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ABSTRACT
Radiation damage and radiation-based devicefabrication techniques in LiNbO3
Hsu-Cheng (Stan) Huang

The study of radiation effects in materials and devices has been of much interest
for a broad variety of scientific reasons and applied purposes. Examples are the
investigation of the robustness of devices under radiation environments, interstellar space,
or the use of irradiation for device-fabrication methods such as ion implantation. Thus, a
fundamental understanding of the irradiation-induced change in materials properties is
crucial of applied science. In this thesis, investigation of radiation damage in complex
oxides, especially LiNbO3 and its related device, was carried out. Different radiation
sources were examined, including light and heavy ion, electron and gamma rays. A set of
instruments were employed to probe induced damage from different perspective. These
instruments include optical methods (optical microscopy and micro-Raman spectroscopy),
ion beam analysis (Rutherford backscattering spectroscopy), and direct visualization
(SEM, TEM and AFM). It was found that the degree of ion-matter interaction (stopping
power) plays a major role in initiating damage. Different forms of damage, including
surface deformation, material amorphization, defect clusters, and long-range strain field,
were observed. Probing the response of oxide crystals with these tools provides a
comprehensive basis for better comprehension of radiation damage. The detailed studies
and their findings are described in more details in Chapters 4, 5, and 7.

In addition to the materials characterization, the impact of radiation effects on one
specific active device (thin-film electro-optic modulator) was also studied. It was found
that radiation dose and distribution both affect device performance. More details are in
Chapter 6.
Our knowledge of these radiation effects allow us to utilize and engineer this
damage for the development of advanced radiation-enabled device fabrication techniques.
Both light- and heavy-ion irradiation were studied and it was found that the nature of their
different damage mechanisms lead to essentially a different response to wet chemical
etching. Using radiation-enabled selective etching allowed use to explore new or improved
techniques for fabricating sub-m-thick LiNbO3 thin film and high-resolution patterning.
Co-irradiation of both ion species was also investigated and this method shows easy
fabrication of patterning on freestanding thin film. The characteristics of these methods
make them useful for the fabrication of the current and future photonic integrated
platforms. More details are in Chapters 3 and 8.
In addition to radiation damage study, other materials-based fabrication methods
were investigated – particularly those that were a consequence of our materials fabrication
studies. For example, domain engineering of ferroelectric materials (poling) for nonlinearoptic applications was investigated and it was found that domain broadening can be
sufficiently suppressed using a thinned sample. More details are in Chapters 3.
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signal reaches the level of a random lattice, indicating the material is fully amorphized. (b) The
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CHAPTER 1
Introduction
This chapter consists of three sections. Section A describes the motivation and
overview of the thesis research. In Section B and C, background information of the studied
material (LiNbO3) and the model of the ion-matter interaction used in the research is
presented.

Section 1.1: Motivation and Overview
Increasingly, complex oxide crystals and epitaxial thin films, with their remarkable
physical properties [1], are of interest both for studies in basic condensed-matter physics
and for advanced microdevices such as high-performance acoustic and photonic
applications. These complex oxides, particularly those having perovskite and perovskitelike structure with chemical formula ABO3 (‘A’ and ‘B’ are two different metal cations)
exhibit important material functionality such as ferroelectricity, piezoelectricity, and
electro-optic and high dielectric response [2]. These oxide crystals, including, for example,
lithium niobate (LiNbO3), strontium titanate and its alloys, yttrium iron or aluminum garnet,
and lanthanum aluminate, possess a wide variety of functionalities. In particular, lithium
niobate (LiNbO3) remains a key material for many types of photonic devices, such as
electro-optically tunable micro-ring resonators [3] and photonic crystals [4], which are
widely used for applications in microwave telecommunications and data transmission [1].
Its large electro-optic (EO) coefficients (r33 ~ 31 pm/V), excellent optical transparency in
the telecom bands (~1.30 m – 1.65 m), and its electrically insulating properties make
this crystal extensively employed in guided-wave optoelectronics.
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In addition, fabrication of devices from these crystals often involves their
irradiation by energetic particles, including both light (H, He) and heavy ions (Z ≥ 3). For
example, helium-ion implantation is an important step in refractive-index tuning for
optical-waveguide [5] fabrication and thin-film exfoliation methods (crystal ion slicing)
[6]. However, it is well known that ion-processing-induced changes can, at the same time,
lead to degradation of the desired material properties. These changes include the formation
of defect clusters, bond scission, surface blistering, and volumetric swelling [7, 8]. Thus
the study of this damage and the procedures for alleviating it are important for highperformance devices as well as for a general understanding of the materials science of these
crystals. For example, the temperature dependence of amorphization and recrystallization
behavior has also been studied in other ABO3 oxides such as LiTaO3, SrTiO3, and BaTiO3
[9]. In addition, radiation damage itself, including that stemming from ion bombardment,
is also an important issue for understanding the robustness of devices of these materials to
a radiation environment. As an example, radiation damage and any concomitant stress can
play a role in changing the polarization properties [10] of travelling electromagnetic waves
in implanted electro- or acousto-optical devices. Thus, because of this widespread interest,
it is crucial to achieve a clear and specific understanding of the chemical and structural
response of complex oxides to ion irradiation.
Damage due to high-energy-ion exposure can be analyzed using well-developed
ion-beam-probing instrumentation. This includes Rutherford backscattering spectrometry
(RBS) [11], nuclear reaction analysis (NRA) [12], and particle induced X-ray emission
(PIXE) [13]. These methods have been used extensively and successfully for material
characterization of radiation damage, including that in complex oxides; however, these
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methods in general require extensive use of accelerator-based-beam-line systems and invacuum environment for experimentation. Confocal micro-Raman spectroscopy can
provide an alternate approach to probing energetic-ion damage and material changes; it
provides a direct approach for sampling over the set of crystal vibrational normal modes
and thus is sensitive to crystallinity and composition. This technique is laboratory based
and can be operated at ambient atmospheric conditions with different sample
configurations. In addition, the use of a tightly focused optical excitation beam, with
computer control and data taking, allows mapping of the Raman spectra both laterally and
normal to the irradiation axis with 1-micrometer spatial resolution. Such a powerful
nondestructive approach enables quick examination of lattice modification and local
micro-structural change. Pioneering work in this area includes the observation of local
lattice dilatation following ultrafast high-repetition-laser writing in LiNbO3 crystals [14],
the visualization of micro- and nanoscale domain structures from high-electric-field and
pulse-laser-irradiation poling also of LiNbO3 and LiTaO3 [15-18], the observation of
buried amorphous layers or lattice rearrangements in doped or undoped LiNbO3 and other
crystalline oxides such as KTiOPO4 (KTP) formed via ion irradiation or ion in-diffusion
[19-22], and the study of the influences of stresses and stoichiometry in lead- and bariumbased ABO3 perovskites [23] and other materials such as diamond [24-26]. In particular,
Kostritskii and Moretti [27] have done pioneering work on ion damage in He-implanted
LiNbO3 and identified important damage effects in this material. Despite these insights,
however, important open questions still remain of the capabilities and interpretation of
micro-Raman imaging. One pressing question is its utility in probing an implantationinduced strain field and stress states at abrupt irradiation interfaces, and how this
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potentially sharp distribution is changed in the presence of post-irradiation treatment. This
information is crucial, for example, when patterning implantation is required, such as in
silicon integrated optical or electronic circuits [26] or in the fabrication of photonic-crystal
nanocavities [28]. Such information also elucidates strain-enabled material properties
including strain-tuning ferroelectricity [29] and the potential applications of strained
optoelectronic devices. In addition, direct observation of radiation-induced modifications
in materials micro-structure with atomic-scale resolution is essential for thorough
understanding of the impacts of ion processing.
In light of the above pioneering research, in this thesis research, we performed a set
of analyses of different radiation damage in LiNbO3 and investigated the associated
modified materials properties for device fabrication. The rationale of this thesis is as
follows. We first investigated the evolution of the damage formation from different
radiation sources. A battery of analytical instruments were used to acquire complementary
information. With the fundamental understanding of the interaction mechanisms between
the incident projectile ion and matter, we then utilize these damage for practical
applications, e.g. radiation-enabled-device fabrication techniques.
The content of each chapter are organized as follows:
 Chapter 1: Introduction
Motivation and overview of the thesis research.
 Chapter 2: Instrumentation
Background information of the radiation sources and the working principles of the
analytical instruments used in the research.
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 Chapter 3: Materials processing methods
This chapter discusses several important materials processing techniques advanced
during the thesis research. These techniques are important for fabricating devices for the
next-generation photonic integrated platforms. Some aspects include the generation of
high-resolution ferroelectric domain patterns (poling) for nonlinear optical applications
and realization of sub-m-thick LiNbO3 thin film for ultra-compact optical systems.
 Chapter 4: Micro-Raman spectroscopy on He-ion-induced radiation damage in LiNbO3
This chapter discusses the use of imaging micro-Raman spectroscopy
measurements to readily analyze and characterize LiNbO3 after high-energy-ion irradiation
by He+, including local compositional changes as well the depth and depth distribution of
the implanted ions. In addition, three different and complementary incident optical
beam/sample geometries were used. A 2D imaging based on computer-controlled scanning
and data processing was also performed to image the stopping region and spatial variations
of damage adjacent to patterned regions, via the intensities of allowed and forbidden modes.
The modal intensities at the boundary of irradiation and the implantation uniformity are
also discussed. The utility of Raman scattering to optimize post-irradiation processes, such
as annealing, is also shown.
 Chapter 5: Micro-Raman imaging on strain fields in He-patterned-irradiated LiNbO3
Strain fields are investigated quantitatively by probing of abrupt implantation
boundaries of interfaces. Two-dimensional (2D) scanning micro-Raman spectroscopy was
used to show that crystal strain field resulting from ~MeV He+ patterned implant of LiNbO3.
The results are also compared with an accurate simulation based on the use of secular
equations of phonon-deformation-potential theory. We show that both short- and long5

range in-plane and out-of-plane strain distribution can be measured explicitly and
compared to a simulation based on a continuum-model computation. We also show the
stress field, including that at the irradiation boundary, can be calculated with different step
resolutions from ~200 – 1000 nm. The relations of crystalline damage (lattice disorder) and
induced strain, experimentally shown by an implantation-induced Raman linewidth and
Raman shift, are also discussed. This micro-Raman approach thus allows strain and stress
fields near or at mask-patterned interfaces following high-energy implantation to be
visualized with high-resolution.
 Chapter 6: Radiation damage on freestanding LiNbO3 thin film modulator
In this chapter, we study helium-ion-induced radiation damage to a 10-m-thick
LiNbO3 thin-film modulator. The device characteristics for electro-optic modulation,
including extinction ratio and insertion loss, are compared for virgin and irradiated films.
It is found that ion-bombardment-induced strain and scattering from interstitials and crystal
defects give rise to the degradation of device modulation. In addition, we find that the
degree of overlap between guided modes and the damaged regions plays an important role
in the degradation of device performance.
 Chapter 7: Comparison of radiation damage by light- and heavy-ion bombardment
A comparative study of damage in LiNbO3 by low- and high-energy light- and
heavy-ion irradiation is presented. The damage behavior for the two-energy cases and two
ion species (helium and iron) is investigated and compared using Rutherford backscattering
and channeling (RBS/C), micro-Raman spectroscopy and transmission electron
microscopy (TEM). The energies are chosen such that for low-energies, the effect from Se
is minimal and the damage from Sn is dominant. SRIM (Stopping and Range of Ions in
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Matter) simulation is used as a guide to determine the energy range of interest. It is
experimentally found that for high-energy (~MeV) heavy-ion irradiation, both nuclear and
electronic interactions contribute to the damage formation. The combined interactions of
both nuclear and electronic damage from swift heavy ions give rise to a lowered critical
dose for materials amorphization than for the case of low-energy (~100’s keV) ions.
Measurements of the evolution of damage in the materials clearly show the explicit
contributions from electronic and nuclear stopping and their cumulative overlapping
effects. Micro-Raman imaging is used to complement our study of lattice damage and
shows that for both light- and heavy-ion irradiations, lattice disorder induces Raman
activity in the normally forbidden Raman phonon-mode vibrations, though the ranges of
interaction in the oxide crystals are different. TEM imaging further shows iron-ion
irradiation results in the formation of nanometer-size damage tracks. Apparent change in
elemental composition was observed in these defective regions using EDS line scan.
Finally an investigation of co-irradiation by He and Fe was undertaken since co-irradiation
is important for ion processing and provides an additional degree of flexible materials
processing. It was found the co-irradiation results in cumulative damage effect using all
materials characterization methods used in our experiments.
 Chapter 8: Characterization of selective etching behavior in co-irradiated LiNbO3
Material physics of heavy ion etching through the use of transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and optical microscopy (OM)
was investigated. We first examine ion-induced modifications in crystal structure and the
associated etching mechanism. The results show that single-energy amorphizing irradiation
results in an etched profile conformed to the damage distribution, while a sharper feature
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can be constructed using multiple-energy irradiation. We further show that co-irradiation
of both light and heavy ions enables the easy fabrication of performing patterning on
freestanding LiNbO3 thin film. A ridge waveguide structure on a 10 m film is
demonstrated via this method.
 Chapter 9: Conclusion and future work
Summary of the thesis research; the direction of the continuing work is also
proposed for future research.

Section 1.2: Lithium Niobate (LiNbO3)
Lithium niobate is a key material for the applications in integrated and guided-wave
optoelectronics. Due to its versatile features such as birefringent, piezoelectric, nonlinearoptic, electro-optic, acousto-optic and pyroelectric properties, this material has been widely
fabricated into different types of devices. It also gains the reputation of “the Silicon of
Photonics” [30]. It is in the space group R3c and has a distorted Perovskite-type structure
(distorted hexagonal close-packed configuration) [31]. In the +c direction, the atoms are
arranged in the following order: Li, Nb, vacancy, Li, Nb, vacancy,… filling in the
interstices in the planar sheets of O atoms. It is an artificial dielectric material, grown
usually using Czochralski method. Depending on different growth conditions, in general,
three types of LiNbO3 are classified: congruent LiNbO3 (CLN), stoichiometric LiNbO3
(SLN), and magnesium-oxide-doped LiNbO3 (5% MgO:LN). Throughout the thesis
research, CLN is used. For this type of LiNbO3, i.e. CLN, below Curie temperature
(Tc~1200oC), the charge separation due to the shift of Li and Nb relative to O octahedra
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causes LiNbO3 to exhibit ferroelectric phase with a built-in spontaneous polarization (Ps)
~ 71 C/cm2. Above Tc, the crystal becomes paraelectric.
At room temperature, the spontaneous polarization (Ps) is balanced by surface
charges on the sample. In the past two decades, the technique to control the direction of
this polarization, called poling, has been explored. The principle of such domain
engineering is to apply an opposite charge (Q = 2äPsäA, where A is the area) to counteract
and further invert the polarization direction. Microscopically, during the poling process,
the presence of the high electric field moves Li-ions into the next O octahedron, resulting
in an order of Li, vacancy, Nb, Li, vacancy, Nb…along the original +c direction. The
critical threshold for the poling process is termed coercive field (Ec). With this technique,
many interesting devices have been commercially fabricated such as periodically poled
lithium niobate (PPLN). Figure 1.1 shows an example of the PPLN device fabricated in
our lab. More details are discussed in Chapter 3.

Figure 1.1: Examples of LiNbO3 material. (a): a commercially-available three-inch Z-cut
congruent single-crystal LiNbO3 wafer from Crystal Technology. The directions of
crystallographic axes are labeled on the paper below. (b): a home-made PPLN device with three
channels for three different wavelength signals.

LiNbO3 possesses a broad transparency window, ranging from UV with cutoff at
~400 nm up to IR at ~5 m. In our research, different wavelengths of light are used for
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different purposes. Due to the nature of dispersion, the refractive indices are calculated
using Sellmeier equation at room temperature (no and ne: ordinary and extraordinary
indices. : wavelength):

0.11775
 0.027153   2
2
  0.21802
0.09921
ne 2  4.582  2
 0.02194   2
2
  0.2109
no 2  4.9048 

2

Examples of the refractive indices of some common wavelengths used in the research are:

no (  532 nm)=2.32317, no (  775 nm)=2.25862, no (  1.55  m)=2.21124
ne (  532 nm)=2.23421, ne (  775 nm)=2.17881, no (  1.55  m)=2.13807

Section 1.3: Radiation Damage – Binary Collision
Approximation
To illustrate the collision events between the input foreign ions to the target
material, the binary collision approximation (BCA) is often used to enable efficient
computational simulation of the ion irradiation. SRIM (Stopping and Range of Ions in
Matter) [32] Monte Carlo simulation software package was used to study features including
ion transport, stopping range, and the induced defect distribution. In this method, the term
“stopping power (S)” (in the unit of [energy/distance]) is used to describe the degree of
energy loss to the material. The total stopping power is the sum of two types: electronic
(Se) and nuclear (Sn).

S ( E )  Se ( E )  S n ( E )  (

dE
dE
)e  ( ) n
dx
dx

Electronic stopping (Se) describes the inelastic collisions between the bound
electrons in the target and the ions moving through it. The electronic energy is deposited
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to the material, resulting in the excitations of the electrons. In the beginning of the slowingdown process, electronic stopping is the dominant damage mechanism in high-energy
(~MeV) range. This type of stopping often results in the generation of color-center defects
in LiNbO3. Recently, it has been reported [33] that if electronic stopping is above a
threshold, high thermal spike and Coulomb explosion effect would result in severe lattice
damage. This type of damage is often seen in swift heavy ion (SHI) irradiation. More
details are discussed in Chapter 6.
Compared with electronic stopping, nuclear stopping (Sn) refers to the elastic
collisions between the incident ions and the atoms (nuclei) in the target. When the ion
energy is lost sufficiently, the collisions with nuclei become the dominant mechanism.
Note that when the atoms receive enough recoil energies, cascading collision can be
observed. Nuclear collision often results in the displacement and dislocation defects. For
the displacement energy (Ed) of LiNbO3 used in SRIM, it is 20 eV, 28 eV and 25 eV for
Li, O, and Nb, respectively. The term dpa (displacement per atom) is often used to describe
the number of times an atom is displaced for a given fluence.
Figure 1.2 illustrates the stopping power as a function of energy for helium and
iron. It can be seen that at the initial stage (~MeV), Se dominates. When the energy is below
~10’s to ~100 keV, the effect from Sn, i.e. nuclear collisions, begin to dominate. Note that
to have significant electronic-stopping-induced lattice disorder, the electronic stopping
threshold Se,th is ~3 keV/nm in LiNbO3 [33]. This number corresponds to an input energy
of ~5 MeV Fe. More experimental results and analyses of this kind of damage are discussed
in Chapter 6.

11

Figure 1.2: Stopping power of He and Fe irradiation in LiNbO3. It can be seen that in the initial
stopping-down process (~MeV), electronic stopping (Se) dominates. When the energy is reduced
sufficiently (down to ~10’s keV to ~100 keV), nuclear collision (Sn) dominates.
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CHAPTER 2
Experimental Instrumentation
Different radiation sources were investigated and a battery of analytical instruments
have been used to reveal the radiation-induced change of our materials properties. The use
of different technique including different microscopy and spectroscopy methods, are
essential in order to acquire complementary information. With the analytical results
obtained from various perspectives, we assembled a suite of powerful materials probes.
Specific interactions between the probe and the matter provide fingerprints of the materials
properties and structures. In the first part of the chapter, information on different radiation
sources is provided; in the second part, experimental instrumentation and their working
principles are demonstrated.

Section 2.1: Ion Irradiation Source
Different irradiation sources were explored throughout the research to study
different interaction mechanisms. These sources include light ion (He+), heavy ion (Fe+,
Fe2+, Ar+), electron (e-), and gamma rays (). The accessibility to these sources only made
possible by collaborations with different institutions, including Prof. Hassaram Bakhru at
College of Nanoscale Science and Engineering, State University of New York at Albany
for He+, Fe+ and Ar+ implantation and the afterwards RBS/C measurements; Dr.
Vaithiyalingam Shutthanandan at Environmental Molecular Sciences Laboratory, Pacific
Northwest National Laboratory for Fe2+ and the in-situ RBS/C characterization, and Dr.
James Wishart at Chemistry Department, Brookhaven National Laboratory for e- (Van de
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Graaff electron generator) and  (Co-60 decay) irradiation. The photographs of the
radiation facilities are displayed in Fig. 2.1.

Figure 2.1: Photographs of the radiation facilities. For light- and heavy-ion irradiation, a
Dynamitron accelerator was used in SUNY Albany and in EMSL, PNNL. For electron, a VdG
generator and a FEI E-beam writer system were used at Columbia and in Chemistry department
in BNL. For gamma, source from Co-60 decay was used also in Chemistry department in BNL.
In each photograph, descriptions are labeled on top to illustrate the working principles and the
dimensions.

For ion implantation performed at SUNY Albany, two accelerators were used for
different energy ranges: Extrion (low energy) for energy from 50 keV – 400 keV and
Dynamitron (high energy) for energy from 550 keV – 3.8 MeV. Water-cooled sample
holders were used for the proper temperature control. Samples were first mounted on Al
plate via silver paint (from SPI Supplies) and then adhered to the holder. This sample
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preparation step is critical in order to provide a more homogeneous temperature
environment for the samples.
Table 2.1 summarizes the radiation sources and their energies and doses used
throughout the research. The corresponding damage is also presented. More detailed
explanations and characterizations of the damage are discussed in the following chapters.

Table 2.1: Summary of radiation sources and the corresponding damage in the research. More
detailed characterizations are presented in the relevant chapters.

Section 2.2.: Analytical Instruments
Different analytical tools are functioned based on different working mechanisms
(i.e. different probe-matter interactions). In general, the probes include the use of ions,
electrons, or photons, and different interacted species are detected and studied. Through
the use of these instruments, different kinds of materials information are thus provided.
The sketch (Fig. 2.2) illustrates examples of some common probing mechanisms.
The instruments utilized in the research include optical microscopy (OM), atomic
force microscopy (AFM), micro-Raman spectroscopy (Raman), channeling Rutherford
backscattering spectroscopy (RBS/C), scanning electron microscopy (SEM), transmission
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electron microscopy (TEM), and energy-dispersive x-ray spectroscopy (EDS or EDX).
More detailed information of these instruments are presented below.

Figure 2.2: Sketch showing examples of different working principles of the analytical
techniques. The use of these instruments provide complementary information on the
mechanisms of ion-matter interactions, enabling better fundamental understanding of the
physics behind.

Section 2.2.1: Optical Microscopy (OM)
The optical microscope was used as the first probe to examine materials conditions
before and after processing. OM is also used for the inspection of the dimensional accuracy
of the fabricated device including PPLN and thin-film modulator. The model in the lab is
Olympus VANOX-T. The spatial resolution is on the order of the wavelength of the
illuminating light source. In most cases, a broad band (white light) source was used. This
microscope is equipped with Olympus CCD camera, which is controlled by the software
MicroSuite (TM)-Basic for different imaging capture conditions, including the exposure
time and white balance, and post-capture analyses, such as the measurements of arbitrary
length and area in the region of interest. Different color (RGB) filters and polarizers are
also equipped for the enhancement of optical image for different purposes
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The objectives with different magnifications used in the experiments include: 1.5ä
(N.A. = 0.04), 5ä (N.A. = 0.13), 10ä (N.A. = 0.30), 20ä (N.A. = 0.46), 50ä (N.A. = 0.80),
and 100ä (N.A. = 0.90). The depth of field (D: the portion of the specimen which is in
focus) of the objectives in air (refractive index n = 1) are: D ~ 2.4 m for 20ä piece, D ~
0.8 m for 50ä piece, and D ~ 0.6 m for 100ä piece.

