lithographic threshold and nonlinear reverse saturation absorption
characteristics, where nonlinear reverse saturation absorption can induce the for-
mation of below-diffraction-limited energy absorption area (spot), determining the
pattern resolution [15].

9.4.1 Formation of Below-Diffraction-Limited
Energy Absorption Spot

9.4.1.1 Theoretical Analytical Model

A collimated Gaussian laser beam is focused onto a nonlinear reverse saturation
absorption thin film. The focused spot intensity presents typical Gaussian profile,
as shown in Fig. 9.11, where the focused spot causes the absorption coefficient to
become Gaussian profile, i.e., the absorption coefficient at the central region of
spot is large and then decreases along radial direction. The higher absorption coef-
ficient at the central area of spot leads to larger central energy absorptivity; thus,
a below-diffraction-limited energy absorption area is generated at the center of
focused spot, which is called as effective energy absorption spot.

To determine the morphology of below-diffraction-limited energy absorp-
tion spot, the nonlinear reverse saturation absorption thin film is considered
as a multilayer system (e.g., m layers), and the thickness of every layer is AL.
One has m x AL = L, where L is thin film thickness. The light intensity and
absorption coefficient of ith layer are marked as /; and «;, respectively, where
i=1,2,3,...,m The incident spot intensity profile on the r—z cross section is
written as

2P
lner(2) = e [<27 W@, and w@ = wo1+ G/0? 0.1)

where wy is beam waist radius of spot and corresponds to w(z) value at z = 0 in
2
formula (9.1), zo(= %) is Rayleigh length, A is incident laser wavelength, and

P is laser power. The light is focused on the sample surface. On the nonlinear thin

film surface, z = 0, w(z = 0) = wo, and lipc(r,z = 0) = % exp [—2r2/w(2)].
0
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Fig. 9.11 The schematic of the nonlinear reverse saturation absorption induced formation
of below-diffraction-limited energy absorption area. Reprinted with permission from [19].
Copyright 2014, American Institute of Physics

The light goes through the first layer and decays into the second layer due to
the absorption effect, as shown in Fig. 9.12. Light travels through the every layer,
and the absorbed energy at unit volume and unit time can be expressed as

AE =dl/dz = —agl — BI® (9.2)

where « is the linear absorption coefficient, / is incident laser intensity, and 8 is
nonlinear absorption coefficient. Generally speaking, for semiconductor thin film

Fig. 9.12 The multilayer
analytical model for the
nonlinear reverse saturation
absorption induced formation
of below-diffraction-limited
energy absorption spot.
Reprinted with permission
from [19]. Copyright 2014, 0

American Institute of Physics
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materials, § > 0 means nonlinear reverse saturation absorption, and 8 < 0 means
nonlinear saturation absorption. g is the effective multi-photon absorption level,
g = 1 means one-photon absorption, g = 2 is two-photon absorption, and 1 < g < 2
is an effective hybrid multi-photon absorption resulting from the one-photon absorp-
tion and two-photon absorption processes. In order to simplify the calculation, here,
one can consider the two-photon absorption effect, that is, g = 2. Thus,

AE =dl/dz = —agl — BI* = —al, with o =ag+ Bl 9.3)

The Ist layer can be approximately considered to be sample surface, z = 71 = AL;
thus,

| — p—1AL Fipee—1AL
ay =g+ Bline, ALegr = T I = T Bl ALy’ AE| = _allé’g .
At the 2nd layer, z = zp = 2AL, one can obtain
w oot Bl A= o Y o,
o2 1+ BIi ALest 9.5)
At the 3rd layer, z = z3 = 3AL,
w0t b, ML= o Y
o3 1+ B ALest 9.6)
At the ith layer, z = z; = iAL
aj =ag+ Bli—1, AL = ﬂ I; = ﬂ AE; = —a;l;
’ o 1+ Bli 1AL’ (9'7;
At the nth layer, z = z,, = mAL,
| — g—omAL I je—onAL
om =g+ Blu—1, AL = T, Iy = m, AE, = —a(rgl,g;

Formulas (9.4)—(9.8) can calculate the profiles of absorbed energy, absorption
coefficient, and light intensity inside the nonlinear sample. The light intensity pro-
file of the exiting spot from the sample can be actually approximated to the light
field of the last layer (the mth layer).

