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ABSTRACT

Incorporation of Nonconventional Crystalline Materials onto the
Integrated Photonics Platform
Ophir Gaathon

Applications that span from sensing, to large bandwidth communication, to

acoustic filtering, to high-resolution imaging and display, to quantum information

processing (QIP) and to advance electronics have a growing need for new device
types and materials. These advanced devices require electrical and optical

properties that, in some cases, can only be provided by truly single-crystal thin-films

of nonconventional materials, such as lithium niobate (LN, LiNbO3), yttrium
aluminum garnet (YAG, Y3Al5O12) and diamond.

In order to incorporate those crystals into existing multi-scale integrated

system platforms, new technologies must be developed that can supply high-quality,

single-crystal, thin-films in the desired thin-film architecture. Unfortunately,

production of thin-films of single-crystals is not always possible via growth. Here,

the use of Crystal Ion Slicing (CIS) technique to realize single-crystal thin-films of
three of the nonconventional crystals is described. The fabrication techniques vary

greatly between different crystals. Thus, new exfoliation chemistries must be

developed for each material system. Detailed description of the investigation into
exfoliation of LN, YAG and diamond is presented.

The most mature CIS application is for LN crystals. Here, the development of

several important complementary fabrication methods is presented. This includes
description of polishing and bonding techniques that are necessary for successful

incorporation of thin-films. Further, a lateral patterning technology of thin-films

using femtosecond laser ablation is demonstrated. In addition, an ion-implantation
patterning method and its application in nonlinear optics is presented. Finally, a
novel polarization dependent plasmonic filter is described.

In addition, a detailed description of the fabrication methods of single-crystal

thin-films of YAG for acoustical and optical applications is presented. It is shown
that the thermal exfoliation is the preferred method for YAG. After the thermal

exfoliation, the films are subject to additional thermal cycle to anneal the films. This
process high-temperature annealing is introduced to promote relaxation of film by

eliminating residual strain and increasing the films’ radius of curvature, both

attributed to the ion-implantation process. Thus, detailed description of the postexfoliation process is presented. The mechanical quality of the films is investigated
with specific attention to the annealing behavior.

Finally, the fabrication process and optical characterization of single-crystal

thin-films of diamond is described. The work on diamond is focused on developing a

parallel fabrication process for high-optical-quality single-crystal diamond

membranes for quantum information processing (QIP) applications. The diamond
membranes, with thickness as small as 200 nm and over 100 μm on their side,

exhibit nitrogen-vacancy emission spectra including the zero phonon line (ZPL)

peak of negatively charged centers. The films are patterned and sliced in parallel
from a single-crystal diamond sample. The compatibility of the membrane with

planar optical devices is demonstrated by the formation of two-dimensional
photonic crystal patterns in 200 nm films. The films are produced by a combination
of thermal annealing, chemical etching and oxygen plasma.

Analysis of the films quality and optimization of the exfoliation process is

evaluated by a verity of experimental techniques including: Atomic force

microscope (AFM), optical microscopy, scanning electron microscopy (SEM), Raman
and fluorescence spectroscopy, optical profilometry and nanoindentation.
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Chapter 1

Introduction
The need for thin films of exotic crystalline materials and their applications

1.1. Motivation
Applications that span from sensing, large bandwidth communication to

acoustic filtering, to higher resolution imaging, to display to quantum information
processing (QIP), and to advanced electronics, have a growing need for development
of a new class of devices. Those advanced devices require special electrical and

optical properties that, in some cases, can only be provided by truly single-crystal
1
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thin-films of non-conventional materials [1] such as: lithium niobate (LN, LiNbO3),
yttrium aluminium garnet (YAG, Y3Al5O12) and diamond (table 1). In order to

incorporate those crystals into existing integrated optical, acoustic, and electronic-

device platforms, there is a need to develop new technologies that can supply high
quality, single-crystal material in a thin-film format. Compatibility with the device
application and the platform architecture is paramount. Unfortunately, production

of thin-films of single-crystals is not always possible via growth. For these materials
Space /

Example

Industry

Application

Telecom /

Semiconductor
Mobile
Electronics
Sensing,

Pharma,
Security

Quantum

Information
Processing

Photonic

integrated

circuits (PIC)
integrated

Unmet need / Problem

Growing need for larger bandwidth

communication at the inter- and intrachip level

Demand for low operational power and

Material Systems
Silicon, Silicon-

nitride III-V, Quartz,
Lithium Niobate,

YIG, YAG, Diamond
Lithium Niobate,

stable optical and electronic

YIG, YAG, Diamond

Acoustic

Ultra-high Q acoustical resonators for

YAG, Sapphire,

Embedded

Certain crucial spectrums can not be

circuits (IC)
filtering
lasers

Quantum

computation

components

high frequency filters

realized with current technology

Need for stable high quality system

with long quantum coherence time that
can be addressed optically

Sapphire, GGG
Spinel

YAG, Sapphire,

Lithium Niobate,
Diamond, GGG
Diamond

Table 1.1 Application space specific unmet needs and relevant material systems.
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‘epitaxial growth’ is still limited to device size in the sub-μm scale due to small grain
size and inadequate domain quality.

Nevertheless, tremendous progress has been made in the past decade in

realizeing those thin-films of single-crystal materials. Much of that progress was

with using a top-down approach such as the Crystal Ion Slicing (CIS) technique [2-5].
This method use high-energy implantation of light ions to create a sacrificial layer

deep in the crystal lattice, which can later enable exfoliation of single-crystal thinfilms from the top surface of the parent crystal. The basic development for several of

these materials has been previously described in [6-14] and with demonstration of
thin-film based devices was reported in [7, 15-22]. In addition, through
investigation of the physics behind the exfoliation process in metal oxides is
presented in [23-27].

The goal of the work presented here is to enable the incorporation of exotic

crystals into an integrated photonic platform. The effort is focused on advancing
fabrication techniques for metal oxides (such as LN) and in expanding the utility of

CIS into diamond and YAG, two additional wide band-gap optical materials. The
properties of those crystals are summarized in table 2. The three crystals differ in
several key aspects such as symmetry and thermal and mechanical resiliency.
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Physical

properties
Molecular
Formula
Band Gap
Melting Point
Density
Dielectric
Constant
Molar Mass
Crystal
Structure

Thermal
Optical

Lattice Constant
(room temp)
Thermal
conductivity
Specific heat (at
~300K)
Thermal
Expansion

eV
oC

g/cm3
g/mol

o

A
W/cm
K
J/g K

10-6 /K

Dispersion

Yttrium
Aluminium
Garnet

Diamond

LiNbO3

Y3Al5O12

C

4
1257
4.65
εa = 85 @100 KHz
εc = 29 @100 KHz

dn/dλ

4.7
1970
4.55
11.7

147.846

595.3

3m (R3c)

Ia3d space
group (garnet)

5.148 (a)
13.863 (c)

12.01

trigonal

ditrigonaltrapezoidal
0.38
0.65

αc = 15 (<0001>)
αc = 5

no 2.30

Refractive
Index

Birefringence

Lithium Niobate
unit

Space group
Point group

4

ne 2.21
Yes
0.618

Cubic

IsometricHexoctahedral
0.129

5.5
3550
3.53
5.6 @45MHz20GHz
12.01
cubic

Fd-3m space
group
(diamond)
IsometricHexoctahedr
al (Cubic)
3.57
22

0.59

0.51

7.7 <110>

1.18

1.833

2.418

0.133

0.219

8.2 <100>
7.8 <111>
None

None
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Mechanical

properties
Young's Modulus
Poisson's ratio

5

unit

Lithium Niobate

Gpa

200
0.34

Cleavage plane

none

Fracture

uneven

Mohs
Scalehrdness

5

Yttrium
Aluminum
Garnet
300
0.28
none

conchoidal to
uneven
8.5

Diamond
1100
0.2

<111>

Conchoidal
(shell-like)
10

Table 1.2: Material properties of Lithium Niobate (LN), Yttrium Aluminium Garnet
(YAG) and Diamond.
LN is considered the gold standard for electro-optic modulation and

frequency conversions in its bulk form. In addition to having a stable electro-optic
performance and strong non-linear optical response, it is photoelastic and

piezoelectric. LN is widely used in surface acoustic wave (SAW) filters and in active
acousto-optical devices. The material is grown using the Czochralsky method and
poled

along

its

Z-axis

<0001>.

It

is

available

commercially

in

near

stoichiometric and congruent qualities and with a verity of dopants: MgO, Fe, Zn, Gd,
Cu, Y, B, Er. Due to its anisotropic thermal expansion (15 vs. 5 10-6/k), LN is

sensitive to strong temperature variations, especially when implanted. This means
that during fabrication, care has to be taken to ensure that heating is introduced at
slow rate (<5oC/min).
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One of the most common uses of LN is for second harmonic generation (SHG).

A widely popular method to a stable and robust design of SHG is through the domain

reversal of the crystal periodically. This ‘so-called’ periodically poled LN (PPLN)
creates quasi-phase matching (QPM) condition that allows for efficient energy

transfer between the fundamental and the second harmonic frequencies. Devices
using thin-films of LN can benefit from the possibility of scaling down PPLN domain
size allowing for more efficient SHG in small footprint and applicability to shorter
wavelengths. In addition, optoelectronics applications can take advantage of the

reduction crystal thickness to decrease the necessary operational voltage (Vπ)
approaching CMOS levels.

YAG is extensively used as a host material in solid-state lasers and as a

substrate for optical components. YAG popularity comes from its superior
properties. It is mechanically robust, physically hard, optically isotropic with a wide

transparency window (~300nm – 4μm). Unlike LN, YAG, has excellent thermal

tolerance making it ideal for high-power laser applications. Single-crystal YAG can

be grown with minimal strain and accept a wide verity of dopants from both the
transition metal and rare earth groups. In addition to the use of YAG in lasers
Cerium-doped YAG (YAG:Ce) is used in white light-emitting diodes

and as a

scintillator. One of the most common dopents is Neodymium (Nd:YAG) with typical

concentration level between 0.5 and 1.4 molar %. In addition, YAG mechanical

stiffness makes it an excellent candidate for lamb-wave (elastic pressure-waves
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where motion in the crystal is in the plane of propagation) acoustical filters.

Incorporation into the on-chip scale demands that single-crystal YAG will be
introduced in the thin-film format.