Section 2.2.2: Atomic Force Microscopy (AFM)
AFM was used for the inspection of changes in surface morphology after sample
processing. Examples are changes in the topography of CIS film after lift-off and surface
exfoliation/blistering resulted from shallow light-ion implantation and heavy-ion
implantation. The AFM model in the lab is a Veeco/Digital instrument (now Bruker)
Multimode SPM (scanning probe microscope) with a Nanoscope III controller. The scan
was operated mainly in contact mode at ambient condition. The working principle of AFM
is that different interactions between the tip and the sample results in different displacement
between the two, so too will the reflection of the laser beam on the AFM tip. Such
information of different degrees of laser beam deflection at different sample locations is
thus recorded in the photodiode and translates to the surface morphology after signal
processing.
Since LiNbO3 is a dielectric material (insulator), conductive AFM tips
(manufacturer: EFM-10 from NanoWorld) were used to avoid charging effect on the
surface. Tips are coated with platinum iridium5 (PtIr5) on both sides. The specifications of
the AFM cantilever include the tip radius < 25 nm, force constant ~ 2.8 N/m, and resonant
frequency at 75 kHz.
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Section 2.2.3: Micro-Raman Spectroscopy (Raman)
Micro-Raman spectroscopy was used to probe the activities of phonon-vibrational
modes. In the experiments, we mostly looked at Stokes Raman scattering. The working
principle is that the input laser light transfers its partial energy to the excitement of phonon
vibrations in the materials, resulting in the energy of the output laser photons being shifted
down. Such a shift in energy is characteristic for different vibrational modes of the
materials. By recording this change in photon energy, recorded as Raman shift, specific
kinds of lattice vibrational behaviors are thus obtained. Raman shifts are typically reported
in wavenumbers. In mathematical expression:
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For a material to be Raman active, non-zero derivative of the material polarizability
(average electric susceptibility) must be present. Thus, Raman tensors are used for different
groups of materials to express such selectivity. For lithium niobate, the Raman tensors are:
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Once the incident and scattered electric field polarization vectors are chosen, the
intensity of the active Raman signal is thus theoretically determined. For communication,
this is usually expressed using Porto notation. The information of the materials that can be
extracted from Raman spectroscopy is exemplified as follows and these properties are
discussed in the following chapters:
(a) Characteristic Raman peaks  composition of material
(b) Peak position (shift)  strain/stress states
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(c) Peak width  quality of the crystal
(d) Peak intensity  amount of the material
Note that throughout the research, different sample probing geometries are used
and thus different selection rules need to be carefully chosen. The results obtained from
different configurations are discussed in the following chapter. In addition, for the direct
depth probing (Z-scan), an optical correction factor must be applied to obtain the true
depth. In particular, in our measurements, we directly measured the movement of the stage
and then applied a correction factor due to refractive-index alteration of the beam focus in
the crystal in order to measure the actual depth inside the sample. For LiNbO3, the
refractive index at 532 nm (the excitation laser wavelength used most in the research), as
given by Sellmeier equation, of LiNbO3 is ~2.3, which means that, by a Gaussian raytransfer matrix calculation, the actual probed depth was ~2.3 times larger than the measured
position of the Raman microscope Z-stage. Here a quick analysis of this correction factor
is provided using beam optics.
Finally, the specifications of the Raman probe used in the research is provided
below. For our Raman probing, a Renishaw Invia Raman microscope was used. It consisted
of different diode-laser-based laser light sources, including 405 nm, 532 nm, 633 nm and
785 nm wavelengths for different purposes. In our experiments, mostly 532-nmwavelength with ~2.7 mW power was used as the excitation source, along with a computer
controlled X-Y-Z stage. The beam was focused by a 100× microscope objective, NA =
0.85 using a confocal pinhole alignment to a spot size of ~1 μm. The experiments were
performed in a backscattering geometry.
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Assume that as the sample stage moves by d1, light travels by d2 in medium
(1)
(2)
(3)

Assume light is focused on the sample surface initially:
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Section 2.2.4: Rutherford Backscattering Spectroscopy (RBS/C)
Rutherford backscattering spectroscopy in channeling geometry was used to
determine material structure and composition by detecting the yield (counts) of the
backscattered probing ion (usually helium) impinging on the sample. If defects are present
in the material, the backscattered yield will therefore increase. By recording the
backscattered helium energies (channels), we thus know the depths of where defects locate
by using the following mathematical expression:

 dE

KE0  E1  E  

 dx
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)  x  S x ,
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dx out cos  2 

Where Eo and E1 are incident and backscattered projectile energies, respectively, 1 is
incident angle (~0o),  2 is backscattered angle (~10o), and S is the energy loss factor. If we
assume that our stopping power

dE
is essentially constant and using the symmetrical
dx
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mean energy approximation, i.e., Ein  ( E  E0 ), Eout  ( E1  KE ), and E ~ Eo  E
2
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2
. K is kinematic factor, defined as the energy ratio between the incident and backscattered
ion. In mathematical expression:
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For example, if we are looking at Nb sublattice (M ~ 93 amu) using He probing (~4
amu), then K ~ 0.84. Note that if the material is amorphous, the backscattered yield will
reach that of the signal in random orientation. For our RBS/C measurements, incident
energies of the helium probe are from 2 – 4 MeV to investigate defects at different depths.
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Our RBS/C probing experiments were in collaboration with Prof. Hassaram Bakhru at
College of Nanoscale Science and Engineering, State University of New York at Albany,
and Dr. Vaithiyalingam Shutthanandan at Environmental Molecular Sciences Laboratory,
Pacific Northwest National Laboratory.

Section 2.2.5: Scanning Electron Microscopy (SEM)
SEM is heavily used throughout the research for high-resolution characterization
of sample qualities. The model used was Hitachi S-4700 FE-SEM. The electron gun is cold
cathode field emission type. The accelerating voltage is varied from 0 to 30 kV in 100V
steps, with low magnification modes from 20ä to 2kä and high magnification mode from
100ä to 500kä. A beam of electrons interact differently depending on the topology of the
sample and the atomic weight of the atoms on the surface, resulting in variations in signal
strength of backscattered and second electrons. With the proper detectors, the topological
image of the surface can thus be formed.
For non-conducting material (e.g. LiNbO3), a thin metallic layer is usually coated
on the plane of interest first to avoid charging effect. In our case, several nanometer-thick
gold/palladium (Au/Pd) alloy was used using Cressington Sputter Coater. A 30 kV
accelerating voltage with 20 A emission current and a ~12 mm working distance were
common parameters to acquire clear images. Different specimen holders (0-degree and 45degree) were used to investigate the samples from different angles (top and side views).
Features of ~100’s nm can be obtained in LiNbO3 sample.
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Section 2.2.6: Transmission Electron Microscopy (TEM)
TEM was used to study the detailed interaction mechanisms of light- and heavyion bombardment in LiNbO3 crystal at atomic scale. The model used in the research is a
JEOL JEM-2100F field emission electron microscope, featuring ultrahigh resolution and
rapid data acquisition. It was operated at 200kV with the highest magnification at 500kä.
The processes of image acquisition and sample preparation were assisted by Dr. Lihua
Zhang and Kim Kisslinger in CFN (Center for Functional Nanomaterials) at BNL
(Brookhaven National Laboratory). The electron-transparent (<100 nm in thickness)
material was prepared by focused-ion-beam (FIB) in-situ lift-out (INLO) technique to form
a wedge-like structure with the thinnest region <20 nm.
Different features are also equipped in this electron microscope, including scanning
TEM (STEM), energy-dispersive X-ray spectroscopy (EDS), electron energy loss
spectroscopy (EELS) and CCD-cameras. Different operating modes were used, such as
high-resolution TEM (HRTEM) to study lattice structure from phase contrast, HAADF-

Figure 2.3: Examples of the capabilities of TEM electron microscope JEOL JEM-2100F in
CFN at BNL.
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STEM (HAADF: High Angle Annular Dark Field) to study compositional change from Z
contrast. Some examples of the capabilities of the TEM/STEM are provided in Fig. 2.3.

Section 2.2.7: Energy-Dispersive X-ray Spectroscopy (EDS / EDX)
EDS or EDX is an analytical technique for elemental and compositional analysis.
In our experiments, this method relies on the interaction of the incident electron beam of
X-ray excitation and the sample. The incident high-energy electron beam excites an
electron from inner shell and ejects it, creating an electron-hole pair. An electron from an
outer shell fills the core hole, and the difference in energy between the two shells is released
as the form of an X-ray. The energy of the X-ray is characteristic of the atomic structure of
the element. Thus by measuring the emitted X-ray energy via the energy-dispersive
spectrometer, the elemental composition in the specimen can be obtained.
In our experiments, EDS was used to determine the distributions of heavy ions (Fe)
after they were implanted into the material. This method was also used to determine the
remnant composition of the heavy ions (Fe or Ar) after selective etching at irradiationinduced amorphous regions.
Finally, a set of sketches and photographs of the instruments are demonstrated to
summarize different mechanism of the probing methods used in the research.
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Figure 2.4: Sketches showing different working principles of the analytical techniques used in
our experiments. The use of these instruments provide complementary information of the
mechanisms of ion-matter interactions, enabling better fundamental understanding of the
physics behind.

Figure 2.5: Photographs of the analytical instruments used in the thesis research. The
accessibility to these tools include the use at Columbia, SUNY Albany, BNL and PNNL.
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CHAPTER 3
Materials Processing Methods Advanced During Thesis
This chapter discusses several important aspects and techniques of materials
processing in order to fabricate a practical device. Examples of these aspects include a
controllable poling technique to make periodically poled lithium niobate (PPLN) as a
frequency converter, crystal ion slicing (CIS) to make a freestanding electro-optic (EO)
thin-film modulator, wafer bonding for the demonstration of sub-micrometer thick bonded
single-crystal thin film, and irradiation-induced selective etching behavior for highresolution patterning. We will discuss these methods in the following sections.

Section 3.1: Ferroelectric Poling
Periodically poled lithium niobate (PPLN) has been used over the past few years
for a variety of (2) tunable photonic devices, such as prism scanners and frequency
converters [1, 2]. However, during the ferroelectric poling process, it was found that
pinning by the intrinsic defects alters the direction of the domain growth. Thus, the poled
domains expand and merge away from the well-defined electrode edges, limiting the
precision of the designed pattern and inhibiting the poling resolution for these devices. In
addition, a higher tangential electric field (in parallel to the surface) from the stronger
applied external voltages in thicker samples also results in more severe domain broadening.
Figure 3.1 are Matlab simulation using finite difference method (FDM) to demonstrate
such fringing-field effect with different sample thickness. To overcome such undesired
broadening event, one potential method is to use thinned material. In this project, we
investigated the required poling voltage as a function of different sample thickness and
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inspect the poling-induced domain broadening factor. It was found that the domain width
tracks a reduction in poling voltage in a linear manner until the width of the domains
reaches a constant value determined by the films’ surface condition. In particular, our
measurements show clearly a linear relationship between poling voltage and sample

Figure 3.1: Matlab FDM simulations showing the electric field distribution and intensity with
two kinds of capacitance thickness. Such simulations are used to demonstrate the effect of
different strength of fringing field from different capacitance thickness, resulting in different
poling activities on different LiNbO3 thicknesses. In (a), strong fringing fields are seen at the
edges of the capacitance (LiNbO3 dielectric). In (b) and (c), the voltage and thickness are set to
be 10 and 1 units, respectively. In other words, the magnitude of the electric field is fixed for
both cases. It is clear that for thinner capacitance (thinner LiNbO3 sample), the field is more
confined in the designated electrode regions, potentially yielding a higher fidelity of poling
pattern than for thicker samples.
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thickness from 500 to 80 μm. In the following, we will first show the study of the poling
voltage dependence on sample thickness; subsequently, we will also show a practical
application using PPLN for second harmonic generation (SHG).

Section 3.1.1: Poling Activity on Different Sample Dimensions
A set of congruent LiNbO3 samples were first polished on Z+ side (the side where
the photoresist pattern would be afterwards defined) to the desired thickness with an optical
finish (Allied High Tech diamond lapping film with graded diamond particles down to 100
nm). Subsequently, the thinned materials were annealed in a furnace at 600oC for 10 hours
with a ramp of 3oC/min to release any polishing-induced strain built in the samples.
Photolithography (with photoresist Shipley S1811 or S1818) was performed afterwards to
define the electrodes of interest, followed by hard baking to strengthen the cross-linking of
the photoresist polymer. Once the electrodes were constructed, the poling activity was
performed using LiCl(aq) as conductive solution. The poling voltage and the corresponding
voltage waveform were controlled by a home-built LabView programming. The ramp of
the voltage was applied slowly until the poling activity was observed, revealed by the
generation of poling current. After poling, samples were cleaned in piranha (a mixture
solution of sulfuric acid and hydrogen peroxide with the ratio 3:1), followed by etching in
49% HF (hydrofluoric acid) for several minutes to reveal the domain structures. Figure 3.2
shows the results of the dependence of poling voltage on the sample thickness. It was found
that from 500 μm thick down to 80 μm, a linear relationship was found, corresponding to
a coercive field of Ec ~ 23 kV/mm. In addition, the domain broadening along the
crystallographic axes were found in the 500-μm-thick sample, but not observable in the 8031

μm-thick one, see Figure 3.3. As the sample is thinned beyond a thickness of < 80 μm,
however, the conditions of surface quality and the post-polish annealing condition play a
major role of the poling activity. Higher voltages were required to achieve poling; the
poling activity was easily terminated due to the presence of surface defects, resulting in the
formations of nucleation sites, see Figure 3.4.

Figure 3.2: The poling voltage shows a linear dependence on sample thickness in the range of
500 μm down to 80 μm. In this range, a coercive field of Ec ~ 23 kV/mm was observed.
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Figure 3.3: Poling activity of different sample thicknesses. In (a), a 500-μm-thick sample was
used, while in (b), a ~80 μm-thick sample was used. The two samples were originally defined
with the same photoresist pattern (boxes). After poling, the domain expansions along the
crystallographic axes were observed for the 500-μm-thick sample (the additional triangle
domains), while for the 500-μm-thick one, the box patterns were maintained, indicating the
broadening can be effectively suppressed in thinner samples.

Figure 3.4: Photographs showing that if sample thickness is lowered below 80 μm, the surface
conditions of the polished samples apparently affect the poling activity. In (a), a ~35-μm-thick
sample was used. As can be seen, scratches introduced during polishing inhibit the poling,
indicated by the white arrow. In addition, stronger fringing fields at the edges of the patterns
show the partial poling results, indicated by the yellow arrow. In (b), poling on CIS film (~10μm-thick) were attempted; however, non-optimized surface conditions yield only partial poling
activity with the formation of nucleation sites.
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Section 3.1.2: PPLN for Second Harmonic Generation (SHG)
To have efficient SHG signals using bulk uniaxial crystals, phase matching
conditions must be met. However, these conditions are not always easy to meet. An
alternative is to use quasi phase matching (QPM). This is achievable through the periodic
domain engineering of the nonlinear crystal. One way to achieve such domain engineering
is via poling, and hence the formation of PPLN. The magnitude of the grating vector
introduced to the material due to the periodic structure is determined by the wavelength for
conversion. In addition, in order to further perform electro-optic tunability, a duty cycle of
25/75 instead of 50/50 between the poled and unpoled region in one period must be used.
A calculation shows for fundamental signal with wavelength at 1550 nm in telecom band,
the poled width should be ~10 m in a period of ~40 m to have efficient SHG signal at
775 nm. To be more specific, the mathematical expressions are:
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Note that the refractive indices of n1 and n2 were obtained by Sellmeier equation at
wavelengths of 1550 nm and 775 nm, respectively. Figure 3.5 shows the optical image and
the SEM picture after HF etching of such PPLN structure. Note that in order to have
effective conversion efficiency, post-poling annealing must be performed to release the
induced strain introduced during the poling process. Figure 3.6 shows the pictures before
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and after annealing at 600oC for 10 hours. As can be seen, strain profile is apparent before
annealing and is fully released after thermal treatment.

Figure 3.5: PPLN structures for fundamental signal at 1550 nm. (a) is an optical image and (b)
is a SEM picture.

Figure 3.6: Annealing releases the poling-induced strain. This step is essential in order to have
effective nonlinear conversion efficiency.

SHG was further tested. Figure 3.7 shows the generation of the second-harmonic
signal from one of the channels in the device, shown in the inset. Note that different input
fundamental wavelengths were used and a spectral bandwidth of ~85 nm was obtained for
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a fixed poling period. The fundamental sources in IR telecom bands were generated from
a tunable OPA (optical parametric amplifier) system using Ti:sapphire pulsed laser through
DFG (difference frequency generation) process. The tunability of the fundamental signals
was performed by fine-tuning the angle of incidence to the nonlinear BBO (barium borate,
BaB2O4) crystal in the system.

Figure 3.7: Intensities of the SHG signals measured with a set of different input fundamental
signals. The spectral bandwidth obtained is ~ 85 nm for a fixed poling period. The inset shows
the picture of the actual PPLN device.
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Section 3.2: Fabrication of 10-m-thick Crystal-ion-sliced
Freestanding Single-crystal Thin Film
Because of its remarkable linear and nonlinear optical properties, lithium niobate
(LiNbO3) remains a key material for many types of photonic devices, which are widely
used for applications in microwave telecommunications and data transmission [3]. Its large
electro-optic (EO) coefficients (r33 ~ 31 pm/V), excellent optical transparency in the
telecom bands (~1.30 m – 1.65 m), and its electrically insulating properties make this
crystal extensively employed in guided-wave optoelectronics. Films can be fabricated by
etching and lift off (generally ~5 – 10 m in thickness) using crystal ion slicing (CIS) [4]
or they can be fabricated using wafer bonding with “smart cut” methods (generally for
films with thickness <1 m) [5]. These thinned materials make it possible to realize
compact optical modulators with reduced size, weight, and power (SWaP) [6, 7]. In this
section, we will discuss the fabrication techniques of freestanding CIS film in order to
provide background for the fabrication of the thinner films to be discussed in Section 3.3.
LiNbO3 thin films (LNTF) were fabricated using crystal ion slicing [4]. The
congruent 500-m-thick Z-cut samples (Crystal Technology) were first implanted by He+
at 3.8 MeV with a dose of 5×1016 cm-2. The implantation process was carried out in the
presence of water cooling and with a 7-degree tilt of the sample face to the beam axis to
prevent ion channeling. After implantation, the samples were diced to the desired size
(several mm2) and the facets for optical-in and -out coupling were polished to a flatness of
~/10. Subsequently the samples were annealed at 250oC for 30 minutes for thermal
activation and then placed in a ~5% hydrofluoric (HF) acid etching bath for several hours.
Because of the high etch selectivity in the buried sacrificial layer [8], the etching results in
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exfoliation of ~10 m-thick single-crystal-LN films. Post lift-off annealing (PLA) was then
carried out in a furnace at 600oC for 10 hours in a laboratory-atmosphere ambient to remove
any residual stress [9]. Figure 3.8 uses this annealing schedule at different temperatures to
show the evolution of the releasing process of the induced strain.

Figure 3.8: Different annealing temperatures were used to investigate the releasing process of
the induced strain. The side-view optical images clearly show that the residual stress results in
bending of the film since reflected light on the substrate can be seen clearly under the film
(before CIS, left column). During PLA (after anneal, right column), the stress is released and
the film becomes planar after 600oC annealing temperature was used.

After PLA, a planar single-crystal thin film was obtained. However, on the backside
of the film (Z- side, where He+ stops originally), the HF etching process results in the
“memory” of the dislocation line defects, featuring shallow “channels” with dimensions of
~150 nm in depth and ~350 nm in width and a RMS of ~10 nm. These line features can be
38

polished away to reduce scattering loss when operated as a device. The thin-film polishing
process is shown in the next paragraph.
Thin-film polishing was performed by using a lapping apparatus (South Bay
Technology model 150) using colloidal silica as the abrasive solution. First, a wax solution
was prepared by dissolving wax (CrsytalbondTM 509 from Ted Pella) in acetone with a
weight concentration of 80 parts of acetone to 20 parts of the wax. This solution was next
spun onto the sample holder to create a uniform adhesive layer. Subsequently, the thin film
was transferred to the holder. The film was thus bonded to the holder via the coated wax
film. The holder with the bonded film was then put on a hot plate at ~130oC to drive out
the acetone solution for enhancement of bonding. After this step, the film was ready for

Figure 3.9: In (a), the micro stress-induced line features on the backside of the 10-m-thick
freestanding film can be polished away by the fine-polishing method using colloidal silica
solution. In (b), after the removal of the features, a transparent thin film can be obtained.
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the polishing. After polishing, the film could be easily removed from the holder by
immersing in acetone. The polished film was then annealed again in furnace at 600oC for
10 hours to release the polishing-induced strain. Figure 3.9 shows the evolution of the
removal of micro-stress-crack line features. A transparent thin film can be obtained after
the fine polishing.

Section 3.3: Sub-m Bonded LiNbO3 Thin Film
There has been a growing interest in ultrathin LiNbO3 thin film (<1 m in
thickness) in order to develop next-generation photonic integrated circuits, including
photonic wires and plasmonic-induced frequency converter. In addition, such an ultrathinfilm provides better compatibility to other platforms such as integrating with silicon
photonic devices. Thus, a study of the fabrication techniques of such sub-m-thick film is
needed. It has been reported [10] that using relatively low ion energies, such as 140 keV
He+ ions, for implanting LiNbO3 (LN) can result in surface blistering. Thus in the first part
of this section, a detailed risk assessment is presented to modify and optimize the sub-m
thin-film fabrication processes. In the second part, micrographs and the description of the
process conditions are provided to show the prototype of the bonded ultrathin film.

Section 3.3.1: Risk Assessment
Our risk assessment started with an atomic force microscopy (AFM) study to measure the
surface morphology of LiNbO3 samples irradiated by 195 keV He+ with a current density
of 240 nA/cm2 (stopping range Rp ~ 670 nm). It was found that dislocation line defects and
surface cracking were formed along the line defects (Fig. 3.10). In these regions, microRaman imaging experiments revealed that the crystallinity of the material was modified
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such that the active phonon mode intensities are decreased while the forbidden mode
signals are detected, see Fig. 3.11.

Figure 3.10: AFM study to show surface cracking along the dislocation line defects by 195
keV He+ implantation at current density of 240 nA/cm2.

Figure 3.11: Micro-Raman study to show the modified crystallinity as a result of the formation
of dislocation line defects.
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In addition, it was found that the fragility of the films typically increased as the
thickness was scaled down. Figure 3.12 shows an example of the SEM imaging of a ~2

m-thick free-standing thin film implanted with 1.2 MeV He+ ions; this film has obviously
cracked.

Figure 3.12: SEM imaging to show that without the bonding to a handle wafer, freestanding
LiNbO3 thin film would crack at a thickness < ~ 2 m.

The cracking observed here is due to the fact that as the He+ stopping range is closer
to the surface; with a sufficiently high dose, high built-in stress can fragment the film.
Figure 3.13 shows an example of such a fragmented film via an SEM picture. The sample
was irradiated with 195 keV He+ at a dose of 4ä1016 cm-2. Note that this sample was etched
in 5% HF for 10 minutes for the enhancement of the illustration of such line defects
(indicated by the yellow arrows). It is clear that highly selective etching in these defect
regions, together with the nonunifromly-distributed induced strain, will lead to the cracking
along these lines and thus inhibit the formation of large-scale (on the order of cm2) ultrathin
film. Therefore, to prevent fragmentation so as to have large-area thin films requires
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implantation at lower current density, as well as the presence of the handle substrate. To
examine this issue, four different doses (8 × 1015, 1×1016, 2×1016 and 4×1016 cm-2) and two
different beam-current densities (120 and 240 nA/cm2) were tested. This test examined the
thermal heating effect on the samples upon implantation as well as the post-implantation

Figure 3.13: SEM imaging of the side view of 195 keV He+ irradiated LiNbO3 with a dose of
4ä1016 cm-2. The irradiated sample was etched in 5% HF for 10 minutes to enhance the effect
of the dislocation line defects (indicated by the yellow arrows). It is clear that the presence of
such line defects enhances the selective etching, leading to the formation of cracked films.

Figure 3.14: Optical images to show that by decreasing both the He+ dose and its implant
current density can significantly reduce, also enhance, the formation and uniformity of the
dislocation line defects.
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thin-film split-off mechanisms. We have found that decreasing both the current density and
dose improves the uniformity of dislocation line defects. Data from these experiments is
shown in Fig. 3.14. Based on these experiments, our proposed optimum parameters use
195 keV He+ with a dose of (1.5–2)×1016 cm-2 and a beam current density of 100–120
nA/cm2. The implantation must also be performed with water-cooling. The ramp rate for
the subsequent thin-film-transfer process is slow enough (<5oC/min) for uniform and
complete exfoliation. Optical images and SEM pictures are shown below. In addition, the
use of wafer-bonding technique with thermal treatment to slice the film off is essential.

Section 3.3.2: Wafer Bonding and Thermal Treatment for 670nm-thick LNTF
Before discussing the bonding method, we investigated methods for bonding. These
included bonding studies, which involved benzocyclobutene (BCB) and SiO2 bonding.
These were investigated in parallel. For our ion process to test the bonding, we used a He+
implantation acceleration voltage of 195 keV with a dose of 2×1016 cm-2. These parameters
give an estimated implantation depth of ~670 nm.
First in order to optimize the SiO2 bonding, we characterize surface uniformity after
SiO2 deposition by PECVD and then planarized with CMP to improve wafer bonding. The
SiO2 bonding studies are very only preliminary since they were difficult to carry out on
small coupons. However our results suggested that they would be suitable for making a
tight large-scale bond.
Our second bonding approach used a BCB bonding technique first reported by P.
Gunter et al. [11]. Figure 3.15 shows examples of the initial films fabricated using the BCB
bonding method. Our results obtained thus far indicate that:
44



Shallow energy implantation can be effected.



The BCB bonding method has been developed.



Film dimensions up to 400 m × 300 m could be realized. Use of a cleaner wafer
and fresh BCB would yield bigger samples.



To optimize the split-off process needs adjustment by performing a vacuum anneal
to prevent BCB oxidation; any oxidized BCB loses its adhesive property. As
mentioned above this has now been partially explored with encouraging results.

Figure 3.15: Bonding using the polymer at Columbia. A film size of 400 µm by 300 µm can
be realized on LN substrates. The right figure shows that proper annealing can flatten the film
and make an intimate film/substrate bond.