In the multilayer analytical model, the broadening effect of focused beam
in the traveling process inside the sample, resulting from diverging effect,
can be actually neglected, which is reasonable for thin sample. In the trave-
ling, the beam size w(z) along optical axis (z-axis) can be calculated by
w(z) = wo/1 + (z/z0)? [also see formula (9.1)]. For example, for direct laser
writing lithography with a setup of NA = 0.85 and 4 = 650 nm, the calculated
light beam change along z-axis inside the thin sample with a thickness of 80 nm
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Fig. 9.13 Calculated Cross-section profile of internal intensity
change of the incident beam
along z-axis for NA = 0.85,
and 4 = 650 nm (without
nonlinear absorption and
refraction effects being
considered)

Thin film thickness direction (nm)

-800 —-400 0 400 800

Distance from optical axis (nm)
Light incident
direction

is shown in Fig. 9.13, where without any nonlinear absorption and refrac-
tion are considered. One can find that the beam spot size basically remains
unchanged when it travels about 80 nm along z-axis (sample thickness direc-
tion). That is, the beam diverging effect is negligible.

9.4.1.2 Effective Energy Absorption Spot Analysis

1. Theoretical calculation

According to the aforementioned requirements for the lithographic material,
AgInSbTe chalcogenide phase-change thin films are chosen as an example. The
AgInSbTe has a low molten ablation threshold temperature (about 500 °C), which
is suitable for low power laser writing especially above and near the melting point,
and a low thermal diffusivity [16]. More importantly, the AgInSbTe possesses
strong nonlinear reverse saturation characteristic, i.e., the absorption coefficient
increases with the increase in light intensity.

The focused spot-induced energy absorption spot is calculated as follows.
The laser wavelength 4 = 650 nm, laser power P = 4 mW, the converging lens
NA = 0.85, and thin film thickness L = 80 nm. The linear absorption coefficient
oo = 3 x 107/m, and nonlinear absorption coefficient f = 7.53 x 1073 m/W. In
order to simplify the calculation, the effective nonlinear absorption level g ~ 2 is
chosen according to [17].



9.4 Nanolithography by Combination of Reverse Saturation ... 239

The g ~ 2 means equivalent two-photon absorption effect. Generally speak-
ing, the direct two-photon and multi-photon absorptions occur when ultrafast laser
pulse irradiates on the sample, inducing ultrafast bound electronic nonlinear effect.
However, besides ultrafast nonlinearity, in the nanosecond scale of the laser pulse,
the nonlinear effects can be attributed more to the free-carriers absorption process
for semiconductor materials. The free-carriers absorption is a cumulative effect, and
one-photon absorption-induced free-carriers once absorb one photon sequentially,
which is equivalent two-photon absorption effect. That is, the equivalent two-photon
absorption effect comes from the laser-induced free-carriers absorption.

For the metallic-type AgInSbTe semiconductor thin films, the free-carriers can
be easily created by laser irradiation because of semiconductor-like energy-band
structure. Despite the population decays during the laser pulse, the free-carriers
density is locally balanced and approaches to the saturation state when the laser
intensity increases to certain threshold. When the laser intensity increases above
the threshold, the free-carriers absorb photons to higher states, namely intra-band
absorption, and then, these higher state free-carriers transform the relaxation
energy by the phonons of crystal lattice in a longer time range than the laser pulse,
transferring the energy to the lattice vibration; for the whole process, the energy
transfers from photons to the films. The lattice is then heated; the lithographic
marks can be formed due to molten ablation effect when the lattice temperature
exceeds to the melting point. The lithographic mark size might be determined by
the free-carriers-induced equivalent two-photon absorption effect, which can be
reflected from the effective energy absorption spot.

The calculated spot intensity profile is presented in Fig. 9.14. Figure 9.14a is
the normalized incident focused spot intensity profile, and Fig. 9.14b is the nor-
malized exiting spot intensity profile through nonlinear thin film. By comparing
Fig. 9.14a, b, one can find that the exiting spot becomes obviously larger than the
incident focused spot itself, which is because the most light energy at the central
region of focused spot is absorbed by the nonlinear sample, and the energy absorp-
tivity decreases along the radial direction. These characteristics induce the formation
of below-diffraction-limited energy absorption spot. Figure 9.14c is the normalized
intensity profile of energy absorption spot. Comparison of Fig. 9.14a, ¢ indicates that
the effective energy absorption spot is smaller than incident focused spot. In order
to further compare the size among focused spot, exiting spot, and energy absorption
spot, Fig. 9.14d gives cross-sectional profile curves of Fig. 9.14a—c. One can see that
the full width at half maximum (FWHM) of exiting spot is increased to ~1.56 times
the incident focused spot. The FWHM of energy absorption spot is reduced to about
~75 % the incident focused spot. Actually, in direct laser writing, the lithographic
resolving limit is mainly determined by the energy absorption spot. Thus, the forma-
tion of below-diffraction-limited energy absorption spot is one of critical factors.