Unlike the two other crystals mentioned above diamond is a naturally

accruing crystal. The diamond, used in this work however, is synthetically grown by

the chemical vapor deposition (CVD) method. Diamond is a wide band gap crystal

with wide transparency window (ultraviolet to microwave) and has low thermal
expansion coefficient. In recent years diamond has drawn the attention of the QIP
community. In this connection, high purity diamond is an ideal host for defects such
as the nitrogen-vacancy (N-V) centers that show remarkable optical and spin
properties. In this work, type IIa was chosen for fabrication as it has very low

nitrogen concentration (<1017 /cm3) and shows no impurity related absorption.
This low nitrogen concentration makes this it suitable for spin-based experiments.

Unlike excitons in quantum dots, that are essentially delocalized, excitons associated

with NV centers are highly localized (<1 nm) [28]. In order to realize strong

coupling of single photons with N-V centers, a high quality factor (Q) cavity with
small mode size is necessary. This can be accomplished with pattering of a twodimensional (2D) photonic crystal (PC) on a thin-film.

In the following chapters, demonstration of fabrication of those films will be

presented.
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Brief Introduction to Crystal Ion Slicing (CIS)
As mentioned previously, CIS is a technique used to exfoliate single-crystal

thin-films. Developed of the technology started in the group in late 1990’s and

continually being refined to this day. An outline of the technique is illustrated in

Figure 1.1. It involves the use of high-energy (typically 1-4 MeV) implantation of
light ions, such as He and H, to create a sacrificial layer several μm’s below the

surface of a single-crystal target material (Figure 1.1(a)). Two mechanisms
contribute to the ions deceleration in the crystal. At first, the ions are slowed down

through inelastic collisions with bound electrons in the material. As a side note,
electronic excitation may occur during this process. Evidence of that can be seen

using an inline CCD during the implantation where the samples appear to be

glowing. Once the ions energy is significantly reduced (~100keV) the dominant
stopping mechanism is through elastic collisions with the atoms in the lattice. This

type of interaction displaces atoms in the crystal creating interstitial defect and

vacancies. The total stopping power, S, of an ion with energy, E, in a material is the
sum of the electronic stopping power S e(E) and the nuclear stopping power Sn(E):
S ( E ) = Se ( E ) + S n ( E ) .

(1.1)

The estimate stopping depth can be obtained using stopping range ion in

matter (SRIM) simulation package [29]. A typical output of SRIM calculation can be
seen on the right side of Figure 1.1 (a). Figure 1.2 (a-c) shows side-view images
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Ion Implantation

a

He+

9

0µm

Ion Range

~500nm
7µm
10µm

Chemical

Thermal

Exfoliation

b

Annealing

c

Integration

d

Figure 1.1. Standard crystal ion slicing (CIS) process. Exfoliation can
be done by chemical etching or with a thermal process.
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obtained via scanning electron microscope (SEM) of implanted YAG crystals at three

different energies 1.2, 3 and 3.8MeV. The crystals were lightly etched in phosphoric
acid to indicate the narrow (a few 100’s nm) stopping regions in each case. The
yellow curves in Fig. 3.2 show the calculated projected ion range and straggle

distance at each implantation energy for He in YAG crystal using SRIM. Note that the
stopping region is relatively narrow compare to the implantation depth with typical
width of a few hundreds on nm’s for several μm’s depth.

At sufficient doses, defects in that region in the crystal are dense enough to

enable film lift-off [23, 27] either by selective chemical etching or through thermal

induced exfoliation (Figure 1.1(b)). A representative image in an SEM micrograph of

the film can be seen in Fig. 1.2d. In this image, the implanted-side of a 7μm thin film
is facing upward. Note that the film does not appear to be flat. This is a common

issue with CIS where residual defects on the back surface strain the film. Hence,

after exfoliation, the films undergo thermal annealing treatment that relaxes and
flattens the film (Figure 1.2(c)). Finally, the film can be used in its free-standing
form or be bonded to a supporting wafer and integrated into a device (Figure
1.2(d)).

The following chapters will include detailed description how this technique

was modified and tuned to complement each material system.
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d

40m
Figure 1.2. (a-c) Scanning electron microscope (SEM)
images of YAG crystal implanted at different energies
(1.2MeV, 3Mev and 3.8MeV). The overlaid light (yellow
online) curve on the right of each inset is a TRIM calculation
of He ions stopping range. (d) SEM image of exfoliated film
of 3MeV implanted YAG crystal on Si wafer.
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Overview
The work presented here is organized by material system (LN, YAG and

diamond). However, the common thread is the use of Crystal Ion Slicing (CIS)

technique for the realization of single-crystal thin-films. Thus, in the pervious

section, a brief introduction to the CIS method principles was presented. As will be

shown in the following chapters, fabrication techniques vary greatly between
different crystals. Thus, it is required to tailor the exfoliation process to each

material system. In addition, modification the post- exfoliation processes such as

annealing and material handling are necessary. The subsequent chapters will
branch out to each crystal.

In the second chapter, attention will be focused on Lithium Niobate (LN,

LiNbO3) as reference crystal. In this chapter, developments of several important
fabrication methods will be presented. This includes description of polishing and

bonding techniques that are necessary for successful incorporation of thin films.
Further, a lateral patterning technology of thin films using femtosecond laser
ablation will be demonstrated. In addition, an ion implantation patterning method
and its application in nonlinear optics will be presented. Finally, a novel polarization
dependent plasmonic filter will be described.

The third chapter describes the fabrication of single-crystal thin films of

Yttrium Aluminum Garnet (YAG, Y3Al5O12) for acoustical and optical applications. It
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will be shown that the thermal exfoliation is the preferred method for YAG. After the
thermal exfoliation, the films were subjected to additional thermal cycling to anneal
the films. In this process, high temperature annealing (~ 1500K) was introduced to

promote relaxation of film by eliminating residual strain and increasing the films’
radius of curvature, both attributed to the ion implantation process. Analysis of the

films quality and optimization of the exfoliation process was evaluated by AFM,
optical microscopy, SEM, optical profilometer and nanoindentation.

Detailed

description of the post-exfoliation process will be presented. The mechanical quality
of the films is investigated with specific attention to the annealing behavior.

In the forth chapter a detailed description of the fabrication of single-crystal

thin films of Diamond for optical applications is described. The work presented in

this chapter is focused on developing a parallel fabrication process for high-opticalquality single-crystal diamond membranes. The diamond membranes, with

thickness as small as 200 nm and over 100 μm on their side, exhibit nitrogenvacancy emission spectra including the zero phonon line (ZPL) peak of negatively

charged centers. The films were patterned and sliced in parallel from a singlecrystal diamond sample. The compatibility of the membrane with planar optical

devices is demonstrated by the formation of two-dimensional photonic crystal
patterns in 200 nm films. The films were produced by a combination of thermal

annealing, chemical etching and oxygen plasma. The films quality and optimization
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of the exfoliation process were evaluated using AFM, optical microscopy, SEM,
Raman spectroscopy and fluorescence spectroscopy.

Finally, summary of the instrumentation used throughout this work is listed

in chapter five and concluding remarks are discussed in the final chapter.
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Chapter 2
Part 1

Lithium Niobate: Basic Processing
Techniques
The Development of Robust Bonding Technique and Efficient Backside
Polishing Process for Single-Crystal Lithium Niobate Thin-Films

2.1.1. Summary
This section describes some of the most important fabrication techniques

that are required for successful incorporation of thin films into the integrated
phonics platform. Post exfoliation processing such as backside polishing and
bonding are described.
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The Crystal Ion Slicing (CIS) method described in the previous chapter and in

[1-7], as well as, related technologies such as smart-cut [8-9] can produce large-area

thin films from several materials such as Lithium Niobate (LN) [2], Yttrium iron
garnet (YIG) [1], Gadolinium Gallium Garnet (GGG) [10], Yttrium aluminium garnet
(YAG) [9, 11], Diamond [12-14] and silicon [9]. These films are hundreds nm’s to a
few μm’s thick. Ideally, the exfoliation process is done while the crystal is bonded to

a carrier wafer. This “handle wafer” provides the mechanical support needed for the

films to prevent fracturing and bending. In this section, several bonding techniques
will be outlined and a polymer-based bonding will be introduced.

To further improve the utility of thin films for optical application, residual

roughness most be eliminated to ensure that the film surfaces are optically flat and

to prevent scattering and optical losses in the device. This polishing process should
be efficient with high-quality output. In this section, a wet polishing recipe will be
described.

2.1.3. Bonding
Wafer bonding can be divided into two general approaches: direct bonding

and adhesion-layer-assisted bonding. Previously the subject of bonding has been
explored [15-17] with direct bonding and anodic bonding. In addition, as discussed

in the next chapter, thin-films of YAG were bonded non-covalently to a carrier wafer.
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In that case, it was sufficient to establish intimate contact between the surfaces and

drive off water molecules through a slow thermal cycle to bond via Van-der Waals
interaction of the films to the wafer.

The direct bonding methods, although robust, can be challenging for some

applications where the films are large, since in that case miniscule bending can
prevent secure bonding. In addition, in some case it is desired to insert a low

refractive index or an insulating layer below the film. Such a layer (ex SiO2) can be
grown on the carrier wafer. However, the need for additional chemical mechanical
polishing (CMP) steps to establish a flat surface adds complexity to the fabrication
process, which in some cases exceeds its benefit.

One solution that produces highly robust bonding and is easy to incorporate

into the fabrication process is adhesion-layer-assisted bonding. In this case, several
polymer-based adhesives such as a variety of epoxies and photo-cured resists were
examined. It was found that benzocyclobutene (BCB) [18] is best performing. It was

established that BCB thermal budget (~300oC) and its solvent and acid inertness

makes it compatible with future fabrication steps in the process. In addition, BCB is
has a wide transparency window – making it suitable to optical applications (note
that thermal process should not exceed ~200 oC to avoid coloration of the polymer).

Further, due to its strong adhesion capability, adhesion-layer-assisted bonding
proved to have high tolerance to topographical variations both in long range
(bending) and in short range (roughness). Nevertheless, in order to achieve a high-
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quality, planar device the polymer (organic) bonding fabrication step should be

moved further in the process line (Figure 2.1.1). This allows for the use of a
thorough annealing cycle to relax the film from residual defects without
jeopardizing the integrity of the bond.