Note that for both methods, it is important that the substrate has the same thermal
expansion coefficient (TEC) as the transferred film. Otherwise, the mismatch will result in
cracks and voids. For this reason, another virgin LiNbO3 crystal is used as the handle
substrate.
After our important tests for the above process, we elected to use an even simpler
direct thermal-bonding method to examine other aspects of the slicing process. In this
method we bring an implanted sample in intimate contact with the substrate. After a lowramp anneal to 220oC for several hours and rapid thermal anneal at 500oC for 10 sec with
a rate of 50oC/sec, LN thin film is transferred, see Fig. 3.16. Figure 3.16(a) is a cross section
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of the bonding pair. The film thickness is ~670 nm, which is in good agreement with SRIM
simulation. No visible voids or intermediate layer are observed and lattice images are
continuous at the boundary. In addition, the bonding is strong enough for cross-section
polish. This is important for further device fabrication aspect. Surface roughness (rms) of
several nm exists, as shown in Fig. 3.16(b). This roughness can be reduced by Ar+ milling
afterwards.

Figure 3.16: (a): SEM cross section view shows the film thickness is ~670 nm, which is in good
agreement with SRIM. No void is observed and the lattice image is continuous, indicating a
high-quality bonding. (b): surface roughness on the film is several nm (rms). This can be
reduced by further Ar+ milling.

Below, we summarize the fabrication processes to make ~670-nm-thick LNTF. A
flowchart of the cartoons (Fig. 3.17) is also provided.
(1) 195 keV He+ implantation with a dose of (1.5-2) × 1016 cm-2 and a beam current
density of 100-120 nA/cm2, under water-cooling condition.
(2) Clean the implanted sample and its handle wafer by standard RCA1 procedure. The
pair can only be bonded with each other under extremely clean surface conditions.
(3) Perform a low-ramp (<5oC/min) anneal in furnace for several hours to enhance the
bonding strength and the film transfer exfoliation.
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(4) Exfoliation is realized by rapid thermal annealing under a 50oC/sec ramp at 500oC
for 10 sec.
(5) Detachment of the 670nm TF from its parent crystal.

Figure 3.17: Flowchart to demonstrate the recommended fabrication process for 670nm-thick
LNTF realization.

Finally, examples of RSoft FemSIM simulation analyses are provided for potential
applications using 670nm-thick LNTF as channel waveguide. With the proper design of
channel configurations, single-mode waveguide and TE-TM mode converter can be
constructed.
(I). Fixed LNTF waveguide width (height). Relationship of the effective index and the
number of modes with the variation of the waveguide height (width):
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(II). Fixed LNTF waveguide height to be 670 nm. Different waveguide widths for Xcut or Z-cut samples for TE-TM mode converter:
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CHAPTER 4
A Micro-Raman Spectroscopic Investigation of He+Irradiation Damage in LiNbO3

Section 4.1: Abstract
Imaging micro-Raman spectroscopy is used to investigate the materials physics of
radiation damage in congruent LiNbO3 as a result of high-energy (~MeV) He+ irradiation.
This study uses a scanning confocal microscope for high-resolution three-dimensional
micro-Raman imaging along with reflection optical microscopy (OM), and scanning
electron microscopy (SEM). The tight optical excitation beam in the Raman system allows
spatial mapping of the Raman spectra both laterally and normal to the irradiation axis with
≤1 μm resolution. Point defects and compositional changes after irradiation and surface
deformation including blistering and microstress are observed in the stopping region. We
demonstrate that the probed area of the damaged region is effectively “expanded” by a
beveled geometry, formed through off-angle polishing of a crystal facet; this technique
enables higher-resolution probing of the ion-induced changes in the Raman spectra and
imaging of dislocation line defects that are otherwise inaccessible by conventional probing
(depth and edge scan). Two-dimensional (2D) Raman imaging is also used to determine
the defect uniformity across an irradiated sample and to examine the damage on a sample
with patterned implantation. The effects of different He+ doses and energies, together with
post-irradiation treatments such as annealing, are also discussed.
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Section 4.2: Experimental
Congruent Z-cut LiNbO3 wafers (Crystal Technology) were diced into 1 cm2-area
samples and irradiated by He+ ions along the crystalline Z-axis with doses ranging from
1012 to 5 × 1016 cm-2 at 1.2 – 3.8 MeV energies. During the irradiation, samples were tilted
at 7o from the Z axis to prevent channeling and the irradiating beam was raster scanned to
achieve a uniform dose. During irradiation, the samples were water cooled to avoid
overheating. Patterned irradiation was accomplished by placing a 0.5 mm-thick metal sheet
with circular openings (~500 μm in diameter) on the top surface of the sample. The mask
was attached to the sample at the mask periphery with silver paste with no hard contact in
the center. In addition, after the irradiation, selected samples (not patterned) were annealed
in a furnace at temperatures ranging from 250 – 600oC under laboratory-ambient pressure
conditions. The annealing temperature was carefully adjusted to temperatures less than
800oC such that the loss of Li and oxygen were to a large extent minimized [1]. In addition
to micro-Raman spectroscopy, which is the central technique for this work, the irradiated
samples were investigated with optical microscopy (OM) and scanning electron
microscopy (SEM).
For Raman probing, a diode-laser-based laser light source, 532 nm wavelength and
2.7 mW power, was used as the excitation source, along with a computer controlled X-YZ stage. The beam was focused by a 100× microscope objective, NA = 0.85 using a
confocal pinhole alignment to a spot size of 1 μm. The experiments were performed in a
backscattering geometry with three different optical configurations; these are shown in Fig.
4.1.

51

The first configuration was direct, top-down probing [see Fig. 4.1(a)], with the
incident light parallel to the Z-axis and the focus scanned along the Z-axis (depth scan); in
this configuration the selection rules allowed backscattering of the E(TO) (152, 236, 263,
322, 365, 432, and 581 cm-1) and A1(LO) (274, 331, 432 and 875 cm-1) phonon modes.
Note that lithium niobate is in the space group R3c and has a distorted Perovskite-type
structure. This structure should yield 13 phonon peaks for our backscattering orientation.
However, for our experiments only 10 peaks are apparent, an effect explained earlier [2]
as due to nonstoichiometric intrinsic defects in congruent LiNbO3. The Rayleigh length
was estimated to be ~2 μm. Two-dimensional imaging was also performed with this optical
configuration to study the degree of uniformity of the irradiation and, on samples with the
patterned implantation to examine the transition from the irradiated to unirradiated regions.
Using this patterned sample, the beam was scanned over a square region containing
unmasked circular regions that were irradiated. Different step resolutions were used to
probe the sample, including a 640 m × 640 m array using with 5-m steps, a 16 m ×
16 m with 0.4 or 0.2 μm steps.
The second optical configuration probed [see Fig. 4.1(b)] along the X-axis and into
an edge facet with the light perpendicular to the Z-axis and scanned along the Z-axis (edge
scan); for this orientation, backscattering of the E(TO) and A1(TO) (254, 276, 332 and 631
cm-1) phonon modes is allowed. Finally the third configuration [see Fig. 4.1(c)] allowed
interrogation of the beveled sample edges (bevel scan). In this case, the two edges of the
implanted samples were carefully angle-lapped to an optical finish so as to be aligned 5o
from the Z-axis (XY plane); because of the small angle of the beveling, the polarization
selection rules in this case were essentially the same as for the first configuration. The
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sample was polished until the defect region was fully exposed at the surface. Scanning was
then carried out with the polished planes oriented parallel to the stage. The sketches in Fig.
4.1 show clearly the three scanning directions in our experiments. Scanning was done in
increments of 0.2 μm until the beam focus crossed to >2-3 m beyond the heavily damaged
region.
Note that for the depth scan, i.e. Fig. 4.1(a), an optical correction factor must be
applied to obtain the true depth. In particular, in our measurements, we directly measured
the movement of the stage and then applied a correction factor due to refractive-index
alteration of the beam focus in the crystal in order to measure the actual depth inside the
sample. For LiNbO3, the refractive index at 532 nm, as given by Sellmeier equation [3], of
LiNbO3 is ~2.3, which means that, by a Gaussian ray-transfer matrix calculation, the actual
probed depth was ~2.3 times larger than the measured position of the Raman microscope
Z-stage.

Figure 4.1: Schematic of the three experimental orientations for our micro-Raman probing
beam: (a) depth scan from the surface into the bulk along the Z-axis, (b) edge scan along the Xaxis and (c) bevel scan along the polished side (beveled plane).

53

Section 4.3: Results and Discussion
Our experiments presented below used micro-Raman spectroscopy following
irradiation of crystalline LiNbO3 with ~MeV He+ ions to probe the location of structural
and chemical changes. Our presentation is organized so as to examine the resulting material
changes using each of the three scanning orientations discussed above and to consider each
approach in a separate section.

Section 4.3.1: Depth Scan
Figure 4.2(a) shows the marked changes in the LiNbO3 Raman spectra using the
configuration of Fig. 4.1(a), after irradiation over a range of Raman shifts from 100 to 1000
cm-1. The spectra are taken for a virgin sample, an irradiated surface, and an annealed
sample; all were made with the probe focal point positioned ~10 µm beneath the surface,
i.e. at the plane of the ion stopping range. The irradiation was carried out with 3.8 MeV
He+ ions at a dose of 5 × 1016 cm-2. In addition, unless otherwise specified, all annealing
was done at 250oC for 30 min following irradiation. Figure 4.2(b) shows measurements
made under identical conditions, but with the focal spot positioned so that the crystal
surface was sampled.
Figure 4.2(a) shows that in the stopping region, after irradiation, there is in general,
a substantial intensity loss in each of the backscattering-allowed modes of the irradiated
crystal, along with a broadening of their line shapes. In addition, after irradiation there are
also new features from 600 to 770 cm-1. More subtle changes are also apparent, including
a new high-frequency shoulder for the E(TO) 580 cm-1 peak from 600 to 700 cm-1 and a
new feature at ~766 cm-1, which is adjacent to the small intrinsic peak at ~738 cm-1; the
origin of these two new irradiation-induced features are discussed below. The 631 cm-1
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Figure 4.2: Comparison of the Raman spectra made on unirradiated (“virgin”) with depth scan,
irradiated (“after implantation”), and post-irradiation annealed (“after annealing”) samples: (a)
at the depth of the ion stopping region and (b) at the surface. Furnace annealing was carried out
at 250oC for 30 min. In (a), a shoulder is apparent in spectra between 600 cm-1 and 750 cm-1.

“shoulder” has been previously reported and attributed to damage-induced distortion of the
niobium octahedron [4], which results in changes in the Nb-O bond stretching vibrations.
Note that this A1(TO4) 631 cm-1 mode is forbidden in the pristine crystal for the optical
configuration used for this figure. Figure 4.2(b) shows that these changes are also seen in
the surface region, albeit to a lesser extent. The larger signal in the stopping range is due
simply to the fact that for light-ion irradiation, lattice damage is the largest in the nuclear
interaction region, i.e. the buried stopping range. Finally, the third spectra in Figs. 4.2(a)
and 2(b) are obtained after low-temperature annealing; the restoration of the signal toward
that of the virgin sample shows that the irradiation damage can be, in part, removed by
annealing. Annealing-induced “repair” of irradiation damage of LiNbO3 has been reported
extensively in previous measurements [5, 6]. In part this “repair” is due to diffusive
dissipation of interstitial He in a heated crystal. Figure 4.3(a) shows the spectra of the virgin
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and irradiated sample from 500 to 700 cm-1. It is clear that, after irradiation, the peak width
of 581 cm-1 mode is broadened, indicating the crystal quality is affected. However, after
subtracting their respective backgrounds, the integrated areas under the two curves are
nearly the same. This result implies that the concentration of phonon oscillators remains
largely the same after irradiation (5 × 1016 cm-2 He+ dose at 3.8 MeV). Of course there is
local destruction of the lattice particularly within the ion-stopping-range region, but due to
the finite resolution of depth scan, approximately that of the Rayleigh length of the focused
beam, i.e. ~2 μm, the average number of oscillators, over this range is relatively unaffected.
After irradiation, in addition to broadening of the 581 cm-1 phonon-mode linewidth, a
shoulder emerges with its peak centered near the A1(TO4) 631 cm-1 mode. This feature may
be seen clearly by fitting the distorted feature with two Lorentzian features, as is shown in
the inset of Fig. 4.3(a). Note that the slight shift in the fitted position (628 cm-1) of this
peak is consistent with a small irradiation-induced strain. Raman data such as shown in
Fig. 4.3 can be used to observe the variation in irradiation-induced damage versus depth.
Thus, Fig. 4.3(b) plots the change in the background-subtracted and normalized 631 cm-1
signal for an irradiated sample minus the same signal on a virgin sample as a function of
depth. The figure clearly shows a sharp increase in the signal as the probe focal point scans
into the irradiated zone, with the signal maximum occurring when the focal point is
centered in the stopping range at a position predicted by Stopping and Range of Ions in
Matter (SRIM) Monte Carlo simulations [7]. The intensity drops quickly when the focal
point is one Rayleigh length beyond the stopping region and then remains at a nearly
constant level; this signal level is the same intensity as is seen in a virgin sample. For
comparison, the inset shows the depth plot of the 631 cm-1 peak area normalized to the area
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of the active 581 cm-1 mode. Note that the maximum is also in the ion-stopping-range
region. In the figures below, we use intensity to denote either the absolute Raman intensity
or the normalized background-subtracted signal.

Figure 4.3: Examples of irradiation damage measured using the depth scan optical
configuration over the 500 to 700 cm-1 spectral region: (a) comparison of peak shapes before
and after irradiation, showing the change of the peak width and the appearance of the shoulder
in higher frequency region after irradiation; inset: example of Lorentzian peak fitting to resolve
the appearance of the normally forbidden 631 cm-1 mode besides the active 581 cm-1 mode; 3.8
MeV, 5 × 1016 cm-2 dose. (b) Plot of the intensity of the 631 cm-1 mode, in the irradiated sample
minus that in the virgin sample, after the subtraction of the respective backgrounds. Note that
there is a strong signal in the region of maximum damage or ion range; the signal drops once
the focal point of the probe beam is one Rayleigh length deeper than the defect region. The inset
shows the integrated-peak-area ratio between 631 cm-1 and 581 cm-1 phonon modes as a function
of the probing depth. It is clear that the maximum is in the ion range region.

Figure 4.4 shows the normalized intensities of the 631 cm-1 Raman mode after
irradiation in three samples, each at a different ion energy. The data shows that as the ion
energy is decreased, the stopping ranges of the He+ ions are progressively closer to the
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surface. The dotted lines in the figure give the calculated stopping ranges using SRIM
simulations; see Table 4.1. The experimental and the SRIM peak positions agree closely.
Note that the peaks widths are related to the straggle distribution at each ion energy – higher
energy ions sensibly result in larger straggle, that is, a broader peak width of the mode. A
measurement of the variation in the intensity versus depth shows that the Z-resolution of
these measurements is limited by the depth of focus of the Gaussian laser beam. The
Rayleigh length in the system is approximately ~2 μm. This limitation on depth resolution
also results in inhomogeneous broadening of the features seen with the Raman probe.
However, it should be emphasized that despite its limited resolution, depth scanning is the
quickest and easiest of the three optical configurations for examining radiation damage.
Previous research using nuclear reaction analysis in our group [8] has shown that
irradiation can result in a drop in lattice Li concentration in the stopping region, which
contains large concentrations of displaced atoms and He interstitials. In addition, prior
Raman experiments [9-11] have shown that the lowest frequency E(TO1) 152 cm-1 mode
is sensitive to the Li content in LiNbO3; this sensitivity plus its linear response suggests its
use as a probe of the local Li-lattice-atom concentration for our experiments. With this
information in mind, we carried out a depth scan of the irradiated region using the 152 cm1

-shifted Raman signal. Figure 4.5 shows the data from that measurement; it is clear that

the Li composition decreases after irradiation. In particular, there is a difference in the
normalized intensity between the virgin and irradiated sample. In addition, the data shows
that irradiation caused a decrease in intensity in the neighborhood of the stopping region
(see the inset); this loss is attributed in part to the loss of Li.
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Prior studies in our group and others have shown that low-temperature annealing
of an irradiated sample can alter the effects of radiation damage. Specifically, we have
shown [6,12] that during He+ irradiation, the high-density of point defects and He atoms
inserted into the crystal lattice lead to the formation of clustering of defects, including, at
high dose, He bubble formation. In fact, our earlier experiments showed that there was a
threshold Dt for which the concentration of the generated vacancy-interstitial pairs are high

Figure 4.4: Depth-profile analysis of the normalized 631 cm-1 intensity of the implanted sample
less that for the virgin sample; data obtained with depth scanning. The peaks shift toward the
surface as the irradiation energy is decreased. The dashed lines indicate the positions of the
stopping range for the three different energies as simulated by SRIM. Note that the depth read
from the scanning stage is corrected, as is described in the text, for the change in focus in the
high-refractive-index crystal.

Energy (MeV)
1.2
3.0
3.8

Ion Range (µm)
2.81
7.65
10.47

Straggle (nm)
212
359
446

Table 4.1: SRIM simulation results of ion ranges and straggle for the ion energies given in the
experiments shown in Fig. 4.4.
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enough to form a defect network. In addition, these results indicated that the He inclusions
become mobile at elevated temperatures. In addition, TEM imaging studies show that at
higher temperature (350oC), the inclusions aggregate together to form larger defects.
Avrahami et al. [13, 14] used high-resolution X-ray diffraction to reveal that He-ion
irradiation results in lattice swelling. Thus for a dose of ~ 1016 cm-2, the profile of induced
strain as a function of depth was found to approach a step-like shape with the strain
increasing abruptly at the ion range; in addition, annealing at temperatures above 200oC
was found to lead to partial recovery of the crystal lattice.

Figure 4.5: Depth profile analysis with respect to the E(TO1) 152 cm-1 Raman mode obtained
with a depth scan. For the He+-irradiated LiNbO3 (3.8 MeV, 5 × 1016 cm-2 dose), there is an
intensity drop in the stopping range and straggle region indicating that concentration of Li was
reduced.

We have used micro-Raman spectroscopy to find a dependence on dose and
annealing conditions, which is consistent with the above experiments of annealing in
irradiated crystals. In particular, after annealing of an irradiated crystal, our Raman
microprobe was used to study the 631 cm-1-mode signal versus dose and annealing
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temperature [see Figs. 4.6(a) and 4.6(b)]; the duration of the annealing process was 30 min
for all the experiments. Our experiments showed that signals from the broadband shoulder
are seen only when the dose is >1016 cm-2 [Fig. 4.6(a)]. The existence of this threshold dose
is attributed to a nonlinear dependence on the local concentration of ion-induced defects.
Insight into this threshold behavior can be obtained via earlier work by Schrempel et al.
[15]. In these experiments Rutherford backscattering spectrometry (RBS) at 1.4 MeV He+ions was used to show that for doses greater than ~1016 cm-2, the relative defect
concentration increased abruptly. This increase was explained by the formation of heavily
damaged defect clusters. Note TRIM simulation shows that a 1.5 MeV He+ irradiation to a
dose of 1016 cm-2 causes a total vacancy concentration of 1022 cm-3, or ~0.25 dpa

Figure 4.6: (a) The intensity of the 631 cm-1 feature with depth scanning vs. irradiation dose of
1.5 MeV He+ ions. A signal is seen only when the dose is >1016 cm-2. (b) Effect of annealing
for 30 minutes at different temperatures on the peak intensity of 631 cm-1 following irradiation
at 3.8 MeV to a total dose of 5 × 1016 cm-2. This change is due to annealing-induced recovery
of damage. The inset shows an Arrhenius plot of the peak intensity irradiated sample relative to
that for the virgin sample for T ¥ 250oC, which gives an activation energy of 0.32 ≤ 0.07 eV.
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(displacement per atom), thus indicating a very high degree of damage in the implantation
area at this ion fluence.
In addition, in separate experiments, the effects of annealing on a heavily irradiated
sample were examined. One example of a set of such measurements is shown in Fig. 4.6(b)
for a sample irradiated at 3.8 MeV to a total dose of 5 × 1016 cm-2. As shown in Fig. 4.6(b),
annealing reduces the intensity of the 631 cm-1 feature. The intensity of the feature, minus
that in the virgin sample, can be plotted versus the inverse energy so as to extract a
characteristic activation energy for the process. This result is shown in the inset of Fig.
4.6(b); the plot shows an Arrhenius-like behavior with Ea = 0.32 ≤ 0.07 eV. This activation
energy is similar to the value measured by XRD [14] of Ea = 0.32 ≤ 0.03 eV. This similarity
suggests that the emergence of the mode is related to swelling of the lattice spacing after
irradiation. More generally these results show that annealing can enable recovery of the
crystalline quality of heavily irradiated crystals.
We now address the other modes seen in Fig. 4.2. Kong et al. [16] reported that for
nonstoichiometric LiNbO3 crystals, a weak Raman peak is present at ~738 cm-1 Raman
shift due to the formation of an ilmenite-defect phase. This same feature is seen in our
measurements of the virgin sample and is unchanged in the irradiated and annealed
samples, as is seen in Fig. 4.2; this peak is enlarged in Fig. 4.7 and fit to a Gaussian profile.
Note that for this spectral feature, a Gaussian lineshape fits better than a Lorentzian profile,
a result expected given the more inhomogeneous distribution of the intrinsic defects in
congruent LiNbO3. In ion-irradiated samples, a new peak is seen for a ~766 cm-1 shift, only
when the dose is above the threshold (~ 1016 cm-2). Its intensity, determined using the curve
fitting shown in (a), decreases with annealing, as shown in (b). The activation energy for
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annealing, as ascertained by the decrease of this peak with temperature, is Ea = 0.30 ≤ 0.05
eV. This value is consistent with that determined above in Fig. 4.6, suggesting again the
emergence of this mode is also related to irradiation-induced inhomogeneous lattice
expansion.

Figure 4.7: (a) Raman spectra of a defect mode in nonstoichiometric LiNbO3 at ~738 cm-1,
which is attributed to an ilmenite-like stacking defect in the virgin sample, and an irradiationinduced mode at about 766 cm-1. The sample was irradiated by 3.8 MeV He+ to a dose of 5 ×
1016 cm-2. For comparison, the inset shows the 738 cm-1 mode in the pristine sample in the
absence of irradiation. The points are the experimental data and the curves are Gaussian fits
after a linear background is subtracted. (b) Effect of annealing for 30 minutes at different
temperatures on the recovery of damage of the peak intensity of ~766 cm-1 (shown by the arrow).
The spectra have been vertically displaced for clarity. The activation energy of the annealing
process is Ea = 0.30 ≤ 0.05 eV.

In addition, 2D Raman mapping was utilized to image the damage distribution in a
sample with patterned irradiation. To carry out patterning, a 0.5 mm-thick metal sheet with
circular-grid openings was placed on the sample top surface so that only the circle regions
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(with diameters of ~500 m) were exposed to the He+ irradiation (3.8 MeV energy and 5
× 1016 cm-2 dose). Figure 4.8(a) shows an optical image of the irradiation pattern, with the

Roman numerals (I) and (II) indicating the regions that are irradiated and not irradiated,
respectively. Figures 4.8(b) and 4.8(c) are examples of 2D Raman image maps of the
allowed (875 cm-1) and forbidden (631 cm-1) modes, taken at the depth of the stopping
region, i.e. ~10 m. As discussed previously, the crystallinity of LiNbO3 is damaged in the
irradiated regions such that there is an intensity loss for active modes and a gain for the
normally forbidden modes. In the unirradiated, masked regions, the crystal quality remains
unaffected and thus only the active modes dominate. This behavior results in the highcontrast maps shown in the figures.
A second set of 2D images of the irradiated regions, denoted by (I) and having even
finer resolution over a smaller scan distance, were taken at several locations to examine the
uniformity of the implantation process. These results show high uniformity of radiation
damage based upon the measured standard deviation of the signal intensity. For example,
Figs. 4.8(d) and 4.8(e) show a set of typical Raman images from a square of 10 μm × 10
μm with a 0.4- μm-step resolution, which were collected using the 875 cm-1 active and the
631 cm-1 normally forbidden modes. It is clear that when the scan area is away from the
implantation boundary, the signals from irradiated regions are uniform, with a standard
deviation in the normalized intensity of ~0.010 for the 875 cm-1 mode and ~0.015 for the
631 cm-1 mode, respectively. These results indicate that the patterned implantation process
is in general uniform.
Figure 4.8 also shows that the shapes of the Raman images conform well to the
overall irradiated pattern. Our Raman probe can also be used to examine the details of the
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boundary region at the edge of the masked regions. A higher resolution area mapping of a
16 m × 16 m square region was carried out. The Raman imaging using the 875 cm-1 and
631 cm-1 modes is displayed in Figs. 4.9(a) and 4.9(b); (c) is a line scan across the edge of
the mask, as indicated by the arrows in (a) and (b). Region (I) is irradiated while region (II)
is masked. In addition, we notice that in the region with smaller higher resolution, a
transition region is apparent near the boundary, as denoted by (III). We attribute this
transition region to the masking procedure for this patterned irradiation. The lack of full

Figure 4.8: 2D Raman images showing the intensity variation of two Raman modes after
irradiation of a masked sample. The patterning of the ion beam (3.8 MeV He+, 5 × 1016 cm-2
dose) utilized a shadow mask consisting of a metal circular grid affixed to the sample. The
optical image (a) labels the regions being with or without irradiation (regions I and II,
respectively). The inset box indicates the region where the Raman imaging was carried out. In
(b) and (c), the Raman maps were analyzed using an allowed (875 cm-1) and forbidden mode
(631 cm-1). In the irradiated regions the signals of active modes decrease while the forbidden
modes are “turned on”, respectively, due to irradiation-induced crystal disorder. In (d) and (e),
a finer and smaller scan was performed and the results show that the patterned implantation
process was uniform.
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adhesion of the mask to the surface results in a gradation in the irradiation damage in the
boundary region. In addition, in this region He+ scattering from the mask edge also
contributes to a ~4 % increase in the radius of the irradiated region compared to the radius
of the mask opening.