2. Experimental observation

The AgInSbTe thin films with a thickness of about 80 nm are deposited on glass
substrate by direct current magneto-controlling sputtering method. A scanning
near-field optical probe setup is established to directly observe the exiting spot
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Fig. 9.14 The typical calculated results for the formation of below-diffraction-limited energy
spot, the normalized two-dimensional intensity profile of a focused spot, b exiting spot, ¢ energy
absorption spot, and d cross-sectional profile curves of a—c. Reprinted with permission from
[19]. Copyright 2014, American Institute of Physics

through the sample, where a laser diode with a wavelength 635 nm is used as the
light source, as illustrated schematically in Fig. 9.15. A collimated laser beam is
focused by an objective lens with NA=0.25 and then irradiated on the nonlinear
thin film. A metal-coated fiber tip affiliated onto the tuning fork is used to scan
the laser beam spot intensity distribution along the sample surface, and the tuning

Collimated laser beam

Tuning fork
Glass substrate

Fig. 9.15 Schematic of near-field spot scanning setup. Reprinted with permission from [19].
Copyright 2014, American Institute of Physics
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fork is attached on a three-dimensional piezoelectric tube (PZT), and the lateral
scanning resolution is about 100 nm limited by the aperture of the fiber tip. The
distance between the sample surface and the fiber tip is modulated by an atomic
force microscopy (AFM) controller. When the fiber tip goes close to the sample
surface, the resonance frequency of the tuning fork would shift due to the gener-
ated shear force. The AFM controller receives this shift signal as error and regu-
lates the z-axis voltage onto the PZT. The exiting spot information is collected by
scanning fiber tip and then transferred to the PMT and produces the signal in the
format of voltage to the computer.

In order to obtain the incident focused spot intensity profile, the exiting spot
intensity profile through the glass substrate with a thickness of 1.2 mm is pre-
sented in Fig. 9.16a. The spot presents approximately elliptical shape, which
may be due to experiencing laser diode’s junction effect. The exiting spot
through “glass/AgInSbTe thin film” sample under the laser power of 9 mW is
scanned along AgInSbTe surface (also see Fig. 9.16b). Comparing Fig. 9.16a
with b, the spot morphology of Fig. 9.16b is almost the same as the Fig. 9.16a,
while the spot size of Fig. 9.16b is obviously larger than Fig. 9.16a, and the
central intensity profile becomes flattened. These indicate that the nonlinear
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Fig. 9.16 Experimental results of the spot obtained by the near-field spot scanning method, a
spot through glass substrate, b spot through “glass/AgInSbTe” sample, ¢ the cross-sectional pro-
file curves of a and b along short axis direction, and d the dependence of expansion and com-
pression ratios on laser power. Reprinted with permission from [19]. Copyright 2014, American
Institute of Physics
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reverse saturation absorption effect happens in the AgInSbTe thin film and
causes the exiting spot size to become large and the spot top to become
smooth.

To further compare the intensity distribution of spot through the sample with
and without the AgInSbTe thin films, the normalized cross-sectional profile
curves along the short axis direction of spot images of Figs. 9.16a, b are pre-
sented in Fig. 9.16¢c. The top of spot through the AgInSbTe sample is smoother
than that through the glass substrate, and the FWHM of through AgInSbTe sam-
ple is expanded to ~118.2 % and increased from ~1.7 to ~2.0 wm. Here, one can
define the ratio of exiting spot size to incident spot size as expansion ratio. The
dependence of expansion ratio on the laser power is presented in red curve of
Fig. 9.16d. One can see that the threshold power is about P =3 mW, and the
expansion ratio increases with increasing laser power for 10 mW > P > 3 mW.
The ablation takes place at P > 10 mW. In Fig. 9.16d, the black curve is calcu-
lated according to the theoretical model. Comparison of experimental data and
theoretical results shows that the theoretical analysis is basically consistent with
experimental results. Here, one also defines the ratio of energy absorption spot
size to incident spot size as compression ratio. The energy absorption spot size
can be calculated using the formulas (9.4)—(9.8) and the experimental data of
exiting spot size. The blue curve in Fig. 9.16d is the dependence of compres-
sion ratio on laser power for I0mW > P > 3mW, and the compression ratio
reduces with laser power increasing. That is, the higher laser intensity can lead
to more light energy absorption, and the absorption coefficient increases with
the laser intensity increasing. Thus, the higher laser intensity can obtain much
smaller energy absorption spot. However, the laser intensity cannot be infinitely
increased due to ablation effect.