Bonding a thin film using BCB, starts with applying a μm-thick layer of the

polymer to the supporting wafer using spin-coating technique. Care is taken to
ensure the surface is clean with no contaminations. After spin-coating, the BCB layer

is allowed to dry slowly for several hours to allow the solvent to evaporate.
Accelerating solvent evaporation process, either by heating or by having a low
vacuum environment, can lead to the formation of bubbles in the polymer.

Subsequently the coated wafer is heated to 150oC for 30min to partially cure the

polymer; this step reduces the spontaneous adhesion of the layer allowing for a
more controlled lamination process where the thin-film can be placed in the desired
location and orientation. After placing the film, the assembled stack is slowly heated
to 180-200oC for 1hr. during that time pressure is applied to the film to ensure
flatness. After, the sample is cooled down slowly over several hours to allow for

even cooling. A representative cross-section scanning electron microscope (SEM)
image can be seen in Figure 2.1.2(a). A “wide-view” SEM image of a BCB bonded LN
film on silicone is shown in Figure 2.2.2(b). Good adhesion was observed over a
3cm2-wafer samples.
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CIS Process (inorganic)

CIS Process (organic)

Ion implantation

Ion implantation

Bonding

Slicing

Slicing

Annealing

Annealing

Bonding

Polishing

Polishing

Facet Polishing

Facet Polishing

Figure 2.1.1: CIS processing steps inorganic or direct bonding
left and polymer based bonding right.
a

b

LN
BCB
Figure 2.1.2: (a) Cross-section SEM of ~10μm thick LN film on
~9μm thick BCB adhesion layer. (b) wide-angle SEM of a
0.25cm2 film on silicon wafer bonded with BCB
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After bonding, polishing of the backside of the thin films is necessary to

remove residual defects that can lead to optical losses. Figure 2.1.3 shows atomic
force microscope (AFM) measurements of line features on the backside of LN thin

films after acid exfoliation, which give the depth and width perspective of the thinfilms . Those features can be several 100’s nm deep and lead to scattering loss when
the films are used for optical applications.

The primary method to remove those undesired features from the backside

of the films uses mechanical polishing. In polishing, an abrasive substance is brought

in to contact with the sample under mechanical pressure to remove material from

the surface. The abrasive substance are laminated on pads or suspended in
polishing fluid (slurry or paste). Typically, polishing pads provide superior polishing
near the sample edges making them a preferred choice for optical facet polishing.

However, polishing large surfaces with abrasive pads is a challenge. Frequently,

deep scratches are formed when the large amount of polishing debris agglomerates
and are forced between the two hard surfaces (sample and lapping table).

High-quality surface polishing can be achieved using a suspended abrasive

substance. Hard abrasive materials such as silicon carbide and diamond proved to

be not optimal for LN surface polishing as they tend to excessively polish the facing

edge of the film to a greater extent than the back edge. The exact reason for this is
not clear, but presumably after the debris from the front edge is mixed in the slurry
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Figure 2.1.3: Depth to width of line features on the back
surface of LN.
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the abrasive density is reduced – leading to slower polishing rate on the back side.

The best-suited suspended abrasive for LN was found to be colloidal-silica slurry

(50nm). The slurry is filtered prior to use to remove crystallized particulate matter
from the liquid. The polishing plate surrounded by a ~1mm high rim to hold the

slurry liquid. Throughout the polishing process, slurry is added frequently
(~1ml/4min) to maintain sufficient level.

Another important parameter in surface polishing is the choice of polishing

surface. Here, it was found that a soft polishing cloth such as Texmet 2000 by
Buehler is best suited. The sample was mounted on 1kg stainless steel holder with

three silicon carbide contact points. The sample was aligned with the holder pads.
Top-view images taken with a polarized optical microscope showing the
progression of the polishing process can be seen in Figure 2.1.4.
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Figure 2.1.4: Two-minute interval polarized microscope
images of the polishing progress.
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In this section, practical solutions for thin-film polymer bonding and

backside polishing were presented. BCB bonding was demonstrated and detailed

bonding processes were outlined. In addition, most effective backside-polishing
process was described and progression of the polishing step was shown.
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Chapter 2
Part 2

Laser Ablation of Lithium Niobate
The Development of a Fast Prototyping Technique for Lateral Pattering of SingleCrystal Lithium Niobate Thin-Films.

2.2.1. Summary
This section describes the use of laser ablation for pattering of single-crystal

thin-films of lithium niobate (LN) for optical applications. The work presented here
was focused on developing a fast prototyping technique to allow for lateral pattering

of thin films of LN using a combination of ion-implantation exfoliation and

femtosecond laser ablation [1-2]. The process physics for the method is bounded by
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the threshold for ablation and the onset of laser thermal out-diffusion of the
implanted He used in exfoliation selective etching.

2.2.2. Introduction
Single-crystal, thin-film format of metal oxides, e.g., LiNbO3 (LN), are

important for many applications, e.g., communication, sensing, etc., using integrated

device technology. A fabrication challenge remains, however, to pattern these thin

and fragile films laterally. Currently, there are two primary approaches: reactiveion-etching via inductively coupled plasma (RIE-ICP)[3] and focused ion beam

(FIB)[4]. Although both techniques have important advantages [5-6], they suffer
from several disadvantages including a challenging mask/crystal etch selectivity

and generally slow etch rate and writing speed [4] respectively. One alternative,

which is the subject of this section, is to use maskless ultrafast-pulse-laser ablation
to cut arbitrary shapes over a large area at useful patterning rates.

Ablation begins with absorption of energy from radiated photons in the

target medium. Some of that energy promotes bond decohesion, which leads to
material ejection from the surface. The most effective energy coupling from

radiation to the material occurs when the photon energy excites the band gap
energy. In the case of LNO with band gap of 4eV photons that have wavelength
shorter than 310 nm are best (Figure 2.2.1a). However, a typical trade off in using
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Figure 2.2.1: Linear and nonlinear absorption.
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this wavelength is the availability of UV grade optics and laser stability. For those

reasons, further investigation was done with an 800nm source where high-quality
optics are readily available and economical.

In transparent media, nonlinear photon-matter interaction (e.g. absorption)

is important for photons with energy that are below the material band gap. Unlike

linear absorption, in which a single photon can induce electron ionization,
absorption in transparent media requires multiple photons to cause this ionization

(Figure 2.2.1b). Efficiency of this multiphoton absorption process depends strongly

on the photon flux density and therefore is nonlinear. Its rate R(I) depends on the
multiphoton absorption coefficient, σk, (k-photon absorption) is [7]:
R( I ) ∝  k I k .

(2.1)

In order to have sufficient photon density to drive the nonlinear absorption

the laser intensity has to be relatively high thus thermal damage is possible. This
undesired thermal effect can be reduced and even avoided by shorting the pulse
duration. The time scales for thermal processes, such as heat diffusion or cooling,

are much slower than ionization and depend on the average power, Paverage,
transferred to the material while the efficiency of the ablation is related to the laser

peak power, Ppeak. Therefore, by reducing the pulse duration one can maintain the
necessary photon density required for the ablation process while reducing spurious
thermal effects. This suggests that for best ‘cold’ ablation the ratio
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Ppeak
Paverage

(2.2)

should be maximized. For example, for the same peak power a 100fs pulse requires
four orders of magnitude less average power than a 10ns pulse (at the same
repetition rate). Consequently, femtosecond micromachining of transparent
materials has gained increased attention because of its minimal damage and

effectiveness with materials having a wide range of absorption coefficients [8-9],
including LN [10-12].

The mechanism for ablation in the femtosecond pulse-duration regime is as

follows. A focused laser photons ionize electrons in the material by either

multiphoton absorption or photon-induced-electron-tunneling. The hot electrons
form a plasma that promotes further absorption. If the femtosecond laser-pulse
duration is shorter then the electron-lattice coupling time-scale the radiation energy

is absorbed by electron-electron scattering. This avalanche process takes place as

long as photons bombard the material. After the radiation has ceased and a few
picoseconds have passed, the hot electron gas cools down by coupling in to the
lattice phonons. Although the process of energy dissipation from the plasma to the

lattice is slower than a pure electronic excitation process it is still much faster then

the thermal diffusion time. This leads to a shock-like energy transfer to the lattice

causing ablation of the material and permanent structural change in the bulk. By
repeating this multiple times, deeper voids can be formed. Further description of
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the physics of the ablation process for nominally transparent materials can be found
in refs [13-14] .

The focus of this section is on the demonstration of ultrafast-laser lateral

patterning of ion-sliced, 5-µm-thick LNO films. In their freestanding state, these thin

films are particularly difficult to pattern since they are both mechanically and

thermally fragile. In addition, there is a need to secure the patterned sections on to
the substrate to avoid movement. Figure 2.2.2 show an early investigation of

ablation cutting on freestanding film resting on glass slide. One can see that a film
section wavered off its original position. A more robust approach it to pattern while

the sample is adhered or part of the supporting platform. This can be done either by
pattering the implanted sample before exfoliation or by bonding the film to a

transfer wafer (Figure 2.2.3). In this section we will focus on the former, such that

the metastable implanted He distribution in the crystal remain undisturbed during
laser processing. The use of fast, continuous writing with a high-repetition rate
system means that pulse-to-pulse accumulation effects and sample heating must be
considered.
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500 μm
Figure 2.2.2: Laser pattering of freestanding film on a glass
slide.
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Figure 2.2.3: Two alternative process lines. Left: ablation done
prior to wafer bonding and exfoliation. Right: wafer bonding
and exfoliation followed by ablation.
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2.2.3. Experimental
The experimental setup consists of a femtosecond laser system and scan

optics (Figure 2.2.4). Pulses are generated by an amplified Ti:Sapphire laser system
(Clark MXR with Coherent RegA9050 Regenerative Amplifier) having ~1W average

power at 800nm center wavelength, 250kHz repetition rate, and ~90fs pulses. A

10× (NA=0.18) objective lens focuses the beam into the sample with 1/e 2 beam
radius, Wo, of 1.4µm.

f
4
1
= 
D  2 NA

(2.3)

1
1
1
= 0.8
= 1.4  m
NA 
0.18

(2.4)

d=
W0 =

1





4





where d is beam diameter, λ is the wavelength, f is the focal length, D is the lens
diameter, and NA is the numerical aperture.