Figure 4.9: Fine spatial resolution of Raman mapping of a defect region in a patterned sample.
Panels (a) and (b) show 2D scans of the active 875 cm-1 and normally forbidden 631 cm-1 modes,
with scan step of 0.4 μm, respectively, while (c) is a line scan across the boundary, as indicated
by the arrows in (a) and (b), with a scan step of 0.2 μm. From (c), it is clear that the signals of
the two modes decrease/increase within a specific width of the boundary, denoted by (III) in (a)
and (b), and stay uniform outside the transition regions, marked by (I) and (II). The data have
been normalized with respect to their maximum values.
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Section 4.3.2: Edge Scan
Radiation damage was also probed via scanning across an end facet, using the
geometry shown in Fig. 4.1(b). A different set of selection rules applies for this optical
configuration as compared with those used in the depth-scanning configuration. Figure
4.10 shows representative Raman spectra from the near-surface region, at the position of
the ion stopping region and at a point deep within the virgin region of the crystal; the
locations are specified in the optical image to the right of the spectra. Examining first the
A1(TO4) 631 cm-1 mode, its peak intensity weakens and broadens as the scan probes close
to the region of expected irradiation damage. Note that this mode shows some evidence of
a red shift as the beam is scanned closer to the heavily damaged region; this shift is

Figure 4.10: Raman spectra obtained from an edge scan at three depths from the surface: in the
near surface, at the ion stopping region, and deep in the bulk, where there is a negligible effect
of irradiation (shown in the optical image to the right). The sample was irradiated by 3.8 MeV
He+ with a dose of 5 × 1016 cm-2. Note the intensities of the active modes drop and the appearance
of a shoulder in the 800 to 900 cm-1 region.
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tentatively attributed to strain. From 800 to 900 cm-1, additional spectral features emerge
when the beam interrogates the sample close to the stopping range. These features appear
to originate from irradiation-induced activation of the A1(LO) mode at 875 cm-1, which is
forbidden for the perfect crystal in this beam configuration. A contribution from the E(LO)
forbidden mode at 880 cm-1 is also possible, although its effective Raman scattering cross
section is much less than that of the A1(LO) 875 cm-1 mode [17]. The observation of this
band was previously briefly noted by Kostritskii et al. [18].
The change in the Raman signal with distance along the scan direction is seen in
Fig. 4.11. In particular, the plot shows the peak intensity of the irradiated sample minus
that of the unirradiated sample for the E(TO1) 152 cm-1 and A1(TO4) 631 cm-1 active modes
and the A1(LO) 875 cm-1 forbidden mode versus distance. It is seen that irradiation results
in the rise of the previously forbidden modes and a decrease in the signal of the active
mode, with the maximum/minima of this effect occurring at the stopping range (~10 μm).
It is useful to compare the data obtained using this geometry with the results
obtained by depth profiling from the top surface. For our data measured when scanning
across the end facet, the spectral widths are narrower, due to the narrow width of the
stopping region, i.e. ~0.5 μm, and the higher spatial resolution possible in this case. This
higher spatial resolution is possible given the 0.5-1 μm spot size of laser as compared with
the ~2 μm Rayleigh length, which determines spatial resolution for scanning along the Z
direction. In Fig. 4.11, it is clear that the profiles have much longer “tails” toward the
surface than is predicted from the negative skew [19] (i.e. the most probable depth of He+
ions is greater than the mean depth) obtained from SRIM simulation. Thus for the data in
Fig. 4.11, with irradiation conditions 3.8 MeV and 5 × 1016 cm-2 He+ dose, the calculated
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full width of the ion distribution is ~ 1 μm. Our data, however, show an effective width of
~3 m due to this tail. Jamieson et al. [20] also observed this same long-tail phenomenon
in diamond. The origin of this apparent extension of the damaged region toward the surface
that is far greater than that predicted from SRIM is unclear at present. Irradiation-induced
strain could lead to this effect and measurements of shifts in the Raman spectra indicate
that some strain is present. But the fact that the normally allowed mode (631cm-1) is
strongly quenched would suggest that more than strain is present.

Figure 4.11: A plot of signal versus distance using scanned distance from the edge of the top
surface for three modes. The sample was irradiated by 3.8 MeV, 5 × 1016 cm-2 He+ doses. For
all three curves the maxima or minima of the intensities (relative to those in the virgin sample)
occur at the position of the ion range, which is a depth of ~10 m (shown in dashed line).

Section 4.3.2: Bevel Scan
To detect the lateral variation of damage with higher spatial resolution, we
examined irradiated samples with a beveled top edge (5o off the XY plane) using the
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configuration of Fig. 4.1(c). This off-cut orientation is useful since it allows spatial
spreading of the relatively narrow, i.e. 0.5–1 μm, stopping region across an oblique shallow
angle, thus expanding the stopping region over a ~10× larger spatial scale. Thus for a finite
beam size, which is larger than the stopping region, this oblique cut enabled higher
resolution of the stopping region. Note that a beveled structure is commonly used also in
semiconductor materials to study narrow-width doping concentration profiles [21]. Figure
4.12 shows an optical and SEM micrograph showing the defect network at the stopping
range using a beveled sample. In addition, previous work using TEM in our group [6, 12]
has shown that ion irradiation produces dislocations along the Z axis. The SEM image in
Fig. 4.12 shows that the extended parts of the line defect at the Z+ surface, shown in the

Figure 4.12: The optical images (left) and SEM picture (right) show the defect network in the
stopping range. The sample was irradiated by 3.8 MeV He+ to a dose of 5 × 1016 cm-2. This
implant energy gives a projected range Rp~10 μm. Our optical image on the beveled plane shows
the distance of the defect network to be ~115 μm from Z+ surface edge to the deepest extent of
the stopping region, which agrees well with SRIM calculation of the stopping range (10 μm *
csc(5o) ~ 115 μm).
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optical image, are actually buried below the surface, and the width of the damaged region
is in accord with the straggle in the ion stopping distribution in the damaged layer. Before
examining irradiated LiNbO3 samples, the micro-Raman spectrum of the 5o-polished plane
of an unirradiated sample was compared to that from the XY plane. This experiment
determined that these spectra (not shown) are identical, thus indicating that the polishing
process and the small angle bevel do not perceptibly affect the Raman spectra.
A scan was then made along the beveled surface and the peak intensity of the 631
cm-1 mode (normally forbidden mode) measured as a function of distance laterally across
the polished plane of an irradiated sample (3.8 MeV, 5 × 1016 cm-2 He dose). These data
are displayed in Fig. 4.13 as the difference in the intensities of the irradiated and virgin
samples. Note that as anticipated the beveled geometry with its small slant angle should
cause the damage region to be spread out over a larger scan distance, i.e. it is spread by
csc(5o) ~ 11.5, to a scan distance of ~11.5 μm, which is in close agreement with the
measured FWHM ~ 10 μm, see Fig. 4.13(a). The profile is asymmetric, as is expected given
the large tail extending toward the surface described above. Note that the data in Fig.
4.13(a) contain four additional peaks; the origin of these four peaks is discussed in the next
paragraph.
Prior research on ion-irradiated LiNbO3 has shown that line defects are obtained
after ion irradiation [6]. This research has shown that in addition to line defects,
meandering line defects connecting the straight ones are also observed after mild thermal
stressing. These line defects are distributed within a planar layer in the straggle range. In
our experiments, these defects are readily seen in our thinned stopping regions. In the
immediate region of the sample used to obtain Fig. 4.13(a), no obvious line defects were
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apparent; although they were observed in optical microscopy of the neighboring regions;
see the inset image in Fig. 4.13(a). The stripe, emphasized by added dashed lines in the
image, indicates the “spread-out” damaged region (~10 μm) on the beveled plane, while
the red arrow line is the probe-beam scan direction. The average spacing of the curved lines
is ~5 μm, as marked by the black arrows in the inset optical image. Again, note that the
location and the direction of the scan were carefully chosen such that they did not cross
obvious dislocation lines. In Fig. 4.13(a), besides the broad peak from the damaged region,
there are four additional spatial peaks marked by green arrows. These peaks are most likely

Figure 4.13: The intensity of the 631 cm-1 mode of the irradiated sample, relative to that from
the virgin sample, as a function of lateral position, using a bevel scan. (a): the scan direction
was carefully chosen such that no obvious dislocation line defects were crossed. Note that the
width of the heavily damaged stopping region is now spread over 10 µm due to the beveled
edge. The two black arrows in the inset optical image indicate positions of typical dislocation
line defects; the relative widths of these features are discussed in the text. (b): Besides the broad
peak from the spatially spread-out damaged region, three additional spatial peaks (A, B and C)
are observed. These narrow peaks occur when the scan crosses a line defect as a result of
changes in the sample crystallinity in this region.
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due to the buried meandering lines, as the spacing between the rightmost and leftmost two
peaks corresponds well to the separation seen in the optical visible lines (i.e. ~5 μm). Thus,
the arrows in the figure indicate where these meandering line defects are located. Notice
that use of the Raman probe allows ready detection of defect lines, which are otherwise
unobservable by visible light microscopy. Also due to the shallow-angle beveled edge, the
spatial resolution and the structure of the line defects is enlarged.
These line defects can lead to strong micro-Raman signals and thus one must take
care in interpreting the spectral signal in the presence of these defects. For example, Fig.
4.13(b) shows the result from a line scan in the region where the defect lines were clearly
defined in visible microscopy. A broad peak from the spread damage and another three
sharp spatial peaks (A, B, and C) were seen, with these three peak positions corresponding
to the lines labeled with the letters in the inset image. Unlike Fig. 4.13(a), the Raman
signals from these obvious line defects are so strong that the information from the broad
straggle region is obscured. By fitting the peaks with Gaussian profiles, one can extract the
width of the straggle region; this value agrees well with the width obtained in Fig. 4.13(a),
taking into account the direction of the scan. The stronger signals from the lines indicate
the crystal quality changes significantly in those regions. Note that spatial feature B has
the highest intensity. This high intensity is a result of the partial exfoliation in this region
of the surface; as will be explained in the next paragraph.
One potential difficulty with the off-cut angle-polishing approach is that in a
heavily irradiated sample there is possibly distorted edge surface region. The distortion in
this narrow region is due to the blistering and micro-cracks, which are known at high
irradiation doses. Thus Primak [22] pointed out that at a dose of ~1016 cm-2, surface
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deformation and destruction were observed on the stopping plane when using lower energy
ions than in our case, i.e. 140 keV vs 3.8 MeV. In our experiments, when the dose is above
1 × 1016 cm-2, exfoliation occurs on the polished plane, while surface quality of the XY
plane remains as seen in optical microscopy, see panels (a) and (c) in Fig. 4.14. Since this
damage concentration is high, surface crazing readily appears in the stopping range upon
polishing; this effect is seen clearly in (c). Presumably due to the stress in the damaged
region, heating of the irradiated crystal can lead to additional damage. Thus panels (b) and
(d) show that after further annealing additional micro-domains become apparent (see [8])
in the top view (XY plane) of panel (b) and in addition, the incipient exfoliation in panel
(d) has progressed noticeably.

Figure 4.14: Optical imaging showing the effect of annealing at 250oC: (a), (b) are top views
(XY plane: [22]) while (c), (d) are planes of beveled region. Figures (a) and (c) were taken
before annealing, while (b) and (d) were taken after annealing.
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The change in morphology in the polished region can lead to major changes in the
overall Raman spectra and result in spurious effects. For example, Fig. 4.15 shows the data
taken at four focal point locations on the surface: A, B, C, and D; see the optical image and
schematic for beam/sample geometry. A is the point on the tip of the blistering while B and
C are spaced by 0.5 m. D is the furthest point from the stopping range, ~5 m. It is clear
that the spectra are very different. First, the spectrum at point D resembles that collected
from the top-down scanning method: the E(TO) and A1(LO) modes are observed via the
appearance of weak shoulders from 600 to 700 cm-1. As the Raman probe scans close to
the ion range (points C and B), the A1(TO) mode signals also appear, with the intensity
being highest at edge (point A). The inset in Fig. 4.16 contains an image of the spatial

Figure 4.15: Micro-Raman spectra on an irradiated sample by scanning on a 5o beveled polished
plane. The optical image shows the location of the probe beam focal point. In going from point
D to B the probe successively probes regions of greater ion-beam irradiation. Note that the data
obtained at point A is distorted by local light guiding/coupling into the partially exfoliated
region.
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distribution of the A1(TO4) 631 cm-1 mode obtained in the neighborhood of the stopping
range. This analysis indicates that the 631 cm-1 mode intensity is the greatest (shown in
green) along the edge of the exfoliated region and that it decays quickly once the scanning
moves off of this edge region. We attribute this high intensity to the strong crystal disorder
in the ion stopping region, as mentioned above. But, in addition, we also note that in this
region of the crystal we expect additional light coupling and some degree of local light
guiding of the probe beam. In particular, due to the blister-induced raising or exfoliation of
the crystal edge local light guiding can occur; see the lower inset in Fig. 4.16. This effect
may alter the local light/crystal coupling and give rise to additional modal structure such
as the appearance of A1(TO) modes.

Figure 4.16: Micro-Raman area mapping in the neighborhood of the stopping range. The 2D
intensity analysis of the 631 cm-1 peak (the upper inset) indicates that the peak reaches a
maximum at the edge of the blister/exfoliation region and drops quickly when the beam scans
away from this region. The lower inset is an SEM imaging showing the blistering in the
stopping range of the polished plane. The raised sample edge is indicative of partial exfoliation.
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Section 4.4: Conclusions
In conclusion, we have used micro-Raman spectroscopy to diagnose and image
damage in oxide crystals following high-energy ion irradiation and have demonstrated that
it is a powerful and versatile approach. In particular, we have used vibrational Raman
scattering on He+ irradiated LiNbO3 samples to observe the effects of local damage in both
allowed and forbidden modes, local Li-atom depletion, and the spatial distribution of
damage. We show, for example, there is a threshold dosage, for which the lattice distortion
is apparent and that annealing is important for recovering the sample crystallinity.
Furthermore, we have found that complementary information can be obtained from
three Raman micro-probe configurations and preparation methods, due to their different
geometries, spatial resolution, and polarization sensitivities. Depth-dependent damage data
can be obtained most readily and in a nondestructive manner by scanning along the Z-axis
(depth scan). While this scan direction gives qualitative and useful information, it requires
no additional sample preparation, and is very suitable for in situ or real time analysis of the
degree of crystallinity during processing, it has limited spatial resolution. Scanning along
a polished or cleaved edge is an alternate approach (edge scan), but, while it permits
probing different modes, the narrow spatial dimensions on the edge compared to the laserspot size limits spatial resolution. Scanning on the beveled plane (bevel scan) provides the
best spatial resolution and information regarding dislocation line defects and surface
morphology of the irradiated sample, but the sample preparation process is, of course,
somewhat more complex and care must be taken to guard against changes in morphology
in the thinned region of the sample edge during polishing. Finally, we have shown the
utility of 2D imaging in probing the resolution of a patterned, irradiated sample and
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examining the uniformity of irradiation-induced effects and damage profiles and insight
into the nature of the ion-induced local degradation of the crystal.
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CHAPTER 5
Micro-Raman Spectroscopic Visualization of Lattice
Vibrations and Strain in He+- implanted Single-crystal
LiNbO3

Section 5.1: Abstract
Scanning micro-Raman spectroscopy has been utilized to image and investigate
strain in He+-implanted congruent LiNbO3 samples. By using abruptly patterned implanted
samples, we show that the spatial two-dimensional mapping of the Raman spectral peaks
can be used to image the strain distribution and determine its absolute magnitude. We
demonstrate that both short- and long-range length-scale in-plane and out-of-plane strain
and stress states can be determined using the secular equations of phonon-deformationpotential theory. We also show that two-dimensional Raman imaging can be used to
visualize the relaxation of strain in the crystal during low-temperature annealing.

Section 5.2: Experimental
In the experiments, congruent single-crystal Z-cut LiNbO3 samples (Crystal
Technology) were used. Prior to implantation, the samples were bonded to a water-cooled
holder with silver paste in order to remain at ambient temperature during processing and
then they are implanted with He+ ions through the Z+ surface at a 7o tilt angle from normal
to prevent ion channeling. The incident ion energy was 3.8 MeV and the samples were
implanted with a total dose of 5 × 1016 cm-2. SRIM (Stopping and Range of Ions in Matter)
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simulations [1] show that this ion energy yields a stopping range of ~10 m below the
surface with a ~450-nm straggle. In cases of patterned implantation, a 0.5-mm-thick metal
proximity mask with circular-grid openings (with diameters of ~500 m) was placed on
the surface of the sample so that only the circular regions were exposed to He+. After
implantation, selected samples were annealed at temperatures ranging from 150o to 600oC
under laboratory-ambient conditions to study the crystallinity-recovery dynamics. The
sample edge facets were polished carefully until an optical finish (~/5) was achieved for
realization of an unambiguous backscattered Raman signal.
Our Raman spectroscopy apparatus (Renishaw inVia) used a diode-laser-basedexcitation wavelength of 532 nm, with the laser beam focused by a 100 × microscope
objective (NA = 0.85) in a confocal geometry so as to achieve a spot size ≤ 1 m. The
spectral resolution was ~1.5 cm-1, using an 1800 lines/mm grating. Raman probing was
done by first scanning along the polished facet, i.e., along the crystal Z-axis, with the
incident polarization in the Z-axis, or, in Porto notation [2],

,

, to acquire changes

in the Raman damage profile as a function of implantation depth. The inset in Fig. 5.1(a)
shows a sketch of this edge-probing geometry, with the capital letters in the sketch
indicating the probing locations. In this orientation, the A1(TO) (254, 276, 332, and 631
cm-1) and the E(TO) (152, 236, 263, 322, 365, 432, and 581 cm-1) phonon modes are active,
according to standard Raman selection rules [3]. Note that prior to ion bombardment, a
scan on unirradiated LiNbO3 was first employed to investigate the sample homogeneity.
The spectra obtained from the virgin sample agree with the active Raman phonon modes
as reported in literature. The results of irradiated samples are thus compared with the virgin
case and discussed below. In order to rule out contributions from high k-parallel
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contributions of the Raman signals, which may occur for the large-N.A. microscope
objective used, we compared spectra obtained with lower-N.A. objective lenses (N.A. =
0.25, 0.40 and 0.75). The results for all N.A. values show the same peaks that are unshifted
and no new peaks appeared for the highest N.A.

Section 5.3: Results and Discussion
To briefly review, as reported earlier in [4] and as seen also in the present
measurements, if a crystal is subjected to ion bombardment, hence causing the formation
of point and extended defects, there is a sharp change in the Raman spectra. Thus in the
present measurements, as the probe scans along the Z direction into the stopping range, the
modal intensity of an allowed Raman feature decreases and its linewidth broadens.
Concomitantly normally forbidden-mode signals appear and grow in intensity [5]. In
addition, the position of the peak of spectral feature shifts, particularly for the active modes
A1(TO1) at 254 cm-1 and A1(TO4) at 631 cm-1; these shifts are indicated in Fig. 5.1(a) by
the dashed lines. The A1(TO) modes originate from displacements and vibrations of Li and
Nb ions along the Z-axis as well as distortions of the oxygen octahedron in the XY plane
[6-8]. With these vibrational assignments, the implantation-induced modifications in each
of the A1(TO) modes in Fig. 5.1(a) indicate that He+ implantation causes damage in each
of the three Cartesian directions.
Lorentzian peak fittings were carried out to obtain peak positions and linewidths.
Figs. 5.1(b) and 5.1(c) show data taken for the A1(TO4) mode, along with the Lorentzian
fits for data from variation of depth in the crystal and annealing temperature. In particular,
Fig. 5.1(b) shows the spectra of the A1(TO4) mode at different positions along Z-axis. A
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plot of the peak spectral position and linewidth (FWHM) along the Z-axis is shown in the
inset; Fig. 5.1(c) shows the effects of annealing for ~10 hours on the A1(TO4) mode
spectrum at the stopping range, i.e., point H, with the spectral position and linewidth versus
temperature plotted in the inset. Notice that in the inset of Fig. 5.1(b), the plots show that
the spectral shifts and broadening extend many tens of micrometers beyond the region of
high implantation inclusions and damage (red and black dotted lines). However, the SRIM
calculated defect distribution (blue dotted curve) is only ~1 m in width. This apparent
extension of the damage toward surface is attributed to the implantation-induced strain. It
is clear that the strain results in a peak redshift, with the greatest magnitude at the stopping
range (~10 m from the surface, labeled H), where the density of defects is maximum. The
presence of a shifted spectrum indicates that there is a change in the local lattice constants
[2]. In experiments using patterned implantation, i.e., an implantation region surrounded
by virgin crystal, earlier X-ray diffraction measurements [9, 10] and analytic theory have
suggested that the implanted region is under compressive stress in the X-Y plane, due to
the He-atom inclusions. This stress leads to tension in the Z direction via the stress field,
resulting in a change in surface topography. In our case, the redshift of the A1(TO4) mode
is ~ 8 cm-1 [see Fig. 5.1(b)]. A separate experiment using Z-scan geometry

,

̅ (not

shown here, see Ref. 26) revealed that at the helium stopping range, the A1(LO4) mode at
~875 cm-1 has a blueshift of ~2 cm-1. Given these two spectral shifts, we can extract local
strain information by using deformation potential theory.
Because the nondiagonal A1 Raman tensor elements of LiNbO3 are zero for an ideal
crystal, linear deformation potential theory (secular equation) is applicable. In this theory,
the relationship of Raman spectral shifts (A ) to mechanical deformation from strain
1i
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( ) can be expressed as  A  a A1i ( xx   yy )  bA  zz [11, 12], where a A and bA
1i
1i
1i

1i

are the A1 phonon deformation potential (PDP) constants. The subscript of A1i indicates
different A1 modes. Using the PDP values in Ref. 33 and the spectral shifts obtained in our
experiments, we estimate the compressive normal strain on the basal plane ( xx   yy ) and
the vertical tensile strain ( zz ) to be ~ – (2-5) × 10-3 and (3-6) × 10-2, respectively, where
the range in their values is due to that in the PDP constants. This local inhomogeneous
lattice deformation has also been observed in Y-cut LiNbO3 by X-ray diffraction [9].
Applying the LiNbO3 stiffness tensor [13], we can approximate the stress parameters as

Szz  C13(xx yy ) C33zz  7-13 GPa

(1)

Sxx  Syy  (C11  C12 )( xx   yy )  2C13 zz  3-8 GPa

(2)

The ranges of the values of the stress tensor elements are due to the variations in
both strain parameters and elastic constants [3]. The order of magnitude of ~1010 Pa value
for this anisotropic stress state is nearly identical to the value calculated using the
elastically isotropic condition [14]. Note that the vibrational mechanisms of A1(TO4) and
A1(LO4) modes involve lattice vibrations in all directions (oxygen-octahedron vibration
along the XY plane, and Nb-O-bond and Li-O-bond vibrations parallel to Z axis,
respectively, see [15, 16]).
In addition, our studies show that the strain can be varied by subsequent thermal
processing. This behavior is seen in the fact that the peak position and its width (FWHM)
nearly recover to their values in the unimplanted crystal after ~10 hours of 600oC
annealing. The peak position and the width can be plotted versus the inverse temperature
to extract the characteristic activation energies for the recovery process. The results show
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Figure 5.1: (a) Examples of Raman spectra obtained at different probing locations: near-surface
(black, labeled A in inset sketch), stopping range (red, labeled H), and deeper in the unimplanted
crystal (blue, labeled L). A decrease of phonon modal signal is clearly seen in the irradiated
regions. Peak shifts for A1(TO1) at 254 cm-1 and A1(TO4) at 631 cm-1 modes are indicated by
dashed lines. Inset: sketch of micro-Raman edge-probing geometry. Capital letters on the
sample sketch indicate specific scan positions. He+ stopping range is ~10 m below the surface.
(b) Peak shift as a function of probing distance; the maximum is observed at the He+ stopping
range. Inset: peak position and linewidth as a function of the probing distance; blue dotted curve
is SRIM-simulated defect distribution. Peak fits using a Lorentzian function, exhibit a total
redshift of ~8 cm-1 (c) Upon annealing, crystal defects are “healed” and the elastic strain relieved
(see inset) for 600oC annealing for ~10 hours.