9.4.2 Thermal Diffusion Manipulation by Thermal
Conductive Layer

9.4.2.1 Basic Schematic of Heat Flow Manipulation

The thermal diffusion is also one of the critical factors determining the litho-
graphic resolving limit. It is possible to control the heat flow direction so that the
thermal energy is concentrated on central region of the spot and causes the spot
center temperature to increase beyond the certain threshold temperature, such as
molten ablation temperature. In other words, the central region of spot is locally
heated above melting point, while the rest remains intact, which causes the litho-
graphic mark size to be much smaller than the energy absorption spot. The low
thermal diffusivity coefficient can lead to heat energy being instantaneously con-
centrated at the central region of spot if the material is directly written with a
short pulse. By introducing a thermal conductive layer below the AgInSbTe thin
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film, only the apex part of the energy absorption spot actually melts because the
heat diffuses quickly into the thermal conductive layer, i.e., the thermal diffusion
process can be effectively controlled so that the very small apex region of energy
absorption spot is instantaneously reached up to melting point; thus, the nanoscale
lithographic marks are written.

Figure 9.17a gives the sample structure, where an Al thin film with a thick-
ness of about 80 nm is used as thermal conductive layer. The thermal diffusivity
coefficient of thermal conductive layer is marked as oy,. The Al thin film is depos-
ited below the AgInSbTe thin film. The thermal diffusivity coefficient of crystal-
line AgInSbTe is about oAgmsbTe = 1.85 mm? /s [16], which is larger than that of
the glass substrate of oglass = 0.558 mm? /s [18]. If there is no thermal conduc-
tive layer, the sample structure is “glass/AgInSbTe,” and o = Oglass. The ther-
mal diffusion is mainly along the in-plane of AgInSbTe thin film, which leads to
the large lithographic mark. However, the thermal diffusion route can be changed
when the Al thin film is deposited below the AgInSbTe thin film. The Al layer
is used as the thermal conductive layer and has a thermal diffusivity coefficient
of oy = oar = 97.5 mm?2 /s [19], which is much larger than o4 The diffusion
route is now mainly perpendicular to the AgInSbTe thin film plane, which results
in a heat concentration on the central apex of energy absorption spot.

The heat propagation can be roughly divided into two channels: One chan-
nel is along the in-plane of AgInSbTe thin film, and the other is perpendicular to
the AgInSbTe thin film, which is marked as out-of-plane of AgInSbTe thin film.
Figure 9.17b gives the schematic of heat propagation direction, where the cylin-
der marked in green is a heated volume by incident focused spot, and the cylinder
diameter is D. The heated volume is actually a heat source. The thermal diffusion
takes place when the temperature of heated volume exceeds to the environment
temperature. The thermal diffusion can happen along two channels: one is in-plane
of AgInSbTe thin film, which is marked in blue arrow. The heat flows through the

(a) Laser beam (b) D Heated volume

|

AgInSbTe thin film

~—— In-plane thermal I Out of plane thermal
Glass substrate — diffusion channel diffusion channel
Sside area = DL Svottomarea = mD?/4

Fig. 9.17 Heat flow manipulation by introducing thermal conductive layer, a sample struc-
ture, and b thermal diffusion direction. Reprinted with permission from [19]. Copyright 2014,
American Institute of Physics
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side face of heated volume, the area is Ssige area = 7 DL, and the in-plane thermal
diffusion channel can cause the lithographic mark to become large. The other is
out-of-plane of AgInSbTe thin film, which is marked in red arrow. The heat flows
through the bottom surface of the heated volume, the area is Spottom area = nD?/4,
and the out-of-plane thermal diffusion channel makes the lithographic mark size
become small.

9.4.2.2 Determination of Heat Quantity Propagation Channel

The characteristic thermal diffusion length /i, can be used to evaluate the perfor-
mance of thermal diffusion channel. The /i, can be estimated as

lh =/ OAgInSbTelp 9.9)

If the laser pulse of 7, = 50 ns is used in the direct laser writing, then [y, ~ 300 nm,
which is comparable to the radius of energy absorption spot. /i, &~ 300 nm is larger
than the thin film thickness of L = 80 nm. The heat can propagate a distance of
about 300 nm within the pulse width along both in-plane and out-of-plane of thin
film thickness. However, if the thermal resistance at the interface is ignorable,
the central heat quantity of energy absorption spot is easy for traveling along the
thin film thickness direction and going into the thermal conductive layer because
Iih > L. The temperature at the central region of the spot will transiently reach up
to lithographic threshold point. If oy < oagmsyTe, the thermal diffusion along the
thin film thickness direction will be hindered when the heat quantity propagates to
the thermal conductive layer, which makes the heat propagation direction change
from out-of-plane direction to in-plane direction; thus, the lithographic mark size
becomes large. On the contrary, if owm > 0AgmsbTe, the thermal diffusion is along
the out-of-plane direction. The temperature at the central volume of spot will tran-
siently reach up to melting point and the small lithographic mark can be transiently
generated. The fusion latent heat released by the molten ablation can quickly dif-
fuse along the out-of-plane direction, enter the thermal conductive layer, and
dissipate into air.