The focal point was determined by imaging with an inline camera and

corrected for difference in laser and camera wavelengths. The sample is mounted on
a computer-controlled XYZ long-rang e precision stage. Prior to ablation, samples of

1cm2 area diced from a z-cut LNO wafer were prepared by implanting He + ions
several µm beneath the surface at implantation energies of 2.2-3.8MeV, with a
projected ion range of 5-10µm and straggle range of 260-410nm, calculated using
SRIM-2006 (Stopping and Range of Ions in Matter) [15]. The ion dose was varied
from 2.5 × 1016 – 5 × 1016 cm-2. After ablation, samples were annealed for 15 - 30
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minutes at 250°C and then etched in a dilute HF solution to exfoliate the films; the

selective etching required for exfoliation is driven by buried implanted-He-induced
local-stress/defects. Ablation studies were initially carried out using bulk-crystal
samples, which yielded the optimal optical parameters for achieving a clean etch to

the depth required for patterning of thin films. Ideally, ablation of a transparent,

highly refractory crystal such as LNO consists of operating at sufficient fluence to
drive optical nonlinearities to the point that the pulse couples to a sufficiently thin

interfacial volume [14], typically tenths of µm [16], so that the delivered optical
energy is sufficient to vaporize fully this volume thus minimizing debris and

achieving clean ablation. Clearly this ideal fluence must be traded off against the
requirements for an acceptable writing rate as well as the practical optical
parameters; thus the laser power and writing speed must be determined.

2.2.4. Discussion
As a first step in calibrating the laser ablation process for best performing

conditions, a study of a stationary ablation diameter dependence on laser power
was conducted. In this study, an unimplanted LN sample was used and the laser

beam was focused on its top surface (z+ orientation). the laser power was tuned
between 20mW and 200mW with exposure time of about two seconds. After each

exposure, the sample was moved relative to the objective lens. After ablation, the
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sample was immersed in concentrated solution of hydrofluoric (HF, 49%) acid for
15min to remove debris from the exposed sites. Please note that LN z+ surface is
virtually inert to HF (noticeable changes require prolong exposure over hundreds of

hours). An optical microscope (OM) image was taken before and after the acid
cleaning. A summery of the results is listed in Figure 2.2.5. The measured diameter
of the holes was also tabulated and plotted. It can be seen that hole diameter
decreased with power to reach a minimum value of 6 μm at 50mW average power.

A further decrease in power to 20mW showed no obvious ablation damage.
However, after acid immersion a defect pattern emerged. The defect pattern follows
a three-fold symmetry; the same degree of symmetry of the crystal planes of Z+ LN.

Hole diameter is not the only important parameter in femtosecond ablation.

Writing speed and focus position combined with laser power greatly influence
pattering efficiency. Thus, to calibrate the overall ablation interactions, the ablative
features on bulk samples for variations in focus depth, laser power, and writing
speed are studied. The focus position relative to the surface was varied 300µm
around the beam waist and the pulse energy between 100 to 320nJ, corresponding

to fluences greater than the ablative threshold of ~ 1J/cm 2, as measured by others

[16]. For each parameter configuration of pulse energy and focusing, five different
writing speeds, from 5µm/s to 150µm/s, were examined. The resulting ablation

features were inspected using OM, atomic force (AFM) and scanning electron
microscopy (SEM).
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Figure 2.2.5: Laser ablation stationary exposure study. Power dependence of
hole diameter.
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Figure 2.2.6(a) shows representative data taken at the two writing rates of 5

and 150µm/s with the beam focal plane placed at the surface (complete data can be

found at the end of this section Figures 2.2.10(a)-(h)). We find that the sharpest

features are obtained at the highest scan rate and the minimum power needed to
ablate over the focal spot size. Even at the highest writing rate, each feature is

exposed to ~4000 overlapping shots due to the laser high repetition rate. As the

laser power is increased and/or the scan rate is slowed, the features gradually lose
their definition due to the onset of melting and the trench width increases. Finally,

at the slowest scan rate and highest fluence, substantial particulate ejection was
observed via optical micrographs, in accord with substantial subsurface melting;
SEM micrographs showed that these particles resembled cooled droplets.

To further gauge the dependence on focal position the trench width was

studied. Figure 2.2.6(b) summarizes the measured trench widths at a 100µm/s

writing speed. The vertical axis represents the distance between surface and focus
plane, with each of the four contours corresponding to a specific pulse energy. As

mentioned above, higher pulse energies formed wider features for a given focus

position. In addition, the data shows a narrowing of the width near z=0. Further, as
the distance between the surface and the focal plane increased, the ablated area

increased to a maximum diameter, e.g., in some cases 2× the beam waist diameter,

and then decreased until it vanished at even greater distances. The results shown
here are in agreement with a calculation of the beam fluence profile at different
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Figure 2.2.6: (a) Optical micrographs of ablation trenches at two different

writing speeds (5µm/s and 150µm/s) and four different pulse intensities
(100nJ – 320nJ). Slower writing speeds and/or high pulse intensity produce
wider ablation features. (b) Measured ablation width as a function of the
distance of the sample surface from the focus plane and pulse intensity. The

envelope represents optical micrograph data obtained at a writing speed of

100µm/s. Positive depth indicates that the target is above the free-space focal
plane (z=0).
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focusing distances, showing that the beam is absorbed in a relatively short depth
near the sample surface [16].

Our measurements, along with this calculation

showed that near the lens focal point, the ablated line width in Figure 2.2.6(b) was
insensitive to lens position over a z-distance >16-µm Rayleigh range; this high
tolerance to the z position gives the process a useful focal-distance margin.

The topography of the ablation trench was also examined using AFM. For

example, Figure 2.2.7(a) shows an AFM scan of the result obtained at 200nJ pulse

energy and 150µm/s writing speed, while focusing on the surface. In several cases
where the focus position was at either of the two limits of the ablation envelope

(Figure 2.2.6(b)), where no trench was formed, diagonal strikes were observed (see
Figures Y1 and Y2). A closer inspection of those strikes by AFM revealed that each

strike was composed of several nanoripples (Figure 2.2.7(b)). This structure has

been observed previously on the floor of the ablation area. According to [17], the
direction of those ripples correlates with the light polarization.

Using the appropriate optical parameters from the above bulk studies, we

carried out ablative patterning of CIS thin films. The utility of laser ablation for CIS

pattering depends on the process ability to cut through the thickness of the films. As
ablation is done prior to exfoliation, it is crucial that the ablation trench depth

would reach or exceed the implantation depth position. It was found that trench
depth, as a function of laser fluence is not simply proportional. Rather, for the same
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Figure 2.2.7: (a) AFM scan of ablation trench created at writing speed of

150µm/s with laser pulse energy of 200nJ while focusing on the surface. (b)
AFM scan of out-of-focus exposure surface damage.
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number of pulses there is an optimal intensity for the highest trench depth-to-width
aspect ratio. Figure 2.2.8 illustrates this point.

Figures 2.2.8(a)-(c) show SEM micrographs of three samples prepared with a

series of lines pattern ablation done in 150µm/sec writing speed with different
power levels. The samples were later immersed in a HF selective-etching solution.
Figure 2.2.8(a) shows the cross-section made by a 100mW (400nJ) laser with an

aspect ratio of less than 1 while the structure in Figure 2.2.8(b) has an aspect ratio
>2 for 60mW (240nJ) power. A further decrees in fluence to 20mW (100nJ) showed

no noticeable ablation damage. Note that for all laser fluences tested additional
exposure pass did not produce a noticeable effect.

An important result of excessive power is its effect on the CIS thin films.

Attempts to exfoliate the films by wet etching were not possible for trenches formed

with 100mW laser power. One can see in Figure 2.2.8(a) that the initial etching gap
does not extend fully up to the trench as in Figure 2.2.8(b). This prevents a complete

lift-off of the films from the parent crystal. Figures 2.2.8(d) and (e) show fully etched
structures for the respective laser intensities. One can see that no lift-off was
achieved for the high-power pattering (Figure 2.2.8(d)). As an aside, the suspended
membranes shown here have an interesting application in nonlinear optics.
Recently, in particular, we were able to demonstrate efficient second harmonic

generation (SHG) in similar structures that were fabricated using a tailored
implantation pattern [18]. As for moderate power (60mW), full exfoliation is

CHAPTER 2.2 - LASER ABLATION

50

(a)

(d)

CIS
5 µm

400nJ
(b)

20 µm

(e)

CIS
240nJ

5 µm

(c)

100nJ

15 µm

(f)

5 µm

300 µm

Figure 2.2.8: Trench cross-section for several laser intensities. The horizontal
doted line 5µm below the surface is the beginning of the CIS process. (a)
100mW single pass trench formation. (b) 60mW single pass trench formation.

(c) 20mW line ablation – no apparent damage to the surface (d) Suspended
membranes structure formed by ablating at 400nJ pulse energy (e) cantilever
structure created by 240nJ beam. (f) wide angle view of parallel line pattern.

CHAPTER 2.2 - LASER ABLATION

51

possible. Thin strips of LN were lifted-off between ablation trenches (Figure
2.2.8(e)). The strip seen in the Figure is sill connected to the parent crystal
throughout its backend, as seen in Figure 2.2.8(f) which shows a representative SEM
‘wide-view’ image of the writing test pattern. The sample was polished (at ~75deg)
before the ablation processing. Hence the ablation pattern seen on the side wall.

The incomplete selective etching depicted in Figure 2.2.8(d) suggests that the

higher laser power causing heating of the surrounding area of the ablated region

and concomitant out-diffusion of the implanted He atoms [19], thus preventing the
selective etching needed for liftoff. Earlier measurements[20] of high-repetition
mode-locked laser deep-subsurface micromachining of SiO2 has shown that CW

heating of sample is significant, even to the point of local melting, outside the

irradiation volume, In that SiO2 experiment, the mode-locked laser operated at a
high-enough repetition rate that the average power determined the temperature

profile for distances one thermal diffusivity length from the irradiation region, a
condition also present in our experiment. However, in the present case, heating

occurs at the surface. Such a laser-induced surface temperature rise can be

accurately estimated using a model first developed by Lax.[21] This theoretical
treatment considers laser irradiation of a µm-size spot on the surface of a material
with a temperature-dependent thermal conductivity, K, which gives rise to a 3D
temperature gradient. The resulting heat equation can be solved analytically for the

case of the effective optical absorption depth << than the beam diameter if a
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“transformed temperature”, Θ (T ) = T0 ln ( T / T0 ) , is used to adjust for the
nonlinearity of K. The solution at radius r and depth z to the heat equation then
yields

Θ ( r, z ) =

P

2  K (r2 + z2 )

12

,

(5)

where P is the laser power. In our calculations, we set K(T0 = 300K) = 5.6 Wm−1K−1
[22]. Under our experimental conditions, the assumptions of the theory are satisfied.