an Arrhenius-like behavior with Ea = 0.24 ± 0.02 eV for the recovery of the value of the
width of the spectral feature in the unimplanted crystal and Ea = 0.20 ± 0.03 eV for the
recovery of the location of its peak position of the spectral feature. The latter quantity can
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be directly correlated to the energy needed to relieve the strain in the crystal. The
interpretation of the measured activation energy for the linewidth is not as clear. However
the magnitude of any locally inhomogeneous strain, which could lead to broadening of the
linewidth, would clearly be scaled by the overall magnitude of the strain. Thus the
agreement of the overall activation energies for strain and linewidth recovery is not
unexpected. Note that since broadening can also result from lattice disorder or damaged
crystallinity, a more detailed set of experiments must be undertaken before more definitive
statements can be made. Two-dimensional (2D) mapping on samples with shadow-maskpatterned implantation was carried out to investigate the spatial distribution of strain.
Figure 5.2(a) shows imaging of the Y-Z plane obtained with 1-m steps of the Raman
probe beam; Roman numerals (I) and (II) indicate regions that are implanted and
unimplanted, respectively. Higher-resolution mapping with 250-nm steps was also
performed [an example is indicated by the white box in Fig. 5.2(a)] to enable a detailed
investigation of the boundary region. This result is displayed in Fig. 5.2(b). Note that Figs.
5.2(a) and 5.2(b) have the same intensity-color-scale bar. From the variation along the Z
axis, it is clear that the peak redshift is maximum at the stopping range (Rp ~ 10 m); the
location of this plane is indicated by a yellow arrow in Fig. 5.2(b); in the deeper
unimplanted region, the peak position is identical to that in the unimplanted sample. As
discussed above, the shifts are attributed to the existence of implantation-induced strain.
More subtle features can also be seen in the micro-Raman strain map. A clear winglike feature is seen at the border of the implanted patterned region and near the stopping
region. This feature is consistent with a comparable feature that has been observed in Xray microbeam measurements in ion-implanted channel patterns [9]. The outline of the
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wing adjacent to the implantation boundary was fitted with a simple polynomial curve [see
Fig. 5.2(b)], which followed the location of the maximum derivative of the signal intensity
along the horizontal direction at each Z point above the stopping range. Notice that the
stress in this region spreads far into the masked area. Clearly the extent of this stress reflects
the stress in the adjacent implanted region, which was shown in Fig. 5.1(b) above, and thus
the wing extends the furthest laterally at the depth of stopping range, where the defect

Figure 5.2: Two-dimensional (2D) Raman mapping on a patterned-implanted sample: (a)
High-contrast imaging of peak positions of the A1(TO4) mode between implanted (I) and
unimplanted (II) regions. (b) 250-nm-step imaging at implantation interface (white outline in
(a)). Yellow arrow indicates plane of largest redshift (coincident with the ion-stopping range).
Extended “wing” at the implantation edge (marked with white fitted curve). (c) Corresponding
optical cross section of this same region, blue outline indicates imaged region in (b); red arrow
indicates location of stopping range. (d) 1-m-step line scan across two implanted regions
showing the extent of the long-range strain field; blue dashed lines indicate locations of
interfaces. A change in peak positions occurs across the implanted region. An apparent L ~30
m length scale for strain relaxation is seen for the ~631 cm-1 A1(TO4) mode.
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density is the highest. In addition, the optical image, as seen in Fig. 5.2(c), shows that the
implantation is confined to the unmasked region. A relevant theoretical study on the
ensemble of vacancy-defect strain tensors (strain per unit defect concentration induced in
a crystal) has also been reported for strontium titanate (SrTiO3) [17]. Figure 5.2(d) is a
separate 1-m-step line scan, taken at the depth of the ion stopping range, across two
implanted regions to show the extent of the long-range strain field distribution. As can be
seen in Fig. 5.2(d), the signal decreases by over a length scale, L ~ 30 m, as the probe
scans across the implantation boundary toward the unimplanted region, where L is defined
as the distance between the implantation interface to the position where the peak shift is
decreased to 1/e of the total shift. The origin and the value of the scale length L at different
depths for this strain relaxation is undoubtedly set in part by the total implantation dose
and the ion straggle, but has not yet been studied in detail. The existence of such a length
scale has also been seen in other perovskites, for other strain-enabled phenomena [18].
Using the secular equation above, we find that for a position ~10 m away from the
implanted boundary,  zz and ( xx   yy ) are smaller by factors of ~100 and 10,
respectively, relative to their maximum values. In addition to imaging the strain
distribution, 2D mapping was used to follow the evolution of the damage distribution upon
thermal annealing. Figs. 5.3(a)–5.3(c) are Raman imaging maps of the 631 cm-1 active
mode in samples, which are as-implanted [Fig. 5.3(a)], implanted and then annealed at
250C for 30 minutes [Fig. 5.3(b)], and implanted and then annealed at 600C for 30
minutes [Fig. 5.3(c)]; Figs. 5.3(d)–5.3(f) show samples having these same processing
conditions for the 875 cm-1 forbidden mode. Based on SRIM calculations, a dose of 5 ×
1016 cm-2 will lead to a total vacancy concentration of ~1022 cm-3, or ~ 0.3 dpa
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(displacement per atom). This high dpa yields lattice disorder, leading to the appearance
of normally forbidden modes while at the same time causing a decrease of the signals from
active modes. These counteracting effects lead to the high-contrast imaging in the
active/forbidden-mode mapping. Similar phenomena have also been observed in patternedimplanted samples between the implanted and unimplanted regions [5]. The narrow regions
indicated by the yellow arrows in Fig. 5.3, correspond to the ion range, for which the
damage is maximum. After annealing at 250C, crystallinity is partially recovered [Figs.
5.3(b) and 5.3(e)]; further annealing at 600C facilitates the recovery process such that the
width of the narrow regions from nuclear-collision damage is decreased [Figs. 5.3(c) and
5.3(f)]. Notice that selected samples were annealed at different temperatures respectively
for 30 minutes. Increasing the annealing time further fosters the restoration of crystallinity.

Figure 5.3: 2D Raman mapping of the evolution of damage after annealing for 30 minutes at
different temperatures. Panels (a,d), (b,e), and (c,f) are Raman images of as-implanted, 250Cannealed, and 600C-annealed samples, respectively, using the 631 cm-1 active mode (top
panels) and 875 cm-1 forbidden mode (bottom panels) Raman signals, with arrows indicating
the stopping range. For the active (forbidden) mode, the brightest signal indicates high (low)
degree of crystallinity.
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Section 5.4: Conclusions
In conclusion, we have shown using Raman spectroscopy the visualization of the
formation of a significant crystalline-damage-induced elastic-strain field formed by ~MeV
He+ implantation. This strain field is seen clearly in patterned implanted samples using
either a change in the intensity, peak shift, and linewidth of allowed or forbidden Raman
modes. High-spatial-resolution 2D mapping of the damaged region permits visualization
of the strain and defect distribution, and the crystalline recovery upon annealing. The sharp
Raman mapping patterns seen in our samples make it clear that micro-Raman imaging is a
powerful tool for observation of strain and stress effects in ion-irradiated oxide samples.
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CHAPTER 6
Helium-ion-induced Radiation Damage in LiNbO3
Thin-film Electro-optic Modulators

Section 6.1: Abstract
Helium-ion-induced radiation damage in a LiNbO3-thin-film (10 m-thick)
modulator is experimentally investigated. The results demonstrate a degradation of the
device performance in the presence of He+ irradiation at doses of ≥ 1016 cm-2. The
experiments also show that the presence of the He+ stopping region, which determines the
degree of overlap between the ion-damaged region and the guided optical mode, plays a
major role in determining the degree of degradation in modulation performance. Our
measurements showed that the higher overlap can lead to an additional ~5.5 dB propagation
loss. The irradiation-induced change of crystal-film anisotropy (no  ne ) of ~36% was
observed for the highest dose used in the experiments. The relevant device extinction ratio,
VL, and device insertion loss, as well the damage mechanisms of each of these parameters
are also reported and discussed.

Section 6.2: Experimental and Results
LiNbO3 thin films (LNTF) were fabricated by using crystal ion slicing [1]. The
congruent 500-m-thick Z-cut samples (Crystal Technology) were first implanted by He+
at 3.8 MeV with a dose of 5×1016 cm-2. The implantation process was carried out in the
presence of water cooling and with a 7-degree tilt of the sample face to the beam axis to
prevent ion channeling. After implantation, the samples were diced to the desired size
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(several mm2) and the facets for optical-in and -out coupling were polished to a flatness of
~/10. Subsequently the samples were annealed at 250oC for 30 minutes for thermal
activation and then placed in a ~5% hydrofluoric (HF) acid etching bath for several hours.
Because of the high etch selectivity in the buried sacrificial layer [2], the etching results in
exfoliation of a ~10 m-thick single-crystal-LN film. Post lift-off annealing (PLA) was
then carried out in a furnace at 600oC for 10 hours in a laboratory-atmosphere ambient to
remove any residual stress [3].
After PLA, the freestanding CIS film was bonded to an oxidized Si wafer by silver
paint, which also acted as a ground electrode. Subsequently, ~10 nm-thick chromium and
~40 nm-thick gold electrodes were thermally deposited on top of the film to form the top
electrode. Shadow masking was used for this patterning step to prevent electrical shorting
by undesired metallization on the facets. Note that the facets for light coupling were
“suspended” over the edge of the substrate so as to present a short cantilevered section of
crystal on either side of the substrate. With this geometry, coupling loss to the facet was
significantly reduced. Figure 6.1(a) shows an example of the CIS film (LNTF) and its
parent crystal. Figures 6.1(b) and 6.1(c) are the optical images of the side view of the film
before and after PLA; it is clear from the figure that before annealing, the residual stress
results in bending of the film since reflected light on the substrate can be seen clearly under
the film [Fig. 6.1(b)]. During PLA, the stress is released and the film becomes planar [Fig.
6.1(c)]. Figure 6.1(d) is a SEM picture of the device. The upper inset is the corresponding
optical image showing the effective length of the modulator to be ~2.1 mm. The lower inset
shows the cross section at the light-coupling facet.
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Figure 6.1: (a) Examples of a CIS LiNbO3 thin film (~10 m thick) and its parent crystal; (b)
and (c) are optical images of a side view of the CIS film before and after PLA (Post Liftoff
Annealing). It is clear that before PLA [Fig. 6.1(b)], the as-exfoliated CIS film is stressed,
showing the reflection of the film on the underlying substrate. After annealing at 600oC for 10
hours, the stress is fully released and a recovered, planar film is obtained [Fig. 6.1(c)]. Panel (d)
displays an SEM image showing the thin-film EO modulator. The upper inset is the
corresponding optical image; the lower image is an SEM micrograph showing the device cross
section at its input. Note that the facets of the device are “suspended” in air for better optical
coupling efficiency.

Measurement of the Pockels effect was carried out using free-space in-coupling.
Figure 6.2 shows the optical setup, in which the tunable-laser beam was coupled into the
device at its input and coupled out at the output for transmission measurements. In
particular, the thin-film waveplate is placed between two crossed polarizers, with their
polarization axes tilted at 45o with respect to the crystal Z axis and oriented 90o between
each other so as to result in intensity modulation of the output. The wavelength-tunable
collimated beam is focused by a 10× microscope objective lens (N.A. ~0.3) with a spot
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size of ~10 m placed at the input of the film modulator. The outgoing light is collected
by a 7× lens. This lens is followed by a pellicle beamsplitter, which transmits ~90% of light
to a germanium (Ge) photodetector and reflects ~10% of light into an IR camera to observe
coupling alignment. The input coupling was adjusted such that the fundamental slab mode
was excited in the film. To demonstrate electro-optic modulation, an external voltage was
applied directly to the metallic electrodes by a flexible probe. Optical measurements were
then carried out to determine the device operating parameters, including its extinction ratio,
VL and insertion loss.

Figure 6.2: Schematic of the experimental setup for free-space coupling. The collimated beam
is focused by a 10× objective lens to achieve a spot size of ~10 m at the device input. The
outgoing light is then collected by another 7× lens. A pellicle beamsplitter was used so that
~10% of light is reflected to an IR camera for the observation of coupling while ~90% of light
is transmitted to the photodetector. The electro-optic measurement is performed by applying an
external voltage directly to the top electrode of the film. P: polarizer; f: lens; PD: photodetector.

Figure 6.3 shows the results of measurement of a typical device performance prior
to irradiation. For the measurements shown in Fig. 6.3(a), the input wavelengths were tuned
over the range from 1570 nm to 1585 nm in wavelength steps of 0.5 nm. For each data
point, the laser was first stepped to the wavelength of choice and then the transmitted power
was measured in the absence of an external voltage (black curve) and then with an applied
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voltage of V = 30 V (red curve). For Fig. 6.3(b), the input wavelength was fixed at 1570
nm, and the transmitted power was measured at each value of external voltage when the
voltage was stepped from 0 V to 60 V with a step of 1 V. Using this procedure, for this
unirradiated LNTF modulator, an 8 – 10 dB extinction ratio and VL ~ 7.5 V-cm were
obtained. Note that the device performance can be further enhanced by, for example,
depositing thin SiO2 buffer layers on both sides of the film to reduce the absorption loss in
the metal electrodes. However the research in this paper focused on investigating radiation
damage; thus our study considered only an analysis of device-performance changes in the
presence of radiation.

Figure 6.3: (a) and (b) display examples of the electro-optic modulation using virgin LNTF: a
~10 dB extinction ratio (modulation depth of ~90%) with ~7.5 V-cm VL parameters were
measured (see text for a description of the measurement protocol). A sine-squared function was
used for the data fitting (solid lines). The device overall length is ~ 3.5 mm, with an effective
electrode length of ~ 2.1 mm.

The CIS-film (~10 m) modulators were subsequently irradiated by He+ at different
energies and doses to study the effect of radiation on modulator performance. For
convenience, irradiation was performed under the same conditions as for implantation of
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bulk materials for slicing. Note that to ensure homogeneous irradiation, the beam current
during the implant was maintained at ~280 ± 10 nA/cm2. Two energies were chosen: 2.3
MeV and 3.6 MeV. From SRIM (Stopping and Range of Ions in Matter) [4] calculations,
the stopping ranges of 2.3 and 3.6 MeV He+ are ~5 m (in the middle of the film) and ~9

m below the top surface, with straggle distances of ~300 nm and ~400 nm, respectively.
After irradiation, the device performance was then tested again and compared that of the
unirradiated modulator. Also note that to alleviate any possibility of heating during
irradiation, thus giving rise to electrode damage, the irradiation performed in our
experiments was raster-scanned under water-cooled environment.
Figure 6.4 show the modulator appearance and performance after irradiation.
Figures 6.4(a) and 6.4(b) are optical images of the thin-film modulators after 3.6 MeV He+
irradiation at doses of 1×1016 cm-2 and 5×1016 cm-2, respectively. Earlier work [3] had
shown that this form of He+ irradiation gives rise to a strained thin film. In addition, in our
experiments, after a bombardment dose of 5×1016 cm-2 He+, this built-in stress is
sufficiently high, in some cases, that the film partially cracks. Figures 6.4(c) and 6.4(d)
display the modulator output signal for three values of irradiation when different input
wavelengths [Fig. 6.4(c)] and voltages [Fig. 6.4(d)] are used. The inset in Fig. 6.4(c) shows
the normalized transmitted power for each irradiation case. The performance degrades as
the dose is increased. For example, our initial experiments showed that a He+-2×1016 cm1

-dose irradiation led to an additional waveguide loss of ~9 dB, a ~5 dB lower extinction

ratio, and a ~73% degraded VL value for the modulator.
A careful consideration of results, such as in Figs. 6.4, 6.5, and Table 6.1 described
below, shows that in our study, there are two sources of modulator damage. The first is
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crystal (lattice) damage from the He ion-beam interactions. This damage leads to the
formation of point defects, dislocations, and related extended defects, all of which increase
optical scattering [5]. In addition, during implantation at doses of > 0.5×1016 cm-2, ~5 nm
He bubbles self-assemble in the solid lattice within the stopping region [6]. In the presence
of higher-temperature annealing, such as the T = 600oC annealing process used here, largerscale ~100 nm He bubbles are formed from the coalescence of the nascent 5 nm bubbles,
which have a significant Rayleigh optical scattering cross section [7]. Note that without
proper post-irradiation annealing, the presence of these defects and the associated lattice
disorder can shift the refractive index profile of the guide and hence induce changes in the
modal profiles, resulting in leaky modes [8]. Such altered modal structures manifest
themselves in part as light scattered away from the guiding region.
To illustrate the role of this scattering, a 633-nm-wavelength probe was used for
the observation of visible scattered light in the waveguide and observed through the top
surface of the film. In the presence of 3.6 MeV He+ irradiation to a dose of 2×1016 cm-2,
strong light scattering through the top surface of the thin-film modulator is seen; see Figs.
6.5(a) and 6.5(b). In addition, this scattering also increases the device propagation loss over
that of the unirradiated device. For example, measurements of the loss in transmission show
that it increases from ~2 dB in the implanted device to ~7.5 dB for a dose of 1×1016 cm-2,
to ~11.3 dB for a dose of 2×1016 cm-2, and to ~16 dB for a dose of 5×1016 cm-2 at a beam
energy of 3.6 MeV. In addition, our experiments showed that, in comparison with 3.6 MeV
He+ irradiation, 2.3 MeV irradiation for the same dose yields higher propagation loss (see
Fig. 6.4(e) where an additional propagation loss of ~5.5 dB was observed). This result is
attributed to the energy-dependent depth of damage, which results in the spatial overlap
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between the optical guided mode and the He+-damaged region, since the 2.3 MeV He+ ions
stop in the center of the film, while 3.6 MeV He+ ions stop at the bottom. Thus when a
Gaussian beam is coupled into the center of the film, the higher overlap leads to stronger
light scattering from the damaged region for the 2.3 MeV case, therefore resulting in greater
loss in the guided mode.

Figure 6.4: Panels (a) and (b) are optical images of the modulators after 3.6 MeV He+ irradiation
at a dose of ≥ 1016 cm-2. It is clear that the film is strained and, when the dose is 5×1016 cm-2,
the stress is large enough to result in film fracture. Panels (c) and (d) are measured data showing
that as the dose is increased, device performance degrades, viz a ~9 dB additional waveguide
loss, ~5 dB lower extinction ratio and a ~73% increased VL value indicating degradation for a
dose of 2×1016 cm-2. The inset in Fig. 6.4(c) shows the degradation of the extinction ratio using
the normalized transmitted power for each irradiated condition, where Pnorm is the normalized
transmitted power. Fig. 6.4(e) and the inset show a 2.3 MeV He+ irradiated case at a dose of
1×1016 cm-2. Compared with 3.6 MeV He+ with the same irradiation dose [i.e. 1×1016 cm-2, blue
curve in panel (c)], additional ~5.5 dB propagation loss is observed for 2.3 MeV He+ irradiation,
due to higher overlap of the damaged region (in the center) and the optical guided mode.
99

The second source of modulator degradation is the material birefringence change
caused by irradiation. This change can be attributed to both an increase in strain within the
crystal and a partial loss of crystallinity in the stopping region. Strain is induced in the
crystal during He+ irradiation, due to the presence of interstitial He, nm-scale nascent
clusters of He, or through the formation of larger bubbles [7]. This strain can lead to a
significant change in the crystal birefringence following ion irradiation. In addition, He+
irradiation is also known via optical and electrical microscopy [6] to generate a thin region
with partially degraded crystallinity. Such a region will also have a different (lower)
birefringence than the unirradiated crystal.
In order to examine the effects of this birefringence, measurements were made of
the polarization response as a function of the input wavelength for unirradiated and
irradiated films. Again, two ion energies were used. The results of this measurement are
illustrated using the data in Fig. 6.4(c), where it is seen that after irradiation, a change
occurs in the phase of the modulation envelope and a decrease in the dependence of the
output power on wavelength. In addition, the depth of modulation (or extinction ratio) is
substantially reduced and that higher dose increases the reduction in modulation depth; see
the inset in Fig. 6.4(c). Figure 6.4(d) shows voltage-dependent modulation measurements
at a wavelength of λ = 1570 nm; again notice that higher dose degrades the modulation
depth. This degradation in the modulation is consistent with an irradiation-induced
decrease in the intrinsic birefringence. Note that although the use of 2.3 MeV He+ results
in higher overlap with the optical mode, the measured VL (~9.5 V-cm) is still comparable
in magnitude to the value after 3.6 MeV He+ irradiation (~10 V-cm) for the same dose
(1×1016 cm-2). Considering that electro-optic polarization is directly related to Raman
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susceptibility [9, 10], a micro-Raman edge scan at different depths was performed to
resolve any irradiation-induced change in the active phonon modes [11]. The results (not
presented here) show that these two energies, both having comparable straggle length with
the thickness of the film, give rise to similar distributions of the built-in strain field
(obtained from spectral shift) and crystalline damage (from linewidth broadening). Such

Figure 6.5: (a) and (b): optical top-surface images of end-facet-coupled light using a visible
(red) light source to directly observe scattering. (a): light coupled into an unirradiated LNTF
sample; (b) light coupled into an irradiated thin film (2.3 MeV He+ to a dose of 2×1016 cm-2 ).
In (b), the scattered light through the top surface of a thin-film modulator is readily seen
(designated by a yellow arrow. See text for a discussion of the origin of the scattering. (c): The
change of LNTF index anisotropy/birefringence under different conditions (wavelength  ~
1570 nm). PLA stands for Post Liftoff Annealing; see Figs. 6.1(b) and 6.1(c) for the
corresponding optical images. After PLA, the thin-film modulator is irradiated with 3.6 MeV
He+ with different doses. It is clear that as the irradiation dose is increased, the damage of lattice
structure is enhanced such that the change of anisotropy (C factor) is greater. Note that if the
material is optically-isotropic, C = 1.
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comparable damage profiles indicate the two cases having similar overall changes of
birefringence (discussed below) and EO coefficients (r33 and r31). Thus, for these two cases,
the voltage-dependent retardation would result in similar values of VL.
The irradiation-induced change in the intrinsic film birefringence can be further
characterized using a quantity based on a measurement of the normalized birefringence of
the LNTF modulator. In particular, it is known [12] that the phase retardation of polarized
light propagating through a waveplate (birefringent material) is proportional to its index
anisotropy or birefringence; this basic phenomenon allows us to measure this same quantity
in our LNTF modulator using a measurement of the extinction ratio. Thus a sine-squared
function sin 2 [

 L(n o  ne )
] , corresponding to the power transmittance of the system, was
o

used to fit the measured normalized wavelength-dependent modulation and, hence, the
change of the index anisotropy for the two indices (no  ne ) induced by irradiation. Note
that prior to irradiation, the LNTF sample had (no  ne ) equal to ~ 0.078, which agrees well
with the theoretical value (~ 0.074) using the Sellmeier equation for  = 1570 nm [13].
After He+ irradiation with a dose of 2×1016 cm-2, the difference (no'  ne' ) decreased to ~
0.053. As the irradiation dose is increased, greater lattice distortion occurs due to an
increase in the induced stress and defect clusters [14] such that the birefringence or
anisotropy

is

decreased.

Defining

an

isotropy

factor

(C),

n  n ' (no  ne )  (no'  ne' )
C

, we can find the degree of change of the
(no  ne )
n
anisotropy/birefringence. For example, C ~ 0.32 for our 2×1016 cm-2 He+ fluence. This
result indicates that, in the range of the wavelengths used in the experiments (telecom
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windows), ~ 68% of the material birefringence is preserved. Note that an optically isotropic
material ( ne'  no' ) will have a C 1, and for our unirradiated LNTF, C  0 (n '  n). Also
before post-liftoff annealing, e.g. as shown in Fig. 6.1(b), high residual stress and radiation
defects from 5×1016 cm-2 He+ irradiation and the exfoliation process leads to a change in

birefringence yielding a C ~ 0.5 [15]. The estimated error of ~  2% originates from
uncertainty in measurement of the propagation length L. In general, higher-dose
irradiation results in greater change of anisotropy/birefringence, and the calculated C
factor. The analysis is summarized in Fig. 6.5(c).
Several groups [16-18] have reported measurements of the index profile from He+
implantation in bulk LiNbO3 waveguides. These measurements show that for high-dose
He+ irradiation (>1016 cm-2), irradiation-induced lattice damage and strain give rise to a
percent-level decrease in both no and ne in the nuclear damage region. This phenomenon is
sufficiently reproducible that it has been used to form an optical barrier for the confinement
of guided light in high-quality optical waveguides [19]. Our measurements using thin films
(C ~ 0.32 with  = 1570 nm) show that under the similar implantation parameters, the
preserved birefringence agrees well with literature values [16-18], if the appropriate
wavelength dispersion is taken account (for example, in [18], C ~ 0.45 using second
harmonic signals of  = 1060 nm). The near coincidence of the change of birefringence in
the ~10 m-thick thin film and ~500 m-thick bulk LiNbO3 crystal is attributed to the fact
that such index effects result from local structural changes and the induced stress fields,
both of which are of comparable magnitude in thicker samples. Note that since the stopping
cross section scales with the projectile atomic number (Z) [20], radiation damage is
expected to be greater if heavy-ion irradiation is used.
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Finally, Table 6.1 summarizes the results of our measurements of He+-irradiation
damage in our LiNbO3 thin-film EO modulators and the corresponding damage
mechanisms to the device operating parameters. The reduced extinction ratio and the
increased VL are also compared in the table to the values measured in the unirradiated
case. It is clear from this table that both the total dose and the distribution of that dose with
respect to the waveguide optical mode determine the degradation in extinction ratio, VL,
and insertion loss in the presence of ionizing radiation, viz He+.
Thin Film
(~10 µm thick)

Prototype

2.3 MeV
1×1016

3.6 MeV He+ dose (cm-2)
1×1016
2×1016
5×1016

Extinction Ratio
(dB)

~8 – 10

~6.5 dB
lowered

~4 dB
lowered

~5 dB
lowered

~6.2 dB
lowered

VπL (V-cm)

~7.5

~9.5
(~27%)

~10
(~33%)

~13
(~73%)

N.A.*

Insertion Loss
(dB)

~2

~13

~7.5

~11.3

~16

Damage Mechanism
1. Lattice disorder (strain)
2. Light scattering from
interstitials
1. Lattice disorder
2. Electrodes damage
1. Absorption
2. Damage at interface
3. Light scattering

*films are partially cracked

Table 6.1: Summary of device parameters in the absence and presence of different irradiation
conditions and examples of the corresponding damage mechanisms.