The heat quantity, which propagates along in-plane, is proportional to the ther-
mal diffusivity coefficient oagmspTe Of the AgInSbTe as

Oin plane X C7AgInSbTeSside area (9. 10)

The heat quantity, which propagates along out-of-plane, is proportional to the ther-
mal diffusivity coefficient oy, of the thermal conductive layer as

Oout of plane X OthSbottom area (9.11)

The competition between the two channels is conveniently noted as the proportion n

Oin plane 4LGAgInSbTe

7’] =
Qout of plane Do, 9.12)
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The n determines the heat diffusion channel. n > 1 means that the thermal diffu-
sion through in-plane channel is dominant. On the contrary, n < 1 means that the
thermal diffusion along out-of-plane channel is dominant, and the heat quantity
quickly goes into the thermal conductive layer and concentrates on the apex of
the energy absorption spot. The n value for different sample structure can be cal-
culated by the following parameters: energy absorption spot size D =~ 750 nm,
L=280nm, oa =97.5mm?/s, Oglass = 0.558, and oagmsyTe = 1.85 mm?/s.
For “galss substrate/AgInSbTe” sample, there is no thermal conductive layer,
Oth = Oglasss and 1 ~ 1.42 > 1, the thermal diffusion is mainly along in-plane of
AgInSbTe thin film. However, when the Al thin film is chosen as thermal conduc-
tive layer and inserted between the AgInSbTe and glass substrate, oy, = o1, and
n ~ 0.008 « 1, which indicates that the heat quantity is transiently localized onto
the apex of energy absorption spot and goes quickly into the Al layer.

9.4.3 Experimental Nanolithography Marks

In the direct laser writing, the laser beam with a wavelength of 650 nm is modu-
lated into pulse light by a signal generator, and the pulse width could be tuned
by built-in software in the signal generator. The modulated pulse light is directly
focused upon the surface of the AgInSbTe thin film by a converging lens with an
NA of 0.85. The focused spot size is about 930 nm.

The “glass substrate/AgInSbTe” sample is written to analyze the influence from
the thermal conductive layer. The laser writing power is about 4 mW and pulse
width is 50 ns. The lithographic marks are observed by a laser confocal scanning
microscopy with a light wavelength of 248 nm and objective lens with NA = 0.95.

When ¢, < 50 ns, the formed marks become very blurry and indistinguish-
able, as shown in Fig. 9.18a, where £, ~ 40 ns. When the pulse width is increased
to t, ~ 80 ns, the mark size becomes large and the image is clear, as shown in
Fig. 9.18b, where both the width and the length of marks are about 440 nm, and
the height is only about 3 nm, which can be seen from the inset of Fig. 9.18b.

Figure 9.19a presents the optimal results of lithographic mark trains with
t, = 50 ns. The mark size is about 250 nm, which is about 1/4 the focused spot
size, and is also smaller than the energy absorption spot. The reduction of lith-
ographic mark size is due to two factors: one is the nonlinear reverse saturation
absorption—induced the formation of below-diffraction-limited energy absorption
spot, and the other is lithographic threshold effect. The formation of lithographic
marks is actually the molten ablation when the laser pulse heats the sample to the
melting temperature of about 500 °C. Since the intensity distribution of energy
absorption spot is approximately Gaussian, by tuning the laser pulse power and
width, the molten ablation can be controlled at the central region of 80 % maxi-
mum intensity of the energy absorption spot, and the rest area remains intact.
Thus, the lithographic mark size is further smaller than the energy absorption spot
(also see Fig. 9.19b). The lithographic mark size is actually dependent on pulse
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1M

Fig. 9.18 Confocal laser scanning microscopy images of mark matrix for a #, ~ 40 ns, and b
t, ~ 80 ns

lum Magnification

18K K18, 88a Taen is

Fig. 9.19 Nanolithographic mark trains obtained with direct laser writing method, laser wave-
length of 650 nm, laser power 4 mW and pulse width 50 ns, NA = 0.85, a lithographic marks
without thermal conductive layer (mark size of about 250 nm), b schematic of formation of
below-diffraction-limited marks, and ¢ lithographic marks with thermal conductive layer (mark
size of about 100 nm). Reprinted with permission from [19]. Copyright 2014, American Institute
of Physics

width; generally speaking, short pulse width can cause small mark size. However,
the mark size cannot be reduced infinitely.