Using this theory model, we estimate the local laser-induced surface temperature
rise for our typical values of CW power of 100mW and the amount of laser power

converted to lattice heating of approximately ~30% (see Ref. [14]). This estimate
shows that local melting of LNO (i.e., T~1530K) is possible and that at 5µm away

from edge of the trench the temperature reaches T~700K. The latter temperature
will lead to rapid out-diffusion of the He atoms and hence, lack of selective etching,
as shown in Figure 2.2.8(d); reducing the input laser average power results in a
smaller temperature rise at this point, as seen in experiment. This same increase in
the radius of specific temperature contour was also reported in Ref [20] for SiO2.

As previously described [23], the planarity of exfoliated films depends on the

spatial distribution of the residual He concentration, since a non-uniform
distribution will lead to stress-induced bowing. This distribution can be altered by

sample heating and, hence out-diffusion of any remaining He. These effects can be
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seen clearly in the small strips in Figures 2.2.9(a)-(b); obtained after HF selective
etching. Note that not all strips in (a) exhibited the same curvature, since the

upward lifting of the strip is a result of the remnant strain that can have a complex

two-dimensional pattern. The tip shape cantilever shown in Figure 2.2.9(b) were
fabricated by creating a curved pattern on one side of the strips (Figure 2.2.9(d)).

Figure 2.2.9(c) shows the top right corner of a partially exfoliated freestanding film
that is still bond to the parent crystal. A fully exfoliated freestanding films can be

seen in Figure 2.2.9(e). It three fully freestanding 300×300µm2 films of 5µm

thickness placed on a Si wafer. These patterned thin films were formed directly
using the optimum process conditions, i.e., 150µm/s, 240nJ. Films of this sharp,

regular patterned morphology were obtained with a larger-area parent sample and

demonstrate the utility of the process to make 10um to 1cm-size films. Figure
2.2.9(f) shows the backside of the films before polishing.

With regards to the process rates, patterning of LNO with RIE-ICP and FIB

has each their own advantage, i.e. parallel processing and extremely high resolution,

respectively. However, for rapid prototyping of medium to small-scale films the
pattering scheme presented here has a clear advantage, enabling exfoliation via

ablative trench etching in rapid, maskless process. It took <2 min to define 16

squares like those shown in Figure 2.2.9(e) while according to Ref [4] an equivalent
pattern would have taken ~ 2 hours to etch to a comparable depth using IRE-ICP
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(this excludes a masking time of ~3 hurs), while FIB patterning would have taken
more then a month to complete.[4]
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Figure 2.2.9: laser ablation pattering results (a) Alternating

cantilever structure created by 240nJ beam. (c) Free-standing
square sample films with 300µm-side dimension; formed
directly using optimum process conditions, i.e., 150µm/s and
240nJ.
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2.2.5. Conclusion
In summary, we have demonstrated ablative lateral patterning of implanted

LNO, followed by HF-mediated exfoliation and shown that precisely formed shapes
can be obtained at useful patterning rates. In particular, we have demonstrated that

trenches up to the implantation depth could be ablated in implanted samples and
that patterned films could then be exfoliated from their parent crystal. Our results

show that this ablative writing method has a clear laser-power process window: low
power reduces process rate, while a relatively high power level drives off implanted
He, thus preventing subsequent HF selective etching for exfoliation.

CHAPTER 2.2 - LASER ABLATION

57

2.2.6. References
1.

Gaathon, O., A. Ofan, J.I. Dadap, L. Vanamurthy, S. Bakhru, H. Bakhru, and J.
Richard M. Osgood, Fabrication of freestanding LiNbO3 thin films via He
implantation and femtosecond laser ablation. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, 2010. 28(3): p. 462-465.

2.

Gaathon, O., A. Ofan, J. Dadap, A. Wirthmüller, L. Vanamurthy, S. Bakhru, H.
Bakhru, and R.M. Osgood Jr. Femtosecond laser milling of ultrathin films of
LiNbO3. 2008: SPIE.

3.

Hines, D.S. and K.E. Williams. Patterning of wave guides in LiNbO3 using ion
beam etching and reactive ion beam etching. 2002: AVS.

4.

Lacour, F., N. Courjal, M.P. Bernal, A. Sabac, C. Bainier, and M. Spajer,
Nanostructuring lithium niobate substrates by focused ion beam milling. Optical
Materials, 2005. 27(8): p. 1421-1425.

5.

Hu, H., A.P. Milenin, R.B. Wehrspohn, H. Hermann, and W. Sohler, Plasma
etching of proton-exchanged lithium niobate. Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films, 2006. 24(4): p. 1012-1015.

6.

Bostan, C.G., R.M. Ridder de, V.J. Gadgil, L. Kuipers, and A. Driessen, LineDefect Waveguides in Hexagon-Hole type Photonic Crystal Slabs: Design and
Fabrication using Focused Ion Beam Technology, in 2003 Annual Symposium
IEEE/LEOS Benelux Chapter. 2003, IEEE/LEOS Benelux Chapter: University of
Twente, Enschede, The Netherlands.

7.

Jones, S.C., P. Braunlich, R.T. Casper, X.A. Shen, and P. Kelly, Recent Progress
on Laser-Induced Modifications and Intrinsic Bulk Damage of Wide-Gap OpticalMaterials. Optical Engineering, 1989. 28(10): p. 1039-1068.

CHAPTER 2.2 - LASER ABLATION
8.

58

Gattass, R.R. and E. Mazur, Femtosecond laser micromachining in transparent
materials. Nat Photon, 2008. 2(4): p. 219-225.

9.

Degl'Innocenti, R., S. Reidt, A. Guarino, D. Rezzonico, G. Poberaj, and P.
Gunter, Micromachining of ridge optical waveguides on top of He+-implanted
beta-BaB2O4 crystals by femtosecond laser ablation. Journal of Applied Physics,
2006. 100(11): p. 113121.

10.

Guangyong, Z. and G. Min, Anisotropic properties of ultrafast laser-driven
microexplosions in lithium niobate crystal. Applied Physics Letters, 2005. 87(24):
p. 241107.

11.

Yu, B., Study of crystal formation in borate, niobate, and titanate glasses
irradiated by femtosecond laser pulses. J. Opt. Soc. Am. B, 2004. 21: p. 83-87.

12.

Galinetto, P., D. Ballarini, D. Grando, and G. Samoggia, Microstructural
modification of LiNbO3 crystals induced by femtosecond laser irradiation.
Applied Surface Science, 2005. 248(1-4): p. 291-294.

13.

Krüger, J. and W. Kautek, The Femtosecond Pulse Laser: a New Tool for
Micromachining Laser Physics 1999. 9: p. 30-40.

14.

Schaffer, C.B., Interaction of femtosecond laser pulses with transparent materials
in Department of Physics. 2001, Harvard University: Cambridge.

15.

Ziegler, J.F. Computer code SRIM 2006.02.

2006; Available from:

www.srim.org.
16.

Devesh, C.D., P.M. Ajay, A.S. Eric, R. Velimir, A. Dennis, D. David, and H.
Drew, Investigation of femtosecond laser assisted nano and microscale
modifications in lithium niobate. Journal of Applied Physics, 2005. 97(7): p.
074316.

CHAPTER 2.2 - LASER ABLATION
17.

59

Varlamova, O., F. Costache, M. Ratzke, and J. Reif, Control parameters in
pattern formation upon femtosecond laser ablation. Applied Surface Science,
2007. 253(19): p. 7932-7936.

18.

Gaathon, O., A. Ofan, D. Djukic, J. Dadap, S. Bakhru, H. Bakhru, and R.M.
Osgood, Jr. Second Harmonic Generation in Single-Crystal Thin Membranes of
LiNbO3 Fabricated By Patterned He+ Ion Implantation. in Conference on Lasers
and Electro-Optics, 2008. (CLEO). . 2008.

19.

Ofan, A., O. Gaathon, L. Vanamurthy, S. Bakhru, H. Bakhru, K. Evans-Lutterodt,
and Richard M. Osgood, Jr., Origin of highly spatially selective etching in deeply
implanted complex oxides. Applied Physics Letters, 2008. 93(18): p. 181906.

20.

Schaffer, C.B., A. Brodeur, J.F. García, and E. Mazur, Micromachining bulk glass
by use of femtosecond laser pulses with nanojoule energy. Opt. Lett., 2001. 26(2):
p. 93-95.

21.

Lax, M., Temperature Rise Induced by a Laser-Beam .2. Non-Linear Case.
Applied Physics Letters, 1978. 33(8): p. 786-788.

22.

Zhdanova, V.V., V.P. Klyuev, V.V. Lemanov, I.A. Smirnov, and V.V. Tikhonov,
Thermal Properties of Lithium Niobate Crystals. Soviet Physics Solid State,Ussr,
1968. 10(6): p. 1360-&.

23.

Izuhara, T., Crystal ion slicing of single crystal thin films for optical and
electrical applications. 2004, Columbia University, 2004. p. xi, 161 leaves,
bound.

CHAPTER 2.2 - LASER ABLATION

μm/s

60

Focal plain 100 μm above the surface

150

100
no change
observed

50

10

5

5 µm

100

140

200

320

nJ

Figure 2.2.10(a): Laser power and writing speed test at focal

plan 100 μm above the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)
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Figure 2.2.10(b): Laser power and writing speed test at focal

plan 50 μm above the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)
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Figure 2.2.10(c): Laser power and writing speed test at focal

plan 10 μm above the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)
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Figure 2.2.10(d): Laser power and writing speed test at focal
plan 5 μm above the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)
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Figure 2.2.10(e): Laser power and writing speed test at focal

plan at the surface. (ex p34 = 35W ; s1500 = speed 150 μm/s)
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Figure 2.2.10(f): Laser power and writing speed test at focal

plan 5 μm below the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)
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Figure 2.2.10(g): Laser power and writing speed test at focal

plan 50 μm below the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)
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Figure 2.2.10(h): Laser power and writing speed test at focal

plan 50 μm below the surface. (ex p34 = 35W ; s1500 = speed
150 μm/s)

Chapter 2
Part 3

Ion Implantation Patterning
The Development of a robust method for ion implantation patterning to create
suspended membranes

2.3.1. Summary
In this section the fabrication method of suspended membranes is described.

Unlike previous techniques that used polymer-based ion-mask to fabricate
membranes, here a hard metallic mask was used. This method enables the utility of
high energy ion implantation to induce defects deep in the crystal with lateral

resolution that is on the order of the implantation depth. The implanted region can
68
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be etched to create narrow channels in the crystal. The suspended membranes can
be used for optical application such as second harmonic generation (described in
further detail in the next section and in [1]).