Section 6.3: Conclusions
In conclusion, He+-induced radiation damage in 10-m-thick LNTF modulators is
investigated. Our results show that lattice disorder and stress give rise to the degradation
of device performance for a dose ≥ 1016 cm-2. The device performance, determined
primarily by operating parameters, including extinction ratio, VL, and insertion loss, has
a complex dependence on the energy and dose of the He+ radiation. Two He+ energies,
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corresponding to different stopping ranges, were used and measurements of films irradiated
using these energies demonstrate that the degree of overlap between guided modes with
damaged regions has a significant effect on the degree of achievable modulation. In
particular, the less energetic He+ ions at 2.3 MeV yielded significant insertion loss
degradation than that from the more energetic 3.8 MeV He+ ions due to the overlap of the
stopping range with the waveguide mode. For a given or fixed ion energy, the degradation
in operating parameters increased as the ion dose was increased. In addition, the device
performance is influenced by scattering from interstitial damage states and irradiationinduced strain, further altering the optical anisotropy and the EO coefficients. Finally, note
that, given the results of our research, it may be possible to redesign an electro-optical
structure so as to make it sensitive to radiation damage. For example, the device modal
structure could be reworked so as to make radiation alteration of the mode by ion
bombardment a sensitive optical-detection scheme. The fundamental knowledge measured
here can provide the information needed to design such a new instrument.
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CHAPTER 7
Comparison of Radiation Damage by Light- and HeavyIon Bombardment in Single-crystal LiNbO3

Section 7.1: Abstract
In this work, a battery of analytical methods including in-situ RBS/C, confocal
micro-Raman, TEM/STEM, EDS, AFM, and optical microscopy were used to provide a
comparative investigation of light- and heavy-ion radiation damage in single-crystal
LiNbO3. High (~MeV) and low (~100’s keV) ion energies, corresponding to different
stopping power mechanisms, were used and their associated damage events were observed.
It was found that the contribution of electronic stopping from high-energy heavy ion gave
rise to a lower critical dose for damage formation than using low-energy irradiation. Such
energy-dependent critical dose of heavy-ion irradiation is two to three orders of magnitude
smaller than the case for light ion. In addition, materials amorphization and collision
cascades were seen for heavy-ion irradiation, while for light ion, crystallinity remained for
the highest dose used in the experiment. The irradiation-induced damage is characterized
by the formation of defect clusters, elastic strain, surface deformation, as well as change in
elemental composition. The presence of nanometric-scale damage tracks results in
increased RBS/C backscattered signal and the appearance of normally forbidden Raman
phonon modes. The location of the highest density of damage is in good agreement with
TRIM calculations. Co-irradiation of both ion species was also performed and their
cumulative depth-dependent damage was found in all probing methods used here.
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Section 7.2: Background Information
Lithium niobate (LiNbO3) is one of the most widely used complex oxides,
exhibiting an important and practical set of materials functionalities such as
ferroelectricity,

piezoelectricity,

electro-optic,

and

nonlinear-optical

effects.

A

comprehensive investigation of radiation damage in such insulating oxides is important for
several reasons. On one hand, certain technological applications of LiNbO3 require the use
of ion irradiation for the fabrication process [1]. On the other hand, a thorough
understanding of the materials response to irradiation is essential for the design of
radiation-resistant components for applications in space or extreme environmental
condition, such as use in nuclear irradiation systems or nuclear waste management [2].
Note that in this connection, investigation of radiation damage in other related oxides has
also been carried. For example, studies of lattice disorder in Au-irradiated SrTiO3 [3] and
structural transformation in Xe-irradiated Gd2Ti2O7 [4] have been previous investigated.
For a variety of reasons, much of this earlier work was focused primarily on damage
from light-ion (He+) irradiation. For example, for LiNbO3, damage during the He-ion
processing, which is used for waveguide formation and selective etching [5], is of major
concern in the fabrication of advanced devices. Fundamental studies of this damage have
shown such light-ion bombardment leads to the formation of point defects, compositional
change, long- and short-range strain and local volume swelling [6, 7]; these effects can
change electro-optical-device performance [8].
However, recently, there has also been growing interest in using swift heavy ion
(SHI) irradiation for materials modification and device fabrication in insulating and
conducting oxides, semiconductors, polymers, and nanostructured materials such as
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nanowires and nanoparticles [9-12]. In general, in this work medium or higher mass ions
(atomic number Z ≥ 3) with ~MeV or ~GeV energy ranges are used. Due to their large
cross section for electronic energy loss, the interactions between projectile ions and the
target materials are much stronger than for light ions such as H and He. Specifically it is
known [13] that for swift heavy ions, even in the early portion of the ion trajectory in the
target crystal, high electronic stopping power, Se, (strong inelastic electronic excitation)
dominates over nuclear stopping power, Sn, (elastic nuclear collision), forming ion tracks
along the collision process. Such a major enhancement of collision rate has important
consequences for applications in the fabrication of optoelectronic devices [1, 14]. For
example, it has been reported [15, 16] that the required dose (1×1012 ~ 1×1014 cm-2) used
to fabricate optical waveguides in LiNbO3 is approximately two to three orders of
magnitude smaller than for light ion (~1×1016 cm-2). In addition, Coulomb-explosion and
thermal-spike models [17] are commonly used to interpret the damage mechanisms from
such energetic ions. Pioneering theoretical and experimental work [18] has shown that SHI
is a promising method for creating optical and electronic devices; however, comprehensive
experiments comparing the individual and cumulative damage mechanisms from nuclear
and electronic interactions with light and heavy ions has been absent – particularly at doses
below the threshold level for amorphization.

Section 7.3: Experimental and Results
Section 7.3.1. Experimental
Two energy ranges were examined in our study. First, low-energy (350 keV) Fe+
irradiation was carried out at SUNY Albany. In this case, samples were tilted 7o from the
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beam direction to prevent ion channeling and were cooled during irradiation with a watercooled sample plate. Second, high-energy (5MeV) Fe2+ irradiation was performed at the
Environmental Molecular Sciences Laboratory (EMSL) at Pacific Northwest National
Laboratory (PNNL). In this case, samples were mounted on a metal target holder; the
damage was also created when using 7o tilting between the ion beam and the sample surface
normal. All irradiation experiments were raster-scanned and performed in room
temperature. A range of doses from 1×1012 to 5×1015 cm-2 (~7.5 dpa, displacement per
atom) were used for irradiation in order to be able to study damage evolution from the case
of minor disorder to a continuous fully amorphous layer.
RBS/C measurements were made at Albany and at PNNL with the He+ probing
beam at initial energies ranging from 2–4 MeV depending on the depth of damage in
LiNbO3 to be analyzed. In these measurements a detector was positioned at 170o to collect
backscattered helium. In channeling measurements, samples were angle oriented carefully
to minimize backscatter for channeling measurements. The backscattered count (yield) was
then recorded as a function of channel (energy) after ~10 C were delivered to the sample.
The high-energy iron irradiation and the subsequent ion-beam measurements were carried
out in the same target chamber for in-situ analysis. Selective samples were annealed up to
600oC in ambient condition to study the recovery mechanism after exposure to the ion flux.
For micro-Raman spectroscopy, a 532 nm-wavelength excitation laser was used in
a backscattered confocal-mode geometry. The spectrometer grating was 1800 line/cm,
giving a ~1.5 cm-1 spectral resolution. The scanning was carried out in steps of 100 nm
along the facet (edge) of the sample to acquire the damage depth profile. To carry out
patterning, a mask pattern was created on a LiNbO3 sample surface prior to irradiation. The
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mask was either a contact mask (0.5 mm-thick metal sheet with ~500 m circular-grid
openings in diameter) or a photoresist pattern (Shipley S1818) with a thickness of ~2 m.
TEM specimens were prepared by the focused-ion-beam (FIB) in-situ lift-out
(INLO) technique [20]. With this method, thinned electron-transparent (200-kV) wedgeshaped lamellae were readily obtained. Electron microscopy was performed with a JEOL
JEM2100F, high-resolution analytical transmission electron microscope at 200 kV, and a
Hitachi HD2700C scanning transmission electron microscope (STEM).

Section 7.3.2. Surface Characterization by OM and AFM
It is known that high concentrations of irradiated species can alter the surface
topography of targets [21]. Such changes, which are due to the presence of the resulting
interstitials and the associated defect clusters, can be readily observed using optical
microscopy (OM) or atomic force microscopy (AFM). Consider first deeply implanted
species such as from high energy (MeV) light ions. In this case, light ions (e.g. helium)
have relatively low electronic stopping power such that irradiation-induced damage
observed in targets of such crystals is mostly from elastic nuclear collision, occurring deep
(micrometers) beneath the crystal surface. This buried damage region has been explored at
the atomic scale using high-resolution electron microscopy. As one example, A. Ofan, et
al. [21] showed that nuclear displacements and He nanobubbles result in the pileups of
dislocation defects in local twin bands, forming along the threefold crystallographic axis.
In addition, under these conditions it was found that if helium-ions stop at depths of ≥ 2.5
m, no change in surface topography was observed for the as-implanted material [22].
However, for shallow implantation depths, i.e. for incident ion energies ≤ 350 keV,
crystallographically driven fissure and cracking is observed at the edges of dislocation
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defects. Our previous micro-Raman study [7] also showed that helium irradiation induces
a relatively long-range strain field, i.e. a length scale of a few micrometers. If pileups and
interstitials are close enough to the surface, a high built-in stress will give rise to local
surface exfoliation. Examples of such topographical changes occurring in our experiments
are illustrated in Fig. 7.1. Figures. 7.1(a) and 7.1(b) show the results for a different sample
after room-temperature 195 keV He+ irradiation, corresponding to a stopping range (Rp) of
~670 nm. Figure 7.1(a) is an optical image; Fig. 7.1(b) shows an AFM investigation
revealing surface exfoliation of ~20±5 nm, as indicated with a white arrow.
In contrast, heavy ion irradiation, even at relatively low energies, is found to result
in isotropically-oriented surface damage or changes. These changes are manifested as
hillocks, swelling and fracture. Earlier it had been reported [9] that swift heavy-ion
irradiation results in amorphous ion tracks; the appearance of protrusions or hillocks in
these targets was correlated with the appearance of this track formation after irradiation.
Similar phenomena have also been observed in other insulators such as -SiO2 and
Y3Fe5O12 (YIG) [23]. In addition, calculations of the elastic stress fields [24] around these
nano-tracks showed that the raised surface deformations are a consequence of the
electronic-excitation-induced strain generated at the free surface of the sample.
In our experiments, both room-temperature low-energy (350 keV) Fe+ and highenergy (5 MeV) Fe2+ irradiation were performed, corresponding to a stopping range of ~0.2
m and ~2 m, respectively. For example, after irradiation with 350 keV Fe+ to a dose of
~1×1014 cm-2 or with 5 MeV Fe2+ to a dose of ~1×1013 cm-2, surface exfoliation becomes
apparent. In particular, Figs 7.1(c) and 7.1(d) show the examples of optical and AFM
images of the samples after 5 MeV Fe2+ irradiation with a dose of 1×1015 cm-2. From Figs.
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7.1(c) and 7.1(d), it is clear that this energetic iron-ion irradiation gives rise to randomly
oriented deformations. The AFM scan shows that the change in topography in this case
exhibits a maximum roughness of ~200±40 nm. As is seen in our AFM and the RBS/C
measurements shown in the next section, such surface elevation is correlated with width of
damaged material in the surface layer. Later in the paper it is shown via calculations and
RBS/C measurements that the degree of surface deformation and local exfoliation from 5

Figure 7.1: Ion induced changes in surface conditions observed with optical and atomic force
microscopy. Panels (a) and (c) are optical images and panels (b) and (d) are AFM scans. Panels
(a) and (b) show the effects of 195 keV He+ irradiation (Rp ~ 670 nm) with a dose of 4×1016 cm2

; panels (c) and (d) show effects of 5 MeV Fe2+ irradiation (Rp ~ 2 m) with a dose of 1×1015

cm-2. These images show clearly that shallow helium irradiation can give rise to surface
cracking along lattice crystallographic axes, as indicated by the white arrow in (b), while iron
irradiation results in isotropically oriented distributed surface deformations such as nanometerscale hillocks. The height of these heavy-ion-induced protrusions is ~200±40 nm, e.g., one of
which is indicated by the white arrow in (d). The degree of the surface deformation scales with
the near surface amorphization resulted from high electronic stopping.
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MeV Fe2+ irradiation appears to scale with near surface amorphization resulting from
strong electronic stopping.

Section 7.3.3. In-situ RBS/C
Our experiments used the beam-scattering methods of RBS and channeling to
observe nuclear displacement and interfacial intermixing in the bulk and surfaces of
irradiated samples. Earlier our group and others [25] used RBS/C to study damage in keV
and MeV He-irradiated LiNbO3 to show the importance and effects of dose and annealing
on this damage. For example, after a 1×1016 cm-2 He+ bombardment, an implant-induced
peak in the RBS/C measurements was detected near the He+ stopping range. This peak
became more prominent and sharper with low-temperature (175oC–275oC) annealing,
reaching a maximum at ~250oC. This temperature peak was thus attributed to thermal
diffusion of He to form buried bubbles. Further, even-higher-temperature annealing (T >
350oC) was found to induce He out-diffusion, resulting in the reduction in backscattered
yield [25].
In order to compare damage from light-ion (He+) irradiation, a study of Feirradiation probing of the Nb sublattice was carried out; previous data led us to anticipate
more significant damage than He due to the larger cross section of Fe [26]. Figure 7.2(a)
shows He ion RBS scattering after low-energy (350 keV) Fe+ irradiation with a set of doses
from 1×1012 cm-2 to 1×1015 cm-2. It is clear that as the exposure to irradiated species
increases, substantial dechanneling increases, resulting in a raised backscattered signal.
This result is in agreement with an increase in the degree of damage from induced defects
and crystalline damage. In particular, the critical dose for appearance of lattice disorder is
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~5×1013 cm-2 at this Fe+ energy. With a dose of ~1×1015 cm-2 (~1.5 dpa), the backscattered
signal reaches the level of purely random scattering, indicating that, in this case, the
bombardment leads to a fully amorphized layer extending from surface to the depth of the
ion stopping range [18].
The data in Fig. 7.2(a) can be analyzed readily using an analytic expression to
estimate the relative distance between the location of the peak of the most-damaged region
and the surface [27]. This binary collision approach shows:

 dE
K
dE
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KE0  E1  E  
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(
)  x  S x
 dx in cos1 dx out cos2 
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where K is the kinematic factor (K ~ 0.84 for an incident He mass of ~4 amu and a target
(Nb) mass of ~93 amu), Eo and E1 are incident and backscattered projectile energies,
respectively, 1 is incident angle (~0o),  2 is backscattered angle (~10o), and S is the energy
loss factor. If we assume that our stopping power
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the peak location of the damage formation for our 350keV ions is found to be ~110 nm
below the surface for the 1×1014 cm-2 curve from our RBS/C measurements in Fig. 7.2.
This depth agrees well with the more exact computational predictions from TRIM
(Transport of Ions in Matter) simulation of the location of the most probable damaged
depth (~125 nm) generated from nuclear stopping, see Fig. 7.2(b). Such agreement between
experimental results and simulation thus confirms that in the low-energy regime, nuclear
collisional interaction of the Fe ions is the dominant mechanism for damage formation.
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Figures 7.2(c) and (d) provide additional data on yield vs scattered He+ energy
(channel) to further characterize damage after bombardment with 350 keV Fe ions. Figure
7.2(c) shows that as the irradiation dose is increased, further increases occur in the extent
of the amorphized layer, e.g., a dose of 5×1015 cm-2 gives rise to a broader amorphized
layer than that of 1×1015 cm-2, see Fig. 7.2(c). This broadening is attributed to the high
concentration of induced defects from nuclear-collision cascades [28]. Using Eq. (1), this
higher-dose irradiation (5×1015 cm-2 Fe+) results in an additional ~35 nm increase in
thickness of the amorphized layer. Figure 7.2(d) displays the effects of annealing at
different temperatures up to a maximum temperature of 600oC, with a 30 min annealing
duration at each temperature. As the annealing temperature increases, dechanneling is
reduced, indicating a recovery of the sample crystallinity with annealing. Note that the
crystallinity is expected to be fully restored with the use of even higher annealing
temperature and longer duration [7]. Also note that from SRIM, the electronic stopping
(Se) of 350 keV Fe in LiNbO3 is ~ 0.5 keV/nm. This number is approximately an order of
magnitude smaller than the reported threshold value of Se [18] that has been measured to
cause electronic-collision-induced damage (see below). Thus, we attribute the dominant
mechanism giving rise to materials amorphization in low-energy regime to be from nuclear
collision.
The primary contribution of nuclear collision to damage is expected to change as
the Fe-ion-energy increases since for heavy ions the electronic stopping power, Se, is also
known to increase with ion energy. To examine this phenomenon, experiments with highenergy Fe ions were carried out using 5 MeV iron irradiation at the EMSL facility at PNNL.
Our SRIM calculations showed that 5 MeV iron ions have a stopping range of ~2 m in
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LiNbO3 and an initial electronic stopping Se of ~ 3.6 keV/nm. The results of our

Figure 7.2: RBS/C measurements on 350 keV Fe+ irradiated LiNbO3 using the Nb sublattice.
Experimental and TRIM data showing that the dominant damage mechanism in low-energy Fe+
irradiation is due to nuclear collisions. (a) RBS versus Fe dose showing the evolution of crystal
damage with dose variation. The sharp increase in background with a dose of ~1×1014 cm-2
shows a threshold-like behavior for crystal amorphization. After a dose of ~1×1015 cm-2, the
dechanneling signal reaches the level of a random lattice, indicating the material is fully
amorphized. (b) The calculation using Eq. (1) of an ~1×1014 cm-2 irradiation curve is shown by
the blue line. The depth of the peak is ~110 nm below the surface in agreement with a TRIM
simulation of most damaged location (~125 nm). (c) Cascading and overlapping of the defects.
The data show that 5×1015 cm-2 iron irradiation results in broader amorphous layers (additional
~35 nm increase in thickness) than the case with a dose of 1×1015 cm-2. (d) Data showing that
annealing at different temperatures recovers the sample crystallinity.
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experimental measurements with RBS/C analysis to determine the evolution of ion damage
with dose are given in Fig. 7.3; the channeling data in Fig. 7.3(a) used a comparatively low
energy, i.e. 2 MeV He+ probe to study damage closer to the surface, while the experiment
results shown in Fig. 7.3(b) used higher energy, i.e. 4 MeV, He+ to investigate the overall
damage profile. Considering the low-energy He probe in Fig. 7.3(a), for doses > 1×1013
cm-2 Fe2+, a strong back-scattered dechanneling He signal is observed. This dechanneling
is known from [25] to indicate damage and displaced atoms generated near the surface
region. However, with a dose of 1×1014 cm-2, it is apparent that this damaged surface layer
becomes fully amorphous, since the backscattered signal level then reaches that of a
randomly-oriented material. Using the expression given in Eq. (1) and the data for 1×1013
cm-2 curve (from Channel 750~850, or Energy 1450~1650 keV), the thickness of this
damaged material on the surface is found to be ~245 nm. This thickness agrees well with
the AFM measurements of the elevated height of the surface deformation (~200±40 nm),
see Fig. 7.1 in the previous section. This agreement suggests that the exfoliated layer
originates from amorphous material at the surface.
These observations can be interpreted using prior observations seen in both lightand heavy-ion damage. For example, as briefly mentioned above, the interaction of heavy
ions and their target lead to extended defects. In fact, beyond a threshold in stopping-power,
high electronic excitation coupled to atomic motion results in track formation, through
mechanisms based on Coulomb explosion and thermal spiking. With a further increase in
irradiation dose, amorphous tracks are also formed and broadened along the projectile
incident axis. Concomitantly, elastic strain is induced during the formation of the ion
tracks. Once the “swelling threshold” is exceeded [21], the generation of these ion tracks
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give rise to structural transformations both in the bulk and surface of the material via plastic
deformation. Such swelling is seen in our samples via AFM scans.
In Fig. 7.3(b), besides the damage at the surface as seen in Fig. 7.3(a), another and
less well-defined backscattered signal is also detected in deeper regions of the sample
(Channel 500~600). The use of Eq. (1) along with the measured energies in the figure
shows that the location of this peak is ~1.86 m below surface, which corresponds to the
location where the most probable nuclear collision take place (~ 1.9 m, with Rp ~ 2.0 m)

Figure 7.3: In-situ RBS/C measurements on 5 MeV Fe2+ irradiated LiNbO3 using Nb sublattice.
(a) Results of RBS using a 2 MeV He+ probe to study damage evolution on surface. The data
show that the critical dose for damage formation is ~1×1013 cm-2 and that an irradiation dose of
~1×1014 cm-2 gives rise to amorphization. Note that the critical doses for the damage formation
are approximately an order of magnitude smaller than for those using low-energy iron, as seen
in Fig. 7.2. (b) RBC data as a function of dose. Two dechanneling mechanisms are clearly seen;
that in the higher channel (>700) is attributed to electronic damage, and that in channels
500~600 is attributed to nuclear collision. The contribution of both effects lowers the critical
doses for the emergence of lattice disorder and material amorphization.
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based on TRIM calculation. Thus the existence of this second higher-yield signal is
attributed to disorder-induced dechanneling from nuclear collisions.
Previously, it was shown that if electronic ionization exceeds a threshold energy,
the energetic ions will produce nanometer-wide latent tracks in the targets [29]. In
particular, J. Olivares, et al. reported [18] that for 5-MeV-Si-irradiated LiNbO3, such an
electronic stopping threshold (Se,th) is ~ 5 keV/nm. If Se ≥ Se,th, an optically-isotropic
(“amorphous”) homogeneous surface layer is then generated. In addition, simulations
based on a thermal-spike model and a semi-empirical formulation [30] showed that such a
threshold Se,th is, in fact, dependent on the reduced energy Er (Er = ion energy / ion mass)
of the ion species. If the reduced energy Er of the chosen ion is ~ 0.1 MeV/amu, the
threshold Se,th to induce electronic-stopping damage will be ~ 3 keV/nm. With this
information in mind, consider our high-energy 5 MeV Fe2+ irradiation experiments. From
SRIM, 5 MeV iron atoms (Er ~ 0.1 MeV/amu) would yield an initial electronic stopping
value of Se ~ 3.6 keV/nm, which is higher than the predicted threshold Se,th (~3 keV/nm).
This indicates that an electronic origin to damage on the surface is expected. Our lowenergy He probe in the RBS/C measurements confirm and show the existence of such a
damaged surface layer. Further, measurements with high-energy (5 MeV) iron ions show
that the critical dose for the appearance of damage formation (~1×1013 cm-2) and of an
amorphized layer (~1×1014 cm-2) are approximately an order of magnitude lower than for
these values for low-energy (350 keV) Fe+ [~1×1014 cm-2 and ~1×1015 cm-2, respectively,
see Fig. 7.2(a)]. Such enhanced damage from swift heavy ions with lower critical values
are attributed to the fact that besides damage from nuclear collision taking place in this ion
range, high electronic stopping also generates cascading of induced individual latent tracks
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originating from the surface [28, 31]. With the existence of these two contributions, i.e.,
nuclear-collision events and high electronic stopping, defect accumulation and overlapping
is thus enhanced, lowering the critical dose for damage formation. For low-energy
irradiation, on the other hand, only nuclear stopping dominates, thus the critical values are
higher. Similar phenomena have also been reported using other ions such as O, F and Cl
[32].
RBS/C measurements were also performed on He+ and Fe+ co-irradiated samples
to examine any cumulative damage effects from co-irradiation by the two ions. Such a
probing on co-irradiated samples is of particular interest, considering that in many recent
ion-irradiation processing experiments [33, 34], co-irradiation has been shown to be
potentially useful in providing flexibility in influencing or controlling ion-damage profiles.
Thus, irradiation of only He+, only Fe+, and co-irradiation with both species (He+ first
followed by Fe+) were carried out. Their corresponding ion energy and dose are 200 keV
He+ with a dose of 1×1016 cm-2 or ~0.25 dpa (Rp ~ 700 nm), and 350 keV Fe+ with a dose
of 1×1014 cm-2 or ~0.15 dpa (Rp ~ 200 nm), respectively. The RBS/C measurements are
displayed in Fig. 7.4 as green (He), blue (Fe), and orange (He and Fe) curves, respectively.
The cases of the virgin (black) and random (red) signals are also included for comparison.
From Fig. 7.4, it is clear that co-irradiation leads to higher backscattered counts compared
with the Fe+(only) irradiation. This higher yield in the co-irradiated sample is attributed to
the fact that the presence of the localized He inclusions underneath (shown at Channel ~
600) can result in significant long-range strain field and dislocation network extending
toward the surface [6, 7, 25, 35]. Such stress states and defect networks thus enhance the
formation of Fe+-induced damage. Note that this cumulative damage effect is also observed
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using micro-Raman scanning and TEM imaging, described below. These results indicate
the existence of the cumulative effect from damage overlapping may alter materials
properties more significantly than expected. Thus, the irradiation conditions of each ion
species need to be optimized to achieve the expected effects from individual irradiation.