The lithographic mark size is further reduced by introducing an Al thin film as
thermal conductive layer, where the Al thin film is inserted between AgInSbTe and
glass substrate. Figure 9.19¢ gives the lithographic marks observed by scanning elec-
tronic microscopy, and the inset is a magnification of lithographic mark pointed out
in red arrow, and the scale line in the inset is 50 nm. The mark size is about 100 nm,
which is only about 1/10 the incident focused spot. Compared with Fig. 9.19a, the Al
thermal conductive layer makes the heat propagate along out-of-plane and be instan-
taneously localized onto the apex of energy absorption spot. The lithographic marks
occur when the temperature exceeds to the molten ablation threshold; thus, the litho-
graphic mark is further reduced down to about 1/10 the focused spot size.
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Fig. 9.20 Schematic for the working principle of designed nonlinear super-resolution imaging,
a conventional light spot scanning imaging, b super-resolution spot scanning imaging. Reprinted
from [27], with kind permission from Springer Science+Business Media

9.5 Nonlinearity-Induced Super-Resolution Optical
Imaging

9.5.1 Basic Principle Schematics

For conventional scanning laser microscopy, the spatial resolving power is
restricted by the optical diffraction limit, which is determined by the laser wave-
length and the NA of the converging lens. Actually, a nonlinear thin film can be
applied in scanning laser microscopy to achieve the super-resolution imaging. For
nonlinear imaging effect, an analysis of the frequency response function would be
adequate to demonstrate the super-resolution. If the frequency response function
exceeds the cutoff frequency f., the scanning microscopy system is expected to
achieve super-resolution beyond the diffraction limit. To understand this, before
involving a rigorous mathematical process, the schematic to show the focused
light spot interacting with the nonlinear sample is presented. In Fig. 9.20a, a
focused light spot covers an area on the sample surface where the pit arrays are
fabricated, and one would expect the resolution to be limited by the spot size.
However, as shown in Fig. 9.20b, the resolution may be improved if the light spot
distribution is so manipulated that fine structures both in phase and in amplitude
appear in front of the light spot, such as a pinhole or a narrow ring. In laser scan-
ning microscopy, the light spot is moving at a high speed across the sample, the
resolution is expected to exceed the cutoff spatial frequency because the light spot
with fine structure scans across the sample.

9.5.2 Theoretical Description

The manipulation of the light spot is realized with the nonlinear thin film coated
above the sample surface. The complex refractive index of the thin film changes
according to the local laser intensity /(r) in polar coordinate (0, r) as
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A
i(r) = [no + y1(r)] + i —loo + BI()] (9.13)

where ng is the linear refractive index, y is the nonlinear refraction coefficient, o is the
linear absorption, and 8 is the nonlinear absorption coefficient. The incident laser beam
at the focal plane is considered to have a complex electric field of Gaussian profile as

E(r) = Egexp (—rZ/W%) (9.14)

where E is the on-axis amplitude. Due to the nonlinearity of the thin film, the transmit-
ted light will have in general three principal changes. Firstly, because the thickness of
nonlinear thin film is in the range of nanoscale, the amplitude and the wavefront phase
of the complex electric field are modulated by the internal multi-interference effect.
Secondly, the wavefront phase is also modified by the Gaussian lens-like phase shift.
All the changes can be incorporated into the transmitted complex electric field as

U(r) = E(r)i(r) exp[iAp(r)] (9.15)

where the distribution of the Gaussian lens-like phase shift can be written in a lin-
ear approximation as

4y P
Ap(r) ~ T
0

272
{1 —exp[—a(r)L]} exp (—W2> (9.16)

0

The complex transmission for the two-interface layered system in normal inci-
dence is

Hatsexp {i%’ﬁ(r)L}

i(r) =t(re’ = yo— (9.17)
1 + riar3exp [i%n(r)L]
i A — 2 25 .
where rjp = Z: +Zg;, 13 = ZE; ; +Z§, tp = ﬁ, and tp3 = ;l(r’;g%, are respectively,

the reflection and transmission coefficients for each interface. n; and n3 are the cor-
responding refractive indices for air and the substrate, respectively. The inclusion of
the complex refractive index, the local nonlinear absorption, and the multi-interfer-
ence in formulas (9.16) and (9.17) enables us to calculate the exiting field distribu-
tion for nanoscale thin films.