2.3.2. Introduction
In order to fabricate the membrane structures a masking material is

patterned on the crystal surface such that only selected regions of crystal are
exposed to the implantation. First demonstration of this fabrication method was

reported in [2] in which 100μm thick SU-8 photoersist was used as the shielding

material. However, this approach does not allow sufficient lateral resolution, for

some applications, and it is not robust enough. Specifically, due to heating of the
exposed top surface during the ion impanation and the poor thermal connectivity of

the polymer the resist can easily be pyrolyzed; introducing contamination and

effecting the implantation depth. Hence, there is a need for more robust hard-mask
that efficiently blocks high-energy ions and can be applied and removed easily.

Our new method, which employs metal mask as ion-stopping hard mask

allows for same stopping power with significant reduction in mask thickness

compares to a polymer based mask. To illustrate this point Figure 2.3.1(a) shows a
Stopping Range Ion in Matter (SRIM) calculation [3] for He in various energies for

Lithium Niobate (LN), copper and a typical polymer (polystyrene 0.93 g/cm3).
Clearly, the implantation depth (stopping range) is significantly deeper in the
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Figure 2.3.1: (a) Stopping Range Ion in Matter (SRIM)
calculation fro He ions in three materials lithium Niobate (LN),

a typical polymer (polystyrene) and copper. (b) Mask
thickness as a function of implantation depth in LN. this

represents the required mask thickness for a target
implantation depth in LN.
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polymer in comparison with LN and the metal. A more practical view of this

calculation can be seen in Figure 2.3.1(b) where the stopping range for He in the
polymer and the metal are plotted against

the stopping range in LN. This figure

shows the minimal mask thickness (5μm for copper vs. 13μm for polystyrene) for a
specific desired implantation depth in LN (ex 6μm). The shaded regions represent
different aspect ratio that will be required to for the mask to achieve lateral
resolution that is comparable to the implantation depth.

2.3.3. Fabrication
In order to allow for an implantation depth of several μm in LN the metallic

mask should be several μm thick. Note that this is much thinner than a polymer

mask. In this range of the thickness regime, standard methods for metallic

deposition, such as by evaporation or sputtering, are not suitable (in terms of cost,

time etc). Due the generation of continues film above the photoresist, the lift-off
method for thick deposition does not yield high quality side-walls and is challenging.
For a thick film, the integrity of the etch mask (polymer) after extended time in

metal etchant is compromised. Further, lack of etching uniformity and under-cutetching renders this method impractical.

Therefore, in order to form μm’s-thick metallic mask, electroplating was

chosen. In this method, the metallic mask is ‘grown’ through the openings in a
negatively patterned photoresist (stencil). The process outline is illustrated in
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Figure 2.3.2. The first step in the fabrication is to form a conductive layer on the

crystal surface. To do so, 20nm’s of chromium were evaporated as an adhesion layer
followed by 20nm’s of gold. Second, a photoresist (PR) mask was applied on a thin

metallic layer. The PR was developed using standard photolithographic techniques
to form a negative template for the copper. The copper mask (Cu) was grown inside

the vacancies in the photoresist mask using electroplating. The resulting structures
is shown in Figure 2.3.3. After plating was completed, the photomask was removed

and the samples were implanted with He ions, creating sacrificial regions. The thin
metallic layer (Cr/Au) was left in that step to prevent charge accumulation on

surface. The stopping power of that layer was taken in to account in choosing the
implantation energy.

After implantation, the metallic mask was etched and the samples input and

output facets were polished. In order to improve etching of the sacrificial region the

samples were annealed at 250C for 30 minutes. Etching was done in a 5% solution
of hydrofluoric acid (HF) for several hours. Progression of the etching through the

channels can be seen in Figure 2.3.4. Prior to the etching a side-view SEM image was
recorded (Figure 2.3.5(a)) where the charging variation in the crystal indicates the
location of the implantation stopping region. This charging variation indicates

structural changes in the lattice (damage). As the etching attacks the sacrificial
region with much greater speed a tunnel is formed leaving a membrane structure

(Figure 2.3.5(b)). This membrane structure functions as a planer waveguide [4].
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Finally, note that, in some cases, the high contrast in lateral and vertical variations of
ion implantation induces a mixed mode (K I & KII) mechanical stress at the edges of

the membranes. That stress promotes accelerated etching of non-planer cracks in
the crystal (Figure 2.3.5(c)). This remains an open research topic and further, in
depth, study is required.
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Electroplating
of Copper

Suspended membrane

Etched channel

Figure 2.3.2: Membrane fabrication process. (a) Thin metallic
layer (20nm Au on

20nm chromium) evaporated on LN

surface; photoresist (PR) mask formed via

standard

photolithography. (b) Cu mask subsequently grown using
photoresist mask via electroplating (c) Photomask removed

and the sample is ion-implanted, creating sacrificial region. (d)
Wet etching removes sacrificial region, leaving membrane
structure.
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Figure 2.3.3: SEM images of electro-plated copper structures
on LN. The stencil photoresist was removed prior to imaging.

(a)- (b) side view of the copper mask strips. (c) A single
channel design. The copper mask extended on both sides for

over 500μm. (d) side view of one of the copper masks. One can

see that in this case the structure was over-grown above the
photoresist level (indicated by the arrow).
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Figure 2.3.4: (a)-(f) Optical microscope images of the

progression of the channel wet-etching. Approximate time is
indicated in the insets. The etching front is also indicated. (e)
Etch front from both direction of the sample can be seen. (f)
Fully etched structure.
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Figure 2.3.5: SEM image LiNbO3 membrane structures
patterned using thick-electodeposited surface mask (a) a

crosscut of an implanted sample. The copper strips protect

regions in the wafer from the ion implantation. (b) the
structure formed by etching of the sacrificial regions. (c) non
planner stress induced etching at the interface of the
implantation region to the masked regions.
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In this section the fabrication technique for ion implantation pattering was

described. The use of electro-plating as a method to form robust structures was
demonstrated. The resulting etched LN membranes can be used as a waveguide for
non-linear optical applications as described in the following section.
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Chapter 2
Part 4

Second Harmonic Generation in SingleCrystal Thin Membranes
The demonstration of second harmonic by waveguide dispersion in suspended
membranes

2.4.1. Summary
In the previous section, the fabrication method of in situ suspended

membranes was described. This method enables the utility of high energy ion

implantation to create narrow channels in the crystal. In this section, one
application of suspended membranes in photonics will be covered. Specifically, the
first experimental demonstration of the use of waveguide dispersion for phase
80
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matching of the fundamental and the seconds harmonic frequencies in these
structures will be presented [2].

2.4.2. Introduction
The ability to produce high-quality, single-crystal, metal-oxide thin films has

opened up many possibilities for novel optical devices, better integration, and new
devices with greater functionality of these materials. For example, our group has

developed a technology known as “Crystal Ion Slicing (CIS)” that uses high-energy
ion-implantation to exfoliate thin layers of single-crystal oxide material from the top

surface of a parent crystal, we have shown that it can be used to fabricate new
optical devices, such as low-voltage tunable TE/TM converters, low-voltage EO

scanners, and voltage tunable PPLN [3-5]. While the CIS process produces

mesoscopic freestanding film it can also be used to produce self-supported and
suspended films. This section reports on the first experimental demonstration of
second harmonic generation (SHG) in suspended membranes fabricated by a new
implantation strategy described in the previous section. In short, the ion pattering
technique

allows

the

fabrication

of

ultra-thin,

partially-exfoliated

films

(membranes) that are supported by their parent crystal. Because of the added

structural support, these membranes can have thickness smaller than that is
attainable with freestanding films.
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Here the demonstration of second-harmonic generation from a self-

supported on-chip slab of LiNbO3 (LN), which is phase matched at roomtemperature due to dispersion in the membranes, is presented. The ionimplantation membrane method described here forms a strong confinement
waveguide that is sufficiently mechanically tethered that thin membranes can be
formed and handled.

2.4.3. Results and Discussion
The method to fabricate suspended membrane structures is described in

detail in the previous section. In short, the ion implantation is patterned to induce

defects only at pre-defined regions. Those sections of the crystal that can later be

etched. Initially the fabrication of the structures as reported in [6] used 100µm thick

SU-8 photoresist as the shielding material. However, later copper-based masks were
used. This membrane structure functions as a planar waveguide [7]

Phase matching of a specific frequency and its second harmonic require

precise control over the membrane thickness. The thickness of the membrane can

be tuned by an additional fabrication step that utilize a selective etch that removes
the Z- side of the membrane (Figure 2.4.1). In this method, an acid mixture

(HF:HNO3:H2O) at ~70oC etches the ‘ceiling’ of the channels to thin down the
suspended membranes. This thickness tuning is an important step to both create the
right conditions for phase matching and to widen the gap between the membrane
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Figure 2.4.1: (a) illustration of the selective etching of the top

of the channel and thinning down the membrane thickness.
(b) structure before selective etching (c) after etching [1].
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and the parent crystal below it. The latter region prevents mode leaking to the
substrate.

The high index contrast for the air/LN system requires a thickness of ~2-

3µm to achieve single-mode phase matching. Earlier calculations done by Izuhara
[7] show that at a specific membrane thickness phase matching of the fundamental

and the second harmonic frequencies (fundamental at 1550nm) is possible. Figure
2.4.2 plots the change in modal effective index for the first three modes of each

frequency (in the ideal case of slab waveguide). The marked regions indicate
instances where phase matching occurs. However, spatial mismatch (red squares in

the Figure, ex. mode 1 fundamental and mode 2 SH) can prevent efficient energy
transfer. The circles in the figure represent instances where the degree of spatial

overlap is sufficient with the blue circle indicating the first-order mode match. A
simulation of the modal overlap is presented in Figure 2.4.3. The normalized overlap
is defined as:

∫∫ ( E ) ( E ) dxdy

∫∫ ( E ) dxdy
 2

Γ=

2 2
y

x

4

x

(4.1)

The first order mode overlap, Γ11 , was calculated to be ~81%.