Figure 7.4: RBS/C measurements on virgin (black), He+-irradiated (green), Fe+-irradiated
(blue) and co-irradiated (orange) samples. The random level is also included for comparison.
The corresponding energy and dose of the irradiation conditions are described in the text. It is
clear that the co-irradiation results in cumulative damage effect. In particular, Fe+-induced
damage is enhanced in the presence of long-range strain and dislocation network from the He
inclusions underneath.

In summary, with our RBS/C experiments, we found that for iron irradiation, the
critical dose for the appearance of damage formation is energy-dependent, with the values
two to three orders of magnitude smaller than the case for helium irradiation. In addition,
iron-ion-induced materials amorphization was observed, while for helium, the materials
remain crystalline for the highest dose used in the experiment (~5×1016 cm-2 He+). Co123

irradiation results in the cumulative damage effect from each ion species. Note that SHI
effects are to be expected by a wide range of heavy atoms such as Xe, Ar, etc.

Section 7.3.4. Confocal Micro-Raman Imaging and Scanning
Confocal micro-Raman spectroscopy is a powerful nondestructive approach to
examine lattice modification and local micro-structural change. Its imaging capability
provides direct visualization of crystallographic defects and damage formation. Our
previously reported scanned micro-Raman imaging study of He+ irradiated LiNbO3 [6, 7]
showed that light-ion irradiation gives rise to lattice disorder and induces elastic strain,
with the most damaged location is in the neighborhood of the ion stopping range. Such
damage is manifested in Raman spectra through the broadening of peak widths, shifts in
spectral features, the decrease in active-mode intensities, and the appearance of forbiddenmode signals. The decrease and increase in active- and forbidden-modes signals leads to
high imaging contrast, which has been proven to be effective for locating and determining
the spatial-damage distribution of particle irradiation.
In our experiments, Raman imaging was done with samples irradiated by both light
and heavy ions and the images are displayed in Fig. 7.5. Figure 7.5(a) shows Raman
mapping of 195-keV He+-irradiated LiNbO3 performed through the top, irradiationincoming surface (Z+ face). In the figure, the measured mode profiles are overlaid on the
corresponding optical image, with the scanned region outlined in red. The figure shows an
example of damage-induced changes in both active and forbidden modes. The intensities
in the image of the active- and forbidden-mode signals have opposite behavior in the
presence of lattice damage with the active mode decreasing and the forbidden mode
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increasing. For example, in Fig. 7.5(a), the E(TO8) active mode at ~581 cm-1 and A1(TO4)
forbidden mode at ~631 cm-1 were used in the scan geometry

,

̅ in Porto notation

[36]. From the figure, the active-mode imaging (left inset in green) shows the distribution
of these dislocation lines and the forbidden-mode imaging (right inset in red) determines
the regions where local surface cracking occur. Our results are in agreement (see surface
characterization section) with the fact that shallow He+ implantation can under certain
conditions give rise to local surface cracking along crystallographic axes. This blisteringinduced exfoliation and cracking is accompanied by significant lattice disorder such that
the normally-forbidden phonon-vibrational activity is induced.

Figure 7.5: Confocal micro-Raman imaging to visualize the modifications of phonon
vibrations. In (a), 195 keV He+ irradiation was used. This shallow irradiation gives rise to lattice
disorder, with the most damage buried along lattice crystallographic axes. Surface cracking can
also be observed. The imaging clearly shows at these locations, the forbidden mode (631 cm-1)
is turned on, while the active mode signal is decreased (581 cm-1). In (b), 5 MeV Fe2+ irradiation
gives rise to surface deformations. The locations of these deformations can also be illustrated
using Raman forbidden-mode mapping.

A similar analysis can also be applied for heavy-ion irradiation. In Fig. 7.5(b) and
(c), Raman mapping was carried out with 5 MeV-Fe2+-irradiated LiNbO3. Figure 7.5(b) is
an optical image of a patterned-irradiated sample, where the center circular region was
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irradiated with iron, whereas the outside is masked and thus unirradiated. As discussed in
Section B and shown in Fig. 7.1, high-energy iron irradiation gives rise to surface
deformation such as induced raising and hillocks. Using the same normally-forbidden
phonon mode at ~631 cm-1, the appearance of the red-spot areas correspond to regions
where the surface is severely deformed. Note that once the scan is in regions away from
the irradiation region, the forbidden mode signal is minimal (≤ 10% of the maximum
value). This result indicates that the patterning is, in general, well-confined to the irradiated
region of interest. From our measurements, it is clear that the use of Raman imaging
enables the detection of these nanometer-scale surface non-uniformities after either lightor heavy-ion irradiation.
A micro-Raman edge scan, with a scan geometry

,

in Porto notation, was

also carried out on Fe2+-irradiated LiNbO3 to acquire the damage profile as a function of
irradiation depth. In addition, probing was also performed on Fe2+ and He+ co-irradiated
samples to examine any cumulative damage effects from co-irradiation by the two ions.
Selection of a confocal geometry for the Raman microscopy enabled a high-resolution scan
step (~100 nm) and a tight spot size (≤ 1 m) was achievable in our experiments for damage
measurements. Thus, a sample of Z-cut LiNbO3 was first irradiated with 3.8 MeV He+ to a
dose of 5×1016 cm-2, followed by a second irradiation using 350 keV Fe+ to a dose of 1×1015
cm-2. The co-irradiation process was performed at room temperature with a 7o degree tilt
from the sample normal to prevent channeling. Subsequently, the sample facet was
carefully polished until an optical finish was achieved, i.e. ~/5 of the Raman excitation
wavelength, to investigate the change of phonon vibrational activities on the irradiated
samples.
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Examples of these micro-Raman edge-scan measurements are displayed in Figure
7.6. Figures 7.6(a) and 7.6(c) are optical images of side views of solely Fe2+-irradiated
(1×1015 cm-2 dose), and Fe2+ and He+ (5×1016 cm-2 dose) co-irradiated LiNbO3,
respectively; such cross-sectional images enabled the direct visualization of any change of
the optical properties upon irradiation and are presented in this section for the purpose of
easy comparison to the results of Raman light scattering. Figures 7.6(b) and 7.6(d) are the
results of the corresponding Raman edge scan for Raman shifts of 500–1000 cm-1. The
insets in Figs. 7.6(b) and 7.6(d) display a measurement of peak intensities of the A1(TO4)
active mode at ~631 cm-1 versus the scan distance. Note that a different set of selection
rules applies for this edge-scan optical configuration, as compared with those used in Fig.
7.5.
Consider first the case of only Fe-irradiated sample. In Fig. 7.6(a), an apparent
damaged layer within the surface region (indicated by yellow arrows) is shown, with a
thickness corresponding to the range of 5 MeV iron ions in LiNbO3 (Rp ~ 2 m). The
formation of this optically damaged darker layer is a result of the strong overlap of ironion tracks, as discussed above. This overlapping of defects modifies the crystal structure in
a region extending from the surface to the end of the ion range. In addition, such Fe-induced
change of lattice crystallinity also modifies the phonon vibrational activities as is
manifested in the Raman spectra shown in Fig. 7.6(b). In Fig. 7.6(b) (not the inset), the
spectra corresponding to different locations or regions within the depth scan are shown.
Different line colors are used for scans in different locations: red in the surface region
where iron interacts with LiNbO3 (≤ 2 m from surface); blue in the deeper unirradiated
crystal region. Note that the locations of these measured spectra are also shown by spots
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of the corresponding color on the optical images in Fig. 7.6(a). It is clear from Fig. 7.6(b)
that the regions that are Fe-irradiated (from surface to ~2 m below) show a decrease of
active-mode signals, suggesting strong lattice crystalline disorder. Furthermore, as seen in
the inset in Fig. 7.6(b), the intensity of this low-density crystalline active mode A1(TO4) at
~631 cm-1 remains nearly constant from the surface to the Fe stopping distance. This
distance is in agreement to the thickness of the optically-damaged layer shown in the
optical side view of the darker layer in Fig. 7.6(a). Once the probe depth reaches that of the
unirradiated region (~2 m below the surface), the spectral signal becomes that of the
original unirradiated crystal. Note that, as mentioned above, after a 1×1015 cm-2 iron
bombardment, RBS/C measurements show a nearly amorphous layer is created, since the
backscattered yield is at the level of a randomized lattice. However, as is apparent from the
Raman scan, remnants of crystalline-like peak signal still appear. For example, the intensity
of the A1(TO4) active mode discussed here exhibits an amplitude of ~10% at the damaged
location of that in the unirradiated virgin region. This result indicates the existence of a
mixed phase containing both amorphous-like and low-density crystalline material. In
addition, a ~ 5 cm-1 peak redshift is also observed, indicating the presence of the induced
strain field. Similar effects have also been reported for fluorine-irradiated LiNbO3 [28].
Also note that in addition to the active phonon-mode profile, the appearance of an
additional Raman spectral feature from 800 to 900 cm-1 is also observed. The emergence
of this feature is attributed to irradiation-induced activation of known forbidden modes [6,
37].
Considering now the co-irradiated (He+ and Fe2+) case. Figure 7.6(c) displays the
optical cross-sectional image of co-irradiated sample. From Fig. 7.6(c), a similar damaged
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surface layer from iron is seen as in Fig. 7.6(a) (indicated by the yellow arrows), but in this
case a weak “line” has also appeared at location of ~10 m below surface; this line is
indicated by the red arrow. The appearance of this line is attributed to the nuclear damage
from the 3.8-MeV-He+ irradiation. Note that the thickness of the He+-induced
displacement-damage region is much narrower, that is, the region dominated by nuclear
interactions. Judging from the optical images, it is apparent that the combination of
electronic and nuclear interactions between heavy ion and the target result in damage over
a much broader spatial region and thus have a greater impact on optical properties of a
crystal than light ion. Also note that the thickness of the damaged surface layer (yellowarrows region) is identical in Figs. 7.6(a) and (c). As will be seen below using Raman scan,
this same thickness indicates that damage from iron ion is dominant in the co-irradiated
case.
Figure 7.6(d) shows the Raman spectra of the co-irradiated sample taken at different
locations: red and blue taken at surface (≤ 2 m) and deeper unirradiated (> 10 m) regions,
respectively. The black spectrum is a scan taken ~m below the surface after He+
exposure, while the orange spectrum is taken at a ~10 m depth, corresponding to He+
stopping range. The locations of these scans are also shown in Fig. 7.6(c) by spots of the
corresponding color. It is clear from Fig. 7.6(d) that four regions are observed: (I) an Feinduced damaged surface layer from the surface to a ~2 m depth, (II) the transition region
from ~2 m to ~4 m, (III) long-range elastic strain and local He-induced lattice damage
from ~4 m to ~10 m, and (IV) a deep unirradiated region at a ~10 m depth. Using the
intensity of the same A1(TO4) active mode as is observed in Fig. 7.6(b), the damage profile
along the ion-incoming distance was measured and is displayed in the inset. It is clear that
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the intensity profile in region (I) is essentially identical to the profile in Fig. 7.6(b), that is,
the co-irradiated damage profile in (I) shows similar spectra profile as the one of the solely
Fe-irradiated sample in the surface region. This indicates in a co-irradiated sample, Fe
irradiation is the dominant contributor to the damage in the surface region. However, also

Figure 7.6: Raman edge scan on Fe2+ irradiated and Fe2+ and He+ co-irradiated LiNbO3. Panels
(a) and (c) are side views of optical images; panels (b) and (d) are the corresponding Raman
edge-scan results. The insets show the intensity of the A1(TO4) active mode as a function of
irradiation depth. In (a), a darker layer is seen, indicated by yellow arrows. Raman scan in this
layer shows a region of low-crystallinity, displayed as the red spectra in (b). In (c), besides the
darker layer close to surface, additional dim line-like region at ~10 m below is also observed,
indicated by red arrow. The appearance of this line is attributed to helium nuclear damage. In
(d), the evolution of the spectra at different locations is apparent. The inset in (d) clearly shows
a transition region (~2 to ~4 m in Distance, region II). The width of this transition is
determined by the cumulative effects of the co-irradiation.
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notice that the peak position is more red-shifted by ~4.5 cm-1 compared with the solely Feirradiated case. Besides the stress states built upon Fe-ion irradiation, such additional peak
redshift is attributed to the long-range elastic strain induced by the He inclusions buried
underneath. Compared with the solely Fe-irradiated sample, the presence of this Heinduced strain field also results in ~10% lowered intensity in region (I) (see the inset) of
the co-irradiated sample. Such results of cumulative effect agree with the higher
backscattered counts observed in the RBS/C measurements discussed above. More
discussions of this strain/stress states are described in the next paragraph. Finally, once the
probe is beyond the co-irradiated region, i.e. region (IV), the spectral becomes that of an
unirradiated sample.
Region (III) shows an apparent extension of damaged region. We attribute this
feature to a long-range strain/stress field, which gives rise to a prominent Raman peak shift
from that of unirradiated material; this feature gives rise to the damage profile in region
(III). The existence of such a long-range strain field has been earlier shown in LiNbO3 after
helium irradiation [7]. In fact, in this work it was found that the length scale of the stress
field can extend several micrometers from the buried helium-stopping region. Note that
damage would be expected to be maximum at the helium ion range where the magnitude
of strain is the greatest [7, 38]; in fact, a local intensity minimum is seen at the stopping
region of the helium ions, i.e. ~10 m below surface.
Finally region (II) is the transition between the two irradiation zones. It is worth
mentioning that the width and the materials properties of the transition region [i.e. region
(II) in the inset in Fig. 7.6(d)] are strongly dependent on the distance between the ion ranges
of the two species. If lower iron energy and/or higher helium energy are used, the
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cumulative effect from the co-irradiation will be minimized, giving the possibility of
creating an unaffected unirradiated-like transition layer.

Section 7.3.5. TEM/STEM/EDS Imaging
To further examine any radiation-induced modifications in material crystallinity
and its properties, cross-sectional transmission electron microscopy (TEM) was performed
on the lattice structure of the irradiated sample. Typical imaging of the samples is displayed
in Figs. 7.7 and 7.8. These samples included Fe+-irradiated and He+ and Fe+ co-irradiated
LiNbO3. The irradiation parameters were 350 keV Fe+ with a dose of 1×1014 cm-2 for solely
Fe-irradiated LiNbO3; for the co-irradiated sample, 200 keV He+ with a dose of 1×1016 cm2

, followed by 1×1014 cm-2-Fe+ at 350 keV (i.e., the same Fe+(only)-irradiation condition)

were used. SRIM calculations show that these irradiation conditions yield a Fe stopping
range of Rp ~200 nm with straggling of Rp ~50 nm, and a He stopping range of Rp ~700
nm with straggling Rp ~150 nm, respectively. All irradiation was performed with a watercooled sample plate.
Figure 7.7 show a high-resolution TEM (HRTEM) images of Fe-irradiated LiNbO3.
Figure 7.7(a) is a micrograph at ×80k magnification depicting the damage distribution from
surface to a ~210 nm depth in the sample, and Figs. 7.7(b)–7.7(d) are zoomed-in crosssectional images at ×500k magnification at surface [Fig. 7.7(b)], at ~100 nm below the
surface [Fig. 7.7(c)], and at ~200 nm below the surface [Fig. 7.7(d)], respectively. It is clear
from these micrographs that Fe+-induced nanometric-size damage tracks are formed. The
size and the concentration of these defective regions are depth-dependent, with the size
ranging from ~2 nm to ~15 nm and their maximum concentration located at a distance
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~100 nm below the surface. Note that this latter depth agrees well with the location of the
highest ion-dechanneling signal observed by RBS/C, as mentioned above in Fig. 7.2(b).
These defects, originating from large cascading collision events, generally lead to strong
displacement damage including the generation of Frenkel pairs and extended defects [21].

Figure 7.7: HRTEM micrographs of Fe+-irradiated LiNbO3. The iron ion dose is 1×1014 cm-2
at an ion energy of 350 keV. Figure 7.7(a) shows a cross-sectional image at lower magnification
(×80k); damage distribution is seen from the surface to a depth of ~210 nm. Figures 7.7(b)7.7(d) are images at higher magnification (×500k), showing more detailed defective regions at
different depths below the surface: Fig. 7.7(b) at the surface, Fig. 7.7(c) at a depth of ~100 nm,
and Fig. 7.7(d) at a depth of ~200 nm. It is clear from the zoomed-in micrographs that the size
and the concentration of these nanometric defects are depth-dependent, with the average size of
~4–6 nm and the highest concentration at a depth of ~100 nm. Notice that this depth is in accord
with results from our previous RBS/C measurements, see Fig. 7.2(b). Fig. 7.7(e) is an EDS line
scan profile measuring O and Nb concentrations across two defective regions (inset: the
corresponding Z-contrast (dark field) STEM image). It is clear that non-uniform distribution of
elemental composition is observed in such regions.
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Such dense local lattice distortions would thus lead to the strong back-scattered RBS/C
signal that has been observed in our RBS studies. This defective region persisted to a depth
of ~350 nm but was extinguished at a depth > 500 nm. Notice that, despite the high density
of defects, overall sample crystallinity was still present in all samples. This “subamorphization” result is also in good agreement with our RBS/C measurement, since the
dose and energy we investigated here, at 1×1014 cm-2-Fe+ with an energy 350 keV, is below
the threshold value for full amorphization as discussed above. Finally, note that our TEM
images showed the presence of a strain field. The existence of this elastic strain can also
contributes to the dechanneling in our RBS/C measurements, as well as a peak shift in
Raman phonon modes, as seen elsewhere in our results (Fig. 7.6).
An important question, which arises when examining the image in Fig. 7.7(a), is
the origin of the spherically-shaped defects. In general, image contrast results from noncoherent diffraction by the lattice planes; however, the origin of specific spherical shape is
also of interest. In the case of nonreactive rare-gas bombardment in oxides, ~5 nm rare-gas
bubbles have been reported near the end of the ion range [22, 39-42]. In addition, irradiation
might also be expected to result in an alteration of local crystal composition. For example,
elemental concentration such as loss of Li has been reported in helium-irradiated LiNbO3
[25] using nuclear reaction analysis (NRA). In the present experiments, Fe bombardment
would be expected to lead to changes in crystal decomposition due to electronic
interactions throughout the ion path as seen in Fig. 7.7(a). To confirm this, Z-contrast
imaging (HAADF) and Energy-dispersive X-ray spectroscopy (EDS) were performed. The
results, displayed in Fig. 7.7(e) and the inset, show apparent non-uniform distribution of
Nb and O in these defective regions. In particular, from our EDS line scan profile and the
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HAADF data using STEM, the dark regions in the inset in Fig. 7.7(e) are indicative of
decrease in oxygen and niobium; note that in the bright-field STEM images, these are light
images. The presence of such image contrast in both bright- and dark-field imaging
indicates the existence of the compositional difference compared with the undamaged
region. The fact that compositional decreases in the damaged regions indicates perhaps a
micro-cavity is formed; such a micro-cavity might result from the formation of an oxygen
bubble followed by a loss of oxygen to the surrounding area. Currently more extensive
experiments are being carried out to provide more quantitative change in concentration.

Figure 7.8: HRTEM micrographs of Fe+ irradiated [Fig. 7.8(a)] and He+ and Fe+ co-irradiated
[Fig. 7.8(b)] LiNbO3. The energies of the He+ and Fe+ ions are 200 keV (Rp ~ 700 nm) and 350
keV (Rp ~ 200 nm), with doses of 1×1016 cm-2 and 1×1014 cm-2, respectively. A comparison of
the two makes it clear that the co-irradiation gives rise to a more apparent image contrast in the
defective regions. Further, several of these features exhibit faceted shapes (see the yellow labels
for example). These more apparent features are attributed to the formation of higher stress field
and crystallographically-oriented dislocation network resulted from He+ irradiation.
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TEM imaging on co-irradiated (He+ and Fe+) sample was also carried out and compared
with Fe+-irradiated samples. Images of these samples, taken at the similar depth (~30 nm
below the surface), are displayed in Fig. 7.8. Fig. 7.8(a) shows an Fe+(only)-irradiated
sample, while Fig. 7.8(b) displays a co-irradiated sample. Both micrographs were taken at
a magnification of ×500k. A comparison of the two figures make it clear that the coirradiation gives rise to sharper contrast in the damage tracks. This greater damage is also
reflected in RBS/C scattering and micro-Raman scan discussed above. In addition, several
of the defective regions in the co-irradiated sample exhibit faceted shapes, see the yellow
labels in Fig. 7.8(b) for example. The presence of these apparent faceted shapes are
attributed to the formation of the greater stress field in the He+ bombarded sample as well
as He+-induced crystallographically oriented dislocation network [4, 35].

Section 7.4: Conclusions
A comprehensive comparative investigation of radiation damage from light- and
heavy-ion bombardment are demonstrated. First, surface conditions were characterized
using optical microscopy and AFM. Irradiation-induced surface deformation was
observed. It is found that shallow helium irradiation can give rise to local cracking along
the threefold crystallographic axis, while iron irradiation results in isotropically-oriented
hillocks. Second, compared with light-ion or low-energy heavy-ion irradiation, in-situ
RBS/C measurements show that high-energy (swift) heavy-ion irradiation induces
electronic damage; besides nuclear collision, additional contribution of damage from
electronic stopping lowers the critical doses for the appearance of damage formation and
materials amorphization. Third, confocal micro-Raman mapping illustrates the difference
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of the damage formation and distribution from light- and heavy-ion bombardment. A
mixing of amorphous-like and low-density crystalline phases was observed. Fourth, TEM
imaging shows the formation of depth-dependent damage tracks from Fe-ion irradiation,
with the average size ~4–6 nm. Through the use of EDS line scan, the change of elemental
composition was observed in these defective regions. Finally, co-irradiation of both light
and heavy ion results in enhanced accumulation of damage. Such cumulative damage effect
was found in RBS/C scattering, Raman scanning, and TEM imaging.
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CHAPTER 8
Characterization of Selective Etching and Patterning by
Light- and Heavy-ion Irradiation and Co-irradiation in
Congruent Single-crystal LiNbO3

Section 8.1: Abstract
The induced selective etching properties of LiNbO3 after light- and heavy-ion
irradiation are investigated and discussed. Through the use of TEM and SEM, the lattice
structure at amorphous-crystalline interface is examined and it is found that single-energy
amorphizing irradiation results in undercut etching at the interface, while multiple-energy
irradiation yields a sharper feature. Co-irradiation of both light and heavy ion enables ready
fabrication of high-resolution patterning of freestanding thin films.