Substituting formulas (9.16) and (9.17) into formula (9.15), one finally obtains
the transmitted complex electric field as

0 = Evrryexp ~ 7 o ¢ P (2
r) = Egt(r) exp “ expli|d(r Ta? exp 2

Let us now consider the frequency response function of signal detection. The signal
is collected at far-field distance from the object. The signal can be retrieved from the
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Fourier transform of the field U (r). In the simplest detection mode, the signal is an
integral at far-field over the detection pupil function p(p), which corresponds to the
same NA of the lens as the spot forming pupil. The detection resolution is evaluated
in terms of the frequency response function Res(f). Since in the spatial frequency
consideration, the object is taken to be a grating with discrete orders, the signal mod-
ulation can be found from the interference of the direct beam in the far-field with
the similar shifted first-order beams [20]. Assuming that the Fourier transform of the
exiting electric field is 7 (p) = F if](r) , one writes down the frequency response
function in the form of a convolution as

Rres(f) = c) {U(p)p(p)} ® f](p)‘ 9.19)

where C is a constant. The pupil function in Fourier space is a cylinder function:
p(p) = 1for p <1, and p(p) = 0 for p > 1. Since the convolution covers a far-
field range wider than U(p), one expects that the far-field is to extend beyond the
cutoff frequency. It follows that the frequency response function Rges(f) will allow
finite values to exceed the diffraction-limited cutoff frequency f., which is the
indication for the super-resolution.

It is interesting to note that the extension of the spatial frequency is in general
independent of the sign of the nonlinear index coefficient. Therefore, the dynamic
optical pinhole (bleaching), dynamic darkening (the transmission of the pinhole
being smaller than the others), or a phase change (nonlinear path length change)
can result in super-resolution.

9.5.3 Experimental Testing

Numerical simulation testings are carried out based on the formula (9.19) for the
frequency response function. In order for the results to be experimentally verifi-
able, the simulated sample is chosen to represent a specially designed structure
in the laser scanning microscopy. An image of the sample surface is shown in
Fig. 9.21, where the grating period is 760 nm, the pit width is 380 nm, and the pit

Fig. 9.21 AFM morphology
of the sample surface.
Reprinted from [28],
Copyright 2012, with
permission from Elsevier
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depth is about 60 nm, that is, there is only a single spatial frequency information
on the sample surface. The optical nonlinear thin films are directly deposited on
the pit matrix surface.

In the testing, a compact disk player is used as the laser scanning microscope.
In the compact disk player, a laser beam is focused onto the sample surface when
the sample is moving with a high speed. The focused beam is reflected and col-
lected by the detector via a collecting lens of NA = 0.45. Therefore, the sample
surface information is detected point by point. The compact disk player is a typi-
cal laser scanning microscope. By analyzing the reflected light intensity change
point by point, the sample surface structure can be reconstructed. In the testing,
a Si thin film is used as the optical nonlinear thin film. The thin film thickness
is fixed at about 100 nm. The laser scanning experiment has a light wavelength
of 780 nm, and the power is fixed at 2 mW. Without the nonlinear thin film, the
resolving power of the device is diffraction-limited and can be estimated by
A/2NA = 866 nm, that is, for a periodic grating with the same pit and space, the
smallest pit being resolved by the spot is A/4NA = 433 nm. Therefore, the com-
pact disk player cannot resolve the grating sample with a 760 nm pitch. However,
by depositing the nonlinear Si thin film on the grating sample surface, one expects
that the resolution of the device would be improved, i.e., the super-resolution is
achieved.

The frequency response functions are calculated based on formula (9.19).
The nonlinear coefficients at 780 nm light wavelength cannot be obtained;
thus, the nonlinear refraction coefficients at 633 nm light wavelength, being
y &~ 445 x 107 m2 /W [21], and the initial refractive index nyg = 4.21, are used in
the calculation, where the absorption effect is not considered in order to simplify
the calculation.

The optimal results are presented in Fig. 9.22. Figure 9.22a shows a compari-
son of the frequency response function for the sample with and without the non-
linear Si thin films. The spatial frequency is normalized to the cutoff frequency in
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Fig. 9.22 Frequency response function, a comparison of frequency response function between
with and without nonlinear films, b different contributions to frequency response function.
Reprinted from [27], with kind permission from Springer Science+Business Media
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the case where the sample is not covered by the nonlinear thin film. Figure 9.22a
shows that the frequency response function, for the case where the sample is cov-
ered by the nonlinear thin film, exceeds the cutoff frequency by about 1.6f;, which
indicates immediately a super-resolution. In Fig. 9.22b, the frequency response
function is further analyzed with the three main contributions, namely phase of
the complex transmission, Gaussian lens-like phase, and amplitude of the complex
transmission, being singled out one at a time. From the comparison, the improve-
ment of the cutoff frequency stems primarily from the phase change of the com-
plex transmission.