In order to conduct the optical measurements, an erbium-doped fiber-laser

was used. The laser parameters are listed below. As seen in Figure 2.4.4, Laser light

was coupled in to a tapered fiber, which was mounted on a three-axis alignment
stage to allow the thin membrane to be optically addressed. The sample was
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Figure 2.4.2: Fundamental and second harmonic model
effective index for the first three modes as a function of

waveguide thickness (assuming an ideal case of slab
waveguide).
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Figure 2.4.3: Beam-Probe simulation of the fundamental and
second harmonic fist order modes.
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Fiber Laser

Sample
Tapered Fiber

Optical Spectrum Analyzer
Figure 2.4.4: Optical measurement setup. The pump is focused on to the sample by

tapered fiber. The output signal is collected via multimode fiber connected to a
spectrum analyzer.
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mounted on a second stage and placed in close proximity to the tip of the lensed

fiber. On the other side of the sample (along the membrane) a flat-end multimode
fiber was mounted. The multimode fiber was connected to an optical spectrum

analyzer (OSA), which recorded both the ranges of the fundamental and the second

harmonic spectra over which our experiments were carried out. In order to ensure

that the SHG seen in the membrane is, in fact, due to WGD, control measurements
were done at the center of the wafer (below the tunnel gap) and to the side of the

membrane close to the surface (Figure 2.4.5). The resulting spectrums can be seen

in the Figure 2.4.6. One can see that SHG signal was observed in the membranes. No
SHG was seen for the control experiments.
Wavelength
1550nm

Pulse width
110fs

Rep rate
37MHz

Table 2.4.1: Main properties of erbium-doped fiber-laser.

Ave. Power
40mW

CHAPTER 2.4 - SECOND HARMONIC GENERATION IN MEMBRANES

Membrane

Surface

Bulk
Figure 2.4.5: Optical measurement location in the structured crystal.
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Figure 2.4.6: Fundamental (red) and SH (blue) spectra for the three
measurement locations.
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SHG was achieved in membrane structures. The thin format of the

membranes allow for phase matching of the fundamental and the second harmonic

signals by waveguide dispersion. The structures were fabricated from single-crystal
LN crystal that was selectively ion patterned. The sacrificial region is etched away,

leaving an air-gap channel that provides a sharp index contrast, allowing the

membrane to function as a channel waveguide. This method of masking produces

ultra-thin films that are easy to handle as they are supported by the parent wafer.
The implantation energy allows the membrane thickness to be tuned; extended

etching allows the thickness to be finely controlled. Based on calculations made by
[7] phase matching due to waveguide dispersion of the two lower order modes can

not occur in membranes if their thickness exceeds 4µm. It was found that phase
matching with mode index of 2.1642 exists between the fundamental (TE second

order) and second harmonic (TM second order) at membrane thickness of ~1.63µm.
The development of membrane structures in LN opens up many novel possibilities

for integrated optical devices; for example, having an ultra-thin, high-index contrast
waveguide in LN would allow more optical power to be concentrated into a smaller
cross-section, thus allowing for stronger nonlinear effects. The structure of the

membrane would also allow such a device to be more easily integrated into a multimaterial system.
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Chapter 2
Part 5

Localized Surface Plasmon Array for
Polarization Dependent Filters and
Nonlinear Sources
The demonstration of Polarization-induced tunability of localized surface plasmon
resonances in arrays of sub-wavelength cruciform apertures

2.5.1. Summary
This section describes the experimental demonstration that optical

transmission through an asymmetric, periodic metallic Subwavelength apertures

array is polarization and wavelength dependent. The fabrication method and design

simulation is outlined. In addition, a detailed description of the fast optics
characterization is included; since this was a particular area of responsibility of the
author of thesis [1].
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In recent years, the expanding experimental demonstration of meta-

materials and plasmonic assisted optical enhancement has lead to realization of

novel optical designs and applications. Specifically, much attention has been focused
on optical properties of nanopatterned metallic films. Those plasmonic
nanostructures can tightly confine light in sub-wavelength spatial domains. This
leads to localized surface plasmon (LSP) resonances [2-3] that are a collective of

localized oscillations of conduction electrons at the surface of metals. LSP
resonances can be formed on surfaces of metallic nanoparticles, such as spheres,
rods, disks, and rings, or in metallic nano-apertures. Because the frequencies of LSPs
are strongly dependent on the shape and size of the plasmonic nanoparticles, as well

as the properties of the dielectric environment, they can be tuned over the entire
visible and infrared domains via changes in geometry [4]. Further, due to the large

electric permittivity of metals, LSP resonances induces considerable field

enhancement at the interface between the metal structure and the dialectic surface.
This strong field enhancement has led to a variety of applications from chemical and

biological sensing [5-8], surface-enhanced Raman excitation spectroscopy [9-11],
near-field optical microscopy with metallic nano-probes [12-14], and optical
nanoantennae [15-16].
optics.

In addition, this significant field enhancement can be used for nonlinear
Specifically, second- and third-order nonlinear polarizability in LSP’s
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structures has been previously demonstrated [17-19]. The nonlinear behavior can
be further enhanced with the incorporation of a χ2 material such as Lithium Niobate

(LN). This can lead to the realization of a strong, stable nonlinear source for nanophotonics. The work presented here describe the first of this structure, namely, the

development of a square arrays of nanoscale asymmetric cross-like apertures
without a χ2 material.

2.5.3. Experimental
The structures explored in this section consist of an array of asymmetric-

crosses apertures in gold film. The structures were fabricated on a 500μm thick

single-crystal calcium fluoride (CaF2) substrate chosen for its low absorption in the
mid-infrared regime. To form the metallic film, a 5nm Cr adhesion layer was

evaporated on the CaF2 top surface followed by 30nm of gold. Figure 2.5.1(a) show a
sketch of the fabricated structure and Figure 2.5.1(b) shows the case where χ2
material is integrated in to the structure as well.

In order to fabricate the array of apertures in the Au/Cr film, a focused ion

beam (FIB) was used. The FIB employed used Gallium ions at 30keV accelerating

voltage with beam current of 50pA. The dose used here was 50 pC/μm2. Each array

consisted of at least 15x15 unit cells with 2μm periodicity (both in x and y
directions) leading to a minimum area of 900μm 2. Note that the size of the arrays is
large enough so that size-dependent array effects are negligible [3].
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a
Au (30nm)
Cr
5nm

CaF2

b
Au (30nm)
Cr
5nm

LN

CaF2

Figure 2.5.1: (a) Side view illustration of the plasmonic

structure (b) Structure with LN incorporated in the aperture
for strong nonlinear optical response.
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The specifics of the design of unit cell and the periodicity depend on the

intended operating wavelength range. In this case, it was intended to examine the
mid-infrared response. Figure 2.5.2(a) shows a design schematic of a unit cell. The

chosen parameters are as follows: L x = 1675 nm; Ly = 1003 nm; gx = 418 nm; gy =
165 nm. The fabricated structures can be seen in the SEM images in Figure 2.5.2(bc). Note the asymmetry in the cross-like apertures.

The design was also scaled down to operate at the C-band range. To that end,

the periodicity was reduced to 700nm and Lx and Ly were tuned to 600 and 500nm
respectively.

In addition, gx and gy were reduced to 200 and 100 nm. The

transmission response of this design was measured using a pulsed source. An
Optical Parametric Amplified (OPA) Ti:Sapphire source was used to generate 100fs
laser pulses at a series of wavelengths from 1440nm to 1670nm (Figure 2.5.3). At

any given wavelength, a Berek’s variable waveplate was used to vary the laser

polarization. The polarized light was focused onto the plane of the patterned array
at an angle normal to the surface. Focusing was accomplished using a 10x objective

lens so as to produce a 12um spot size (1/e 2). The transmitted signal was then

reimaged onto a germanium photodetector. Care was taken to ensure that any

spurious intensity modulation due to beam ”walk-off” as the waveplate was rotated
was eliminated via position averaging.
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Figure 2.5.2: (a) Unit cell design schematics (b) high resolution

SEM of the fabricated structures. (c) wide view SEM of the
cross array.
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Figure 2.5.3: Optical characterization setup. Left, laser system. Right, detection
system.
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Device simulations were carried out using commercially available software,

RSoft’s Diffract-MOD [20], which implements the rigorous coupled-wave analysis
method. A simulated spectrum for the arrays of asymmetric cruciform apertures is

shown in Figure 2.5.4(a). Note that the simulations reached numerical convergence

with 17 diffraction (N= 17) orders for each transverse dimension. This amounts to a

total of N2 = 289 diffraction orders. In this model it is assumed that the frequencydependent dielectric constant, ε, of Au follows the Drude model

 p2 
 Au ( ) =  0 1 −
,
  ( + i )

(5.1)

with ωp is the plasma frequency (13.72×1015 rad/s) and γ is the damping frequency
(4.05×1013 s−1) [21].

Figure 2.5.4(b) show the experimental transmission data for various

wavelengths at different polarizations of the incident light. It can be seen that there

is a strong dependence on the light polarization with respect to the orientation of

the aperture structures. The spectra in Figure 2.5.4(b) show a intriguing spectral

point, I (~1.575μm), at which transmission is independent of polarization. Drawing
from an analogy from molecular spectroscopy, this point is termed an isosbestic
point [22].

This point represents reversal of the dominant polarization

transmission. On the blue side of point I, higher transmission was recorded for light
with a polarization, in which the electric field is parallel with the narrow axis (x) of
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Simulation

a
P1

I

P2

b
Experimental Data
Figure 2.5.4: (a) Simulated transmission spectrum (b) Transmission
through the cross array at several polarizations and for different
wavelengths as measured using a 100fs tunable optical parametric
source. Each wavelength point was measured separately.

CHAPTER 2.5 – PLASMONIC FILTER

102

the aperture structures. The opposite is true for the red (right) side of point I

(although with lower contrast). The data show several point of deviation from the
ideal simulated design should be noted. First, the single peak observed (point P1) is

red-shifted to ~1.525μm from the predicted point at ~1.475μm. In addition, unlike

the simulated design, at point P1 all polarizations exhibit a maximum value.
Similarly, all polarizations show an increase in transmission for longer wavelengths
around point P2.