Section 8.2: Background Information
Lithium niobate (LiNbO3) has been widely used in various microsystem
applications

due

to

its

outstanding

characteristics,

including

optoelectronic,

optomechanical, and nonlinear-optical properties. The employment of these properties has
generated a number of potential LiNbO3 devices for current and future photonics systems
[1]. For many of these applications, integrated devices with planar-processed
microstructural patterns are crucial for precise control of optical signals. An impediment
to patterning LiNbO3 for such devices is the fact this metal-oxide crystal is known to be a
highly chemically resistant material [2] and this chemical inertness limits the ability to
fabricate high-aspect-ratio structures. Thus for effective pattern transfer, enhancing the
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material chemical etch rate is essential. Several methods for more effective patterning have
been reported, e.g. inductively coupled plasma (ICP) etching [3] and focused ion beam
(FIB) milling [4]. High-aspect ratio patterns can be created using these methods; however,
LiNbO3 high chemical resistance can complicate the anisotropic etching process. For
example, a combination of gas mixtures such as CHF3/Ar under precise temperature and
power conditions must be used in ICP etching to prevent etch-product redeposition [5].
Other limitations have also been reported. Thus for FIB milling, the sample surface must
be metallized and grounded to avoid charge accumulation [6]. In addition, conical crosssectional profiles caused by redeposition in FIB milling process and its low throughput for
large-area etching are also common issues [7].
Recently, broad-area ion-beam enhanced etching (IBEE) of LiNbO3 using
electronic damage from heavy-ion irradiation has been investigated as a possible
alternative [8, 9]. In this case, the etching is enabled by the fact that as the irradiation dose
is raised above a certain threshold, the high density of irradiation-induced defects results
in an amorphous-like damaged layer. The chemical resistance in this damaged layer is
significantly lowered of that for single crystal LiNbO3, thus increasing the former’s etch
rate. For example, it was found [10] that the etch rate in 5-MeV-Si-irradiated X-cut LiNbO3
was ~100 nm/min. This radiation-enabled selective etching thus have potential for
fabricating nano- or micro-structured photonic devices, such as ridge or one-dimensional
(1D) photonic crystal waveguides [11-13]. This pioneering research demonstrates the
potential of such functional etching method. However, detailed examination of lattice
structure at interface and the critical processing characterization such as sidewall
abruptness, dose dependence, etc. remain to be explored.
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Section 8.3: Experimental
The etching samples were congruent Z-cut single-crystal LiNbO3 (crystal
technology). Etching was studied after bombardment by a light, He+, and two choices of
heavy ions, i.e. Fe+ (reactive) and Ar+ (inert) ions. For He+, beam energies of 3.6 – 3.8
MeV and a dose of 5×1016 cm-2 was used. The irradiation was performed under watercooling environment, with the samples tilted 7o from the beam direction to prevent from
channeling. For the heavy ions, beam energies for Fe+ 350 keV, with a dose of 1×1015 cm2,

or for Ar+ 800 keV, with a dose of 1×1015 cm-2, were used. SRIM calculations showed

that their stopping ranges (Rp) in LiNbO3 were as follows: a ~200 nm with straggling (Rp)
of ~50 nm for Fe and a Rp ~550 nm with Rp ~150 nm for argon, respectively. Multiple
Ar+ irradiation was also performed, with the energy, the corresponding dose, and the order
of irradiation being 800 keV (1×1015 cm-2), 525 keV (2.5×1014 cm-2), 300 keV (2.5×1014
cm-2), 150 keV (2.5×1014 cm-2), and 75 keV (2.5×1014 cm-2), respectively. The etching was
performed by immersing the irradiated samples in 5% HF (hydrofluoric acid) at room
temperature for eight hours.
For patterning, a blocking mask was created on a LiNbO3 sample surface prior to
irradiation. The mask was of photoresist (Shipley S1818) with a thickness of 2 – 4 m to
be sufficient to ensure that only the exposed regions were irradiated with the ion species.
For the co-irradiation, the samples were first exposed to He+. Subsequently, the
blocking-mask pattern was created, followed by a second heavy-ion irradiation. Note that
for the co-irradiation process, the irradiation parameters of He+ and Fe+ or Ar+ are the same
as described above. After irradiation and removal of the mask, thermal activation of the
sample implantation was performed at 250oC for 30 minutes. The co-irradiated samples
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were then immersed in acid to investigate any etch selectivity between unirradiated and
irradiated regions.
TEM specimens were prepared by in situ lift-out focused ion beam (FIB); the
analytical electron microscopy was performed with JEOL JEM2100F operated at 200 kV.

Section 8.4: Results and Discussion
First, to briefly review light-ion-enhanced etching, it is well known [14] that for
light-ion (e.g. helium) irradiation, the preponderance of ions are deposited in a relatively
narrow spatial region in the target, where lattice defects are formed dominantly by
Rutherford scattering (nuclear collision) around the ion stopping range. Such light-ioninduced defect networks are characterized by a concentration of twin bands or slip planes
containing pileups of dislocations with helium inclusions and Frenkel pairs [15]. In
LiNbO3, these defects manifest themselves as a striking series of lines at the surface
arranged parallel to the threefold lattice symmetry planes. In addition, the density of these
extended defects reaches a maximum after thermally activated dislocation motion,
activated during annealing at ~250oC [16]. The existence of these local defect networks
enhances an anomalously high selective etch rate (~ m/min) [16]; this rate is ~103 greater
than the etch rate in the remainder of the sample. Note that this localized selective etching
enables the use of the method of crystal ion slicing [17] to fabricate freestanding thin films
– with films typically of thicknesses of 2 – 25 m. Using this method, compact optical thinfilm devices have been realized, such as electro-optic prism scanners [18] and tunable
poled frequency converters [19].
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For heavy-ion-induced selective etching, the mechanisms can be anticipated to be
different. Due to their large cross sections for electronic energy loss [20], ion-matter
interactions are known to be much stronger throughout the full ion path [8] than for H or
He. In particular, besides damage generated around the ion stopping range or end of range
distance, high cascading of collisions is also formed along heavy-ion trajectory. In fact,

Figure 8.1: Cross-sectional TEM micrographs showing the amorphous-crystalline interface as
a result of high-dose Ar irradiation. Fig. 8.1(a) and 8.1(b) were taken at 8k and 60k
magnification, respectively. The insets in Fig. 8.1(b) are the selected area diffraction patterns
(SADP). It is clear that in the surface irradiated region, the diffraction pattern shows diffuse
ring, indicating the material is amorphous, while in the deeper unirradiated region, the
diffraction shows crystalline pattern. A clear intermediate dark-contrast layer, corresponding to
the argon stopping range and straggling, is seen.
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once the defect accumulation is sufficiently high above threshold, the lattice crystallinity
along the ion beam axis becomes amorphous-like. This amorphous region has significantly
lowered chemical resistance compared with crystalline regions in the target.
To investigate this damage phenomenon in single-crystal LiNbO3, TEM data were
collected on the samples, which had been irradiated with Ar+ and Fe+ beams. For example,
Fig. 8.1 shows TEM images after heavy ion irradiation. Thus Fig. 8.1(a) shows a crosssectional TEM micrograph of LiNbO3 after 800 keV Ar+ irradiation at a dose of 1×1015
cm-2; Figure 8.1(b) is a zoomed-in cross-sectional image in the stopping-range region. It
is clear that an amorphous-crystalline interface is seen, with a ~120 nm-thick dark-contrast
transitional layer in the middle surrounded by two phases, viz, a crystalline and an
amorphized region. This transitional layer corresponds to the region, in which ion stopping
occurs and thus it contains the longitudinal straggling distribution of the irradiated argon.
In this region, a high density of defect clusters and their associated strain field are observed,
resulting in low contrast for the image. Above (i.e. at a smaller z distance) the intermediate
layer, selected-area diffraction patterns (SADP), displayed in the insets, show that the
surface region is amorphous, as the broad-halo characteristics of a diffuse ring is seen,
while the deeper unirradiated region remains crystalline. The etching profile and
mechanism, especially at the interface of the amorphous and crystalline regions, are further
examined and discussed in the next paragraph.
As briefly mentioned above, materials amorphization, in fact, even partial
amorphization, results in enhanced etching. Therefore, with a properly designed hard mask
to pattern the specific irradiated regions of interest, high-resolution patterning should be
achievable. In fact, etching experiments in Ar+-irradiated x-cut LiNbO3 using 3.7% HF
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show the efficacy of irradiation. It was found [21] that the etching rate is dependent on both
the acid temperature and the degree of damage (displacement per atom, dpa). In particular,
the etching rate can be increased from ~20 nm/min to ~200 nm/min when the temperature
was raised from 24oC to 55oC. In addition, the etching rate saturates when the damage
reaches ~0.4 dpa [8].
However, it is also important to determine the fidelity of the transfer process in
retaining the original dimensions of the etched region. Thus, for example, in the presence
of significant lateral straggling, enlargement of the pattern over that of original masked
area can be expected to occur. In other words, the basic cause of the loss of resolution for
high-energy-particle-induced etching is its lateral scatter, i.e. transverse straggle, which
damages the sidewall interface, and further cause undercutting. Since for ions the degree
of lateral straggle is depth dependent, the magnitude of the sidewall damage or undercut
will also exhibit depth dependence. More quantitatively TRIM calculations [22] show that
for a 800 keV Ar irradiation in LiNbO3 (Rp ~550 nm), the peak depth having the most
lateral straggling at the edge of the mask is at the same 550-nm depth as that in the center
of the irradiated region (i.e. ~550 nm deep).
A series of experiments using cross-sectional SEM were used to examine this
undercutting at doses above threshold. An example of one such experiment is shown in
Fig. 8.2. Figure 8.2(a) is an SEM image showing the irradiated LiNbO3 after an eight hour
etching in a 5%-HF etching solution. The figure shows clearly the profile of this
undercutting, as indicated by the yellow arrow. In addition, this profile conforms well to
that predicted by the damage distribution provided by TRIM, which is displayed on the
right using red solid color. The SEM micrograph images show that once the irradiated dose
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is above threshold, etching of this depth-dependent lateral damage into the masked region
results in an undercut feature. The undercut reaches a maximum at ~550 nm below the
surface.
Such an undercut feature is undesirable for fabrication steps requiring sharp
sidewall features such as for a channel optical waveguide or a side-wall grating structure
for precision control of carrier injection [23]. One approach to mitigate such an undercut
feature is to use multiple Ar+ irradiation cycles [11]. In particular, if the sample is exposed
to multiple irradiations, each having different Ar+ energies, a more uniformly-distributed
amorphous layer extending from surface to the ion stopping range should be formed in the
unmasked region. In order to examine the utility of this approach, we used five different
Ar+ irradiations performed from the highest (800 keV) to the lowest (75 keV) energy with
the exact energy and dose of each case as described in Experimental. All of these irradiation
were raster-scanned under water-cooling condition. After the multiple irradiation process,
the photoresist mask was removed and the irradiated sample was etched in 5% HF for eight
hours in room temperature. The results of this approach are shown in the SEM crosssectional image given in Fig. 8.2(b). Compared with Fig. 8.2(a), it is clear from Fig. 8.2(b)
that the use of multiple irradiation yields a sharper sidewall. As predicted by TRIM
[displayed on the right of Fig. 8.2(b)], multiple irradiation results in a more uniformlydistributed damage profile, instead of a profile having depth-dependent lateral straggling.
Thus, the accompanied undercutting issue using single irradiation can be significantly
suppressed. With this approach, patterning with ~1 m resolution could be achieved over
a large scale (~cm2). Examples of the approach are displayed, using a lower magnification
SEM, in Figs. 8.2(c) and 8.2(d). Note that the resolution here is mainly limited by the mask
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resolution created by contact mask aligner photolithography. Sub-m feature can in
principle be fabricated in LiNbO3 as well using this method with the use of a higher
resolution process, such as optical stepper, for the mask fabrication. In order to demonstrate
this selective etching method on an actual device structure, the etching of an abrupt wall
rib waveguide on a freestanding m-thick LiNbO3 thin film was investigated. Films such
as this have recently been used for example to fabricate photonic crystal structures [12].

Figure 8.2: Selective etching in heavy-ion irradiated LiNbO3. In (a), a photoresist mask was
created on the left side and the sample was irradiated with only single energy (800 keV) of Ar+
with a dose of 1×1015 cm-2. Due to the higher degree of damage close to the argon-ion stopping
range (Rp), substantial lateral etching at ~Rp is apparent, resulting in an undercut feature
(indicated by the yellow arrow). (b): Experiments showing that the undercut feature can be
suppressed or ameliorated by using multiple-ion-energy irradiation. (c) and (d): Examples
showing that high-resolution patterning (ion-beam lithography) can be realized in large-scale
area (~mm2) using this method.
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This demonstration is realized by using co-irradiation with beams of He+ and Fe+. In the
experiment, the surface was first irradiated with 3.8 MeV He+ to a dose of 5×1016 cm-2.
Subsequently, a photoresist mask pattern was formed on the top surface, followed by a
second irradiation using a 350 keV Fe+ beam with a dose of 5×1016 cm-2; note that iron was
used in this case rather than, say Ar or Xe, was due to only for the convenience of using an
existing heavy ion source on our particular implanter. Once irradiation was completed, the
resist was removed by acetone. Figure 8.3(a) shows an example of the optical image of the
co-irradiated sample. Helium-ion-induced dislocation line defects are clearly seen, denoted
by red arrows. In addition, the regions where heavy-ion irradiated has resulted in a darker
sample (generation of color-center defects), labeled by blue arrows. After cleaning, a
~250oC annealing cycle was performed to provide thermal activation for helium-ionslicing. Note that as reported earlier [24], annealing at 250oC does not fully anneal out any
heavy ion-induced damage. Thus, this annealing step serves only to activate (increase) the
He-induced selective etching. Finally, the activated co-irradiated sample was immersed in
5% HF for eight hours to realize crystal ion slicing by He and patterning by Fe,
concomitantly. After this step, the patterned film was placed in a furnace at 600oC under
ambient conditions for 10 hours to release any irradiation-induced strain and recover from
the remnant damage.
Figure 8.3(b) shows five fabricated grating patterns, each with different periods on
a 10 m-thick LiNbO3 thin film. In Fig. 8.3(c), higher magnification was used, showing
the uniformity of the periods. Figure 8.3(d) is a cross-sectional image showing a rib
waveguide. The dimensions of the ridge are width (w) ~ 600 nm and height (h) ~ 300 nm.
From RSoft FemSIM simulation [25], this dimension supports single-mode waveguiding
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condition at a wavelength of 1550 nm. Note that additional vertical optical confinement
can be obtained, for example, by creating a layer of air gap underneath [12] or using SiO2
as bonding substrate [26]. A simulated mode profile is overlaid on the figure with the
configuration of air cladding, LiNbO3 ridge waveguide, and SiO2 substrate used in the
simulation.

Figure 8.3: Demonstration of patterning on crystal-ion-sliced thin film using co-irradiation.
Panel (a) shows the optical image after the co-irradiation. Dislocation line defects, resulted from
helium irradiation labeled with red arrows are seen. In addition, regions being iron irradiated
appeared darker, labeled with blue arrows. In (b), after etching and annealing, patterning on
ion-sliced thin film is achieved. Panel (c) is a higher-magnification image, showing the grating
structures with different periods. In (d), cross section of a ridge-like waveguide is demonstrated.
The height and width are h ~ 300 nm, w ~ 600 nm. From RSoft FemSIM simulation, this
dimension supports the realization of single-mode (TE) waveguide. The simulated mode profile
was overlaid to the image.
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Section 8.5: Conclusions
Ion-induced modifications in crystal structure and the associated selective etching
properties are discussed. It was experimentally found using TEM and SEM that single
amorphizing irradiation results in undercut feature conforming to the damage distribution.
With the use of multiple irradiation, a more uniformly-distributed amorphous layer can be
created from surface to ion stopping range; with this approach, undesired undercut feature
can be suppressed. Different selective etching characteristics induced by light- and heavyion irradiation are discussed. This difference may be exploited by co-irradiating with both
ion species to achieve high-resolution patterning on free-standing LiNbO3 thin films.

Section 8.6: References
[1]

W. Sohler, H. Hu, R. Ricken, V. Quiring, C. Vannahme, H. Herrmann, D. Büchter, S.
Reza, W. Grundkötter, S. Orlov, H. Suche, R. Nouroozi, and Y. Min, “Integrated Optical
Devices in Lithium Niobate,” Opt. Photonics News 19, 24 (2008).

[2]

K. K. Wong, ed., “Properties of Lithium Niobate,” INSPEC, The Institution of Electrical
Engineers, London, UK, 2002

[3]

J. Hopwood, “Review of inductively coupled plasmas for plasma processing,” Plasma
Sources Sci. Technol. 1(2), 109 (1992).

[4]

J. Melngailis, “Focused ion beam technology and applications,” J. Vac. Sci. Technol. B
5(2), 469–495 (1987).

[5]

H. Hu, A. P. Milenin, R. B. Wehrspohn, H. Hermann, and W. Sohler, “Plasma etching of
proton-exchanged lithium niobate,” J. Vac. Sci. Technol. 24(4), 1012 (2006).

[6]

F. Lacour, F, N. Courjal, M.-P. Bernal, A. Sabac, C. Bainier, and M. Spajer,
“Nanostructuring lithium niobate substrates by focused ion beam milling,” Opt. Mater.
27(8), 1421–1425 (2005).

[7]

G. Si, A. J. Danner, S. L. Teo, E. J. Teo, J. Teng, and A. A. Bettiol, “Photonic crystal
structures with ultrahigh aspect ratio in lithium niobate fabricated by focused ion beam
milling,” J. Vac. Sci. Technol. B 29(2), 021205 (2011).
152

[8]

F. Schrempel, Th. Gischkat, H. Hartung, E.-B. Kley, and W. Wesch, “Ion beam enhanced
etching of LiNbO3,” Nucl. Instrum. Meth. B 250(1-2), 164–168 (2006).

[9]

F. Nesprías, M. Venturino, M.E. Debray, J. Davidson, M. Davidson, A.J. Kreiner, D.
Minsky, M. Fischer, and A. Lamagna, “Heavy ion beam micromachining on LiNbO3,”
Nucl. Instrum. Meth. B 267(1), 69–73 (2009).

[10]

T. Gischkat, H. Hartung, F. Schrempel, E. B. Kley, A. Tünnermann, and W. Wesch,
“Patterning of LiNbO3 by means of ion irradiation using the electronic energy deposition
and wet etching,” Microelectron. Engineering 86(4-6), 910–912 (2009).

[11]

H. Hartung, E.-B. Kley, A. Tünnermann, T. Gischkat, F. Schrempel, and W. Wesch,
“Fabrication of ridge waveguides in zinc-substituted lithium niobate by means of ion-beam
enhanced etching,” Opt. Lett. 33(20), 2320–2322 (2008).

[12]

R. Geiss, S. Diziain, R. Iliew, C. Etrich, H. Hartung, N. Janunts, F. Schrempel, F.
Lederer, T. Pertsch, and E.-B. Kley, “Light propagation in a free-standing lithium niobate
photonic crystal waveguide,” Appl. Phys. Lett. 97(13), 131109 (2010).

[13]

D. M. Gill, D. Jacobson, C. A. White, C. D. W. Jones, Y. Shi, W. J. Minford, and A. Harris,
“Ridged LiNbO3 modulators fabricated by a novel oxygen-ion implant/wet-etch
technique,” J. Lightwave Technol. 22(3), 887–894 (2004).

[14]

A. Ofan, O. Gaathon, L. Zhang, K. Evans-Lutterodt, S. Bakhru, H. Bakhru, Y. Zhu, D.
Welch, and R. M. Osgood, Jr., “Twinning and dislocation pileups in heavily implanted
LiNbO3,” Phys. Rev. B 83(6), 064104 (2011).

[15]

A. Ofan, L. Zhang, O. Gaathon, S. Bakhru, H. Bakhru, Y. Zhu, D. Welch, and R. M.
Osgood, Jr., “Spherical solid He nanometer bubbles in an anisotropic complex oxide,”
Phys. Rev. B 82(10), 104113 (2010).

[16]

A. Ofan, O. Gaathon, L. Vanamurthy, S. Bakhru, H. Bakhru, K. Evans-Lutterodt, and R.
M. Osgood Jr., “Origin of highly spatially selective etching in deeply implanted complex
oxides,” Appl. Phys. Lett. 93(18), 181906 (2008).

[17]

M. Levy, R. M. Osgood Jr., R. Liu, L. E. Cross, G. S. Cargill III, A. Kumar, and H. Bakhru,
“Fabrication of single-crystal lithium niobate films by crystal ion slicing,” Appl. Phys. Lett.
73(16), 2293 (1998).

[18]

D. Djukic, R. Roth, J. T. Yardley, R. M. Osgood, Jr., S. Bakhru, and H. Bakhru, “Lowvoltage planar-waveguide electrooptic prism scanner in Crystal-Ion-Sliced thin-film
LiNbO3,” Opt. Express 12(25), 6159–6164 (2004).

153

[19]

D. Djukic, R. M. Roth, R. M. Osgood, K. Evans-Lutterodt, H. Bakhru, S. Bakhru, and D.
Welch, “X-ray microbeam probing of elastic strains in patterned He+ implanted singlecrystal LiNbO3,” Appl. Phys. Lett. 91(11), 112908 (2007).

[20]

L.C. Feldman and J.W. Mayer, “Fundamentals of Surface and Thin Film Analysis,”
North-Holland, New York, 1986.

[21]

J. Reinisch, F. Schrempel, T. Gischkat, and W. Wesch, "Etching of Ion Irradiated
LiNbO3 in Aqueous Hydrofluoric Solutions," J. Electrochem. Soc. 155(4), D298-D301
(2008).

[22]

J. Ziegler, 2008, http://www.srim.org.

[23]

Y. Arakawa, T. Nakamura, Y. Urino, and T. Fujita, “Silicon photonics for next generation
system integration platform,” IEEE Commun. Mag. 51(3), 72–77 (2013).

[24]

H.-C. Huang, L. Zhang, G. Malladi, J. I. Dadap, S. Manandhar, K. Kisslinger, R. S. R
Vemuri, V. Shutthanandan, H. Bakhru, and R. M. Osgood, Jr, "Comparison of radiation
damage by light- and heavy-ion bombardment in single-crystal LiNbO3," (in preparation)

[25]

RSoft Products. http://optics.synopsys.com/rsoft/

[26]

P. Rabiei and P. Gunter, “Optical and electro-optical properties of submicrometer lithium
niobate slab waveguides prepared by crystal ion slicing and wafer bonding,” Appl. Phys.
Lett. 85(20), 4603 (2004).

154

CHAPTER 9
Conclusion

Section 9.1: Summary
In this thesis work, we used a set of analytical instruments to characterize different
kinds of radiation damage in materials properties and device performance. The use of these
instruments, including nondestructive approach such as micro-Raman spectroscopy and
direct visualization using TEM, enabled comprehensive analyses and investigations. It was
experimentally found that the cross section of ion-matter interaction plays a major role of
the generation of damage in materials. In addition, the degree of device degradation is
strongly dependent on how the optical mode overlaps with the induced defects.
With the fundamental understanding of the damage mechanisms, radiation-enabled
device-fabrication methods were further developed. Examples are using light-ion
implantation to produce sub-m (~670 nm) thick LiNbO3 bonded thin film and using
heavy-ion implantation to make high-resolution patterning. Co-irradiation of both ion
species was also implemented to generate patterned freestanding LiNbO3 thin film for the
demonstration of compact functional optical components.
In addition to the radiation-damage study and its associative fabrication techniques,
domain engineering and poling activity of ferroelectrics were also investigated. We found
that the domain broadening can be significantly controlled using thinned materials; also,
the required poling voltage is linearly dependent on the sample thickness down to a specific
dimension. Once the sample is thinner than the threshold, the domain nucleation process is
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sensitive to the surface condition. Research to explore the scientific insight is currently
ongoing.

Section 9.2: Future Directions
Based on the knowledge and the relevant literature reported in this thesis research,
several interesting ideas and the related potential projects are proposed for future research.
Examples are:
(1) Hybrid photonic device and integration with other platforms:
In Chapter 3, we discussed the fabrication methods to realize 670 nm-thick bonded
LiNbO3 thin film using adhesive BCB. With the proper implant condition and post-implant
thermal treatment, films with wafer-scale size can be realized [1]. Such kind of sub-mthick ultrathin film opens up a new platform for compact photonic device due to the fact
that higher mode confinement with lower drive voltage can be achieved. Examples of
interesting projects include:
(a) Hybrid LiNbO3-Si photonic platform:
Using the ultrathin film as the electro-optically tunable cladding layer on top of Si
photonic devices. This would be the study of the integration of EO and NLO material with
SOI technology [2].
(b) Integrated 2D material-LiNbO3 system:
Investigation of the interaction between the surface charge on LiNbO3 with 2D
material (e.g. graphene on top of PPLN). Potential demonstrations include the ferroelectricgated nanoplasmonic devices and the enhancement of nonlinear effect through the
integration of (2) (LiNbO3) and (3) (graphene) in the materials [3].
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(c) Integration with plasmonic/dielectric antenna structure:
Once the film thickness is in sub-m regime, the coupled transmitted optical mode
in the thin film can have sufficiently high interaction with the surface antenna structure.
With the proper design of the period and shape of the antenna, unconventional nonlinearoptic generation is possible [4].
(2) Advanced materials characterization:
In Chapter 7 and Chapter 8, we discussed the use of TEM to study radiation
damage. More advanced characterization can be carried out. Examples are the
investigations of in-situ recrystallization and redistribution of the materials upon annealing
using HRTEM, STEM, EDX and EELS. For the patterned-irradiated sample, the length
scale of the transitional region between the irradiated and unirradiated (masked) region, or
the transition at the amorphous-crystalline interface in the irradiated region, are also some
interesting aspects.
Besides TEM imaging, ion-luminescence or atom-probe tomography (APT) are
other advanced analytical methods to probe defect states.
(3) Co-irradiation of light and heavy ion for high-resolution patterning on thin film for
integrated micro-photonic device:
In Chapter 8, we discussed the use of heavy-ion irradiation to create patterning.
Through the use of e-beam lithography for the hard-mask fabrication, nanometric etched
LiNbO3 features can, in principle, be created. With the proper design, 2D photonic crystal
structure on freestanding thin film or membrane can thus be realized for different
nonlinear-optic generation.
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(4) Investigation of dimensional effects on magneto-optic response:
In collaboration with Prof. Levy at Michigan Tech University, investigation of
dimensionality-induced enhancement of magneto-optic response has been initiated. In
particular, the study has found interesting enhancements in specific Faraday rotation and
Raman peak shifts at ultrathin LPE (liquid phase epitaxy) magnetic garnet films (~150 nm
in thickness and below). The physical insights, such as the compositional non-uniformity
and the strain at the interface between the film and the substrate, are being explored. The
use of other analytical instruments, including RBS and XPS, are necessary for better
understanding.
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