Figure 9.23 presents the experimental results. Figure 9.23a shows the results
where the sample surface is covered by a standard Al thin film. The pit matrix is
not resolved at all, which is due to the fact that the spatial cutoff frequency of the
compact disk player is below the grating spatial frequency. Figure 9.23b shows the
results where the sample surface is covered with the nonlinear thin film, where the
pit arrays are resolved, which is due to the fact that the nonlinear effect-induced
cutoff frequency is beyond the grating spatial frequency. Figure 9.23c is the fre-
quency spectrum signal, where the CNR is about 25 dB.

One notes the relation between the compact disk player and scanning near-field
optical microscopy (SNOM). The compact disk player belongs to the far-field
microscopy, which is an important connection with the concept of the near-field
microscopy. In the near-field optical microscopy, one often uses a local probe in a
near-field distance from the sample surface to pick up the near-field signal, which
contains the subwavelength information about the sample surface. Without the
near-field detection, it is not possible to recover the subwavelength information,
as it means a violation of the fundamental diffraction limit. The reason overcom-
ing the limit in the far-field microscopy configuration stems from the nonlinear
thin film deposited directly on the sample surface. To some extent, the nonlinear
thin film acts as a virtual local probe and the subwavelength information is con-
tained in the scattering field that is collected by the far-field imaging optics. In
other words, the combination of far-field laser scanning microscopy and nonlinear
thin film also belongs to the scattering scanning near-field microscopy (see, for
instance, [22]). The above note is a microscopic and alternative point of view of
the nonlinear laser scanning super-resolution microscopy.

O T

20dB
B

Fig. 9.23 Super-resolution information detection, oscilloscopic signals for sample, a with
the standard Al thin film, and b with nonlinear thin film, ¢ frequency spectrum signal for sam-
ple with nonlinear thin film. Reprinted from [27, 28], with kind permission from Springer
Science+Business Media, and Copyright 2008, with permission from Elsevier
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9.6 Summary

The nanoscale (or subwavelength) direct laser writing lithography can be realized
using the combined action of optical nonlinearity and thermal threshold effects.
The super-resolution imaging (detection) can be conducted by directly depositing
the nonlinear thin films to the sample to be imaged, which is similar to the scatter-
ing-type scanning near-field optical microscopy.
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Remarkings

Realizing nanoscale light beam is always hot subject due to important appli-
cations in high-density data storage, high-resolution optical imaging, and
nanolithography, etc. However, the minimum light beam spot size is mainly
determined by D ~ 1.220/NA due to diffraction limit, where A and NA are the
light wavelength and numerical aperture of the lens, respectively. To reduce the
diffraction limit spot size, a short wavelength laser source and a high-NA lens
need to be used. In current far-field optical system, on one hand, it is difficult
in shortening the laser wavelength further because of high product cost and low
transmission for optical elements. On the other hand, the NA of the lens com-
mercially available is close to the limit (NA ~ 1.4) for the oil immersion lens sys-
tem and the refractive index of the immersion media is 1.5, which is close to the
glass coverslip. Therefore, numerous methods and techniques have been proposed
to overcome the diffraction limit, including the use of near-field probe, surface
plasmons effect, solid immersion lens, phase modulation filter, metamaterial lens,
microsphere-based microscopic lens, and fluorescence labeling.

The work in above chapters focuses on utilizing nonlinear absorption and
refraction to break the diffraction limit and form super-resolution nanoscale
spot. Some physical models, experimental methods, and applications in maskless
direct laser writing lithography and optical data storage have been introduced.

Although some good experimental results and physical understandings have
been obtained in past about 20 years. There is still lots of work which needs to be
explored. In nonlinear materials, one needs to design and prepare thin-film mate-
rials with weak linear absorption and strong nonlinear refraction and absorption
performances at visible light wavelength. The nonlinear response time needs to
be shortened to picosecond or even femtosecond timescale. One also can prepare
other materials with obvious nonlinear second-harmonic generation and third-
harmonic generation and produce super-resolution spot with frequency conver-
sion. In order to further understand the nonlinearity-induced super-resolution
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effect, comprehensively analytical models need to be established, where the
nonlinear absorption- and refraction-induced super-resolution effect, diffraction
effect, and interference effect should be simultaneously considered. The applica-
tions can also be further extended to other fields, such as nanoscale detectors and
Nanosensors.
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