Two possible reasons can be considered to help explain the deviation from

the numerical simulations. First, since the dielectric constant of metals depends on

frequency, the operating-frequency does not scale linearly with the size of the

structure. Therefore, simple scaling of the mid-infrared design to the C-band range
may not be optimal. Second, as seen in Figure 2.5.5 the tested patterns are

composed from four arrays there were fabricated adjacent to one another to allow

for wider spot size and still maintain high resolution pattering, but as shown in
Figure 2.5.5(c), these four patterns are not well stitched together. Additional

fabrication deviations from the intended design are also possible and can lead to
wavelength shift in the transmission behavior.

However, the main properties of the asymmetric plasmonic arrays, namely,

the existence of polarization dependent transmission maxima and of an isosbestic
spectral point, are preserved when the size of the structure is scaled down so as the
operating wavelength is shifted to the telecom C-band.
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c

Pattern

100μm

edge

10μm

Figure 2.5.5: (a) schematic of the CaF2 sample and the approximate position of two
patterns shown below. (b-c) SEM images of the fabricated arrays.
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As a final note nonlinear optical characterization can be demonstrated with

the second harmonic generation (from thos structures and with the addition of χ2
material such as LN). A possible experimental apparatus for those optical
measurements can be see in Figure 2.5.6.
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Figure 2.5.6: Second harmonic optical characterization setup. Left, laser system.
Right, detection system.
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A sub-wavelength aperture array has been designed to have strong

polarization dependence transmission in the telecom C-band. The design is realized
using focused ion beam milling. Finally, the fabricated structures optical

transmission was characterized using 100fs pulsed laser. And the transmission

spectra preserves the main properties of the asymmetric plasmonic arrays including
polarization dependent transmission maximum and an isosbestic spectral point.
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Chapter 3
Yttrium Aluminum Garnet (YAG)
The Making of Planar, Single-Crystal Thin Films of YAG by Ion Implantation and
Thermal Exfoliation for Acoustical and Optical-Grade Applications

3.1. Summary
This chapter describes the fabrication of single-crystal thin films of Yttrium
Aluminum Garnet (YAG, Y3Al5O12) for acoustical and optical applications. The films

were produced by a thermal exfoliation process after He-ion implantation in bulk

crystals. After the thermal exfoliation, the films were subjected to an additional

thermal cycle to anneal the films. This high temperature annealing (~ 1500K) was
110
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introduced to promote relaxation of film by eliminating residual strain and reducing

the films’ radius of curvature, both attributed to the ion implantation process [1].
Analysis of the films quality and optimization of the exfoliation process was
evaluated

by

nanoindentation.

AFM,

optical

microscopy,

SEM,

optical

profilometer

and

3.2. Motivation & Introduction
Garnet crystals, such yttrium iron (YIG) and yttrium aluminum (YAG) garnet

and related crystals, e.g. yttrium lanthanum fluoride (YLF) are essential to a wide

variety of laser-, photonic-, and acoustic-based devices [2]. For integrated versions
of these devices, thin films of the oxides are required. For example, such films can

be important components for film transfer hetero-bonded structures in integrated
optical isolators as well in acoustic high frequency resonator devices. Despite

important advances in the growth of single-crystal thin-films of YAG and other

materials, the formation of fully crystal freestanding films with bulk-like properties
has yet to be fully realized.

One approach to fabricating these films is to use the Crystal Ion Slicing (CIS)

technique described in Chapter 1. As mentioned in Chapter 1 there are two methods
for exfoliation of the thin films: chemical and thermal. However, chemical etching

proved to be not optimal for garnets. As chemical etching (phosphoric acid) can

take several hours to days for a mm-scale films and, in addition, the samples tend to
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curve up, break off and fracture every few tens of microns. Etch selectivity is also
relatively low allowing the top surface of the crystal to be damaged during etching.
Figure 3.1 shows these two effects in a Gadolinium Gallium Garnet (GGG) sample. To
prevent these effects, a suitable protective layer need be applied to the top surface

to prevent damage and to provide support (backing) during the slicing process. This

protective layer needs to be extremely resistant to acid and yet removable in a postetching process. Apiezon-W commonly known as “Black wax” can be used for this
purpose. At room temperature, a mm-thick layer forms a hard backing that allows

for successful etching. However, Apiezon-W is not soluble in common solvents and

can only be removed with chlorinated solvents such as trichloroethylene (TEC) [3].
This represent a health and safety concern as TEC and others in this solvent group
are considered carcinogenic and therefore should be avoided.

An alternative to chemical etching is thermal exfoliation. This proved to be a

better suited, more practical, and safer approach for producing large films of YAG.

However, several challenges remained. For example, Garnets such as YAG have a

complex bonding structure with nearly equal surface energies for each low index

crystal planes causing YAG crystals to cleave via conchoidal fracture. This type of
cleaving effects the uniformity of the ion-induced microcleavage, as no clear
cleavage plane is present. The work presented in this chapter demonstrates that

relatively large high-quality films can be obtained using this method. In addition, the
procedure needed to obtain planarized films as well factors which control the size of
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30µm

60µm
Figure 3.1: SEM image of implanted GGG crystal after chemical etching
without passivation layer (black wax). Insert : high resolution image of
the damage to the top surface.
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Since films such as YAG are fragile and this

property is enhanced by implantation, which introduces strain to the samples, and
additional strain results from the vertical thrust of the ex foliation process, forming

large-scale films by this process is a major challenge. In this chapter, techniques to

overcome those challenges are presented with the demonstration of fabrication of
thin films of YAG for high frequency acoustic and micro-photonics.

3.3. Experimental
Fabrication of the thin films followed a modified crystal ion slicing (CIS)

approach where light ions are implanted in the crystal creating a sacrificial layer
that is more chemically active or has a different thermal expansion coefficient.

Samples were prepared for exfoliation by implanting He + ions several microns

below the surface of the crystal. 1cm 2 samples were diced from a YAG wafer (<001>
axis perpendicular to the surface). These samples were ion implanted (Dynamitron

ion implanter) at energies of 1 - 4 MeV, with a projected ion range of 3–10 µm due to

the ion-energy-dependent stopping range and straggle range of 160–410 nm,

calculated using Stopping and Range of Ions in Matter (SRIM) simulation package
[4]. The ion dose was varied between 2.5 and 8 x1016 cm-2. The samples were

mounted on a water-cooled (17oC) holder and were implanted 7o off the
perpendicular.

In order to exfoliate the films, the samples were subjected to high-
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temperature ramping by a RTA (rapid thermal anneal) furnace (HEATPULSE 410)
or a tube furnace (Thermolyne 21100) that was pre-heated to the desired
temperature. In all cases, the implanted samples were introduced to the set

temperature in <5 sec. After exfoliation samples were removed from the heating
device and allowed to cool to ambient temperature.

The surface of the films was analyzed by several methods: an optical

profilometer (Wyko NT9100) and a long-working-distance, side-mounted optical
microscope (custom built) were used to determine the long-range curvature of the

films. For high-resolution investigation of the films-surface morphology, a SEM
(Hitachi 5000 & LEO 1450) and AFM (Veeco MutiMode V) were used.

Mechanical properties of the implanted samples were measured using a

nanoindenter (Agilent G200). Such a nanoindentator allows probing the mechanical
properties as a function of depth on a nanometer length scale.

Focused ion beam was done with FEI Helios NanoLab using Gallium ions

with accelerating voltage of 30kV and beam current of 21nA. the sample was
sputter coated with Gold/Palladium (~10nm) to avoid charging.

3.4. Results & Discussion
Samples were irradiated over a range of energies from 1.2-3.8 MeV such that

a variety of films thicknesses could be obtained; this variation allowed us to

examine the influence of film thickness on the exfoliation process. Figures 3.2a-c
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show side view images obtained via scanning electron microscope (SEM) of
implanted YAG crystals at three different energies 1.2, 3 and 3.8MeV. The crystals

were lightly etched in phosphoric acid to indicate the narrow (a few 100’s nm)

stopping regions in each case. The yellow curves in Figure. 3.2 show the calculated

projected ion range and straggle distance at each implantation energy for He in YAG
crystal using SRIM. Earlier reports for other related material systems had shown

that exfoliation occurred generally for doses of ~ 5×1016 ions/cm2 for samples that
were ~10um in thickness. For the depth-dependent measurements, the dose was
reduced as the implantation energy was lowered over the range given above from

5×1016 to 3.5×1016 /cm2 due to narrowing of the straggling region for lower energy.
This procedure allowed us to maintain approximately the same He concentration in
the implantation region at each implantation depth.

A representative image in an SEM micrograph of the film can be seen in

Figure. 3.2d. In this image the implanted-side of a 7μm thin film is facing upward.

The facets shown in this case are untreated and were created by fracturing of the

film during the exfoliation process, which apparently allows for the use of naturally
formed facets for optical coupling, despite the conchoidal nature of the substrate.
Scribing the surface of the crystal prior to exfoliation allows for predictable

formation of the film edges. Note that the films exhibit bowing due residual He near
the back surface (top side in the Figure) as a result of the “tail” of the implant region.
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d

40m
Figure 3.2: (a-c) Scanning electron microscope (SEM) images of YAG crystal

implanted at different energies (1.2MeV, 3Mev and 3.8MeV). The overlaid light
(yellow online) curve on the right of each inset is a TRIM calculation of He ions

stopping range. d) SEM image of exfoliated film of 3MeV implanted YAG crystal on
Si wafer.
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Although a detailed atomic-scale mechanistic study of the slicing mechanism

has not been carried out for YAG, our studies in other oxides, particularly LiNbO 3,
have shown that He bubbles nucleate at implant-induced defects. These defects
then lead to the formation of a sheet of nanocleaves in the highly implanted crystal

along the implant plane. The strong thermal gradients in the presence of rapid oven

heating provides the local stress to drive the exfoliation process. This mechanism

can be characterized, as in any thermally activated process [5], with an effective

activation energy, Ea. This activation energy can be estimated using the usual
Arrhenius expression

 or E ∝ k T log t ,
1 ∝ exp  − Ea
( c)

a
B
tc
k
T
B 


where the time needed for exfoliation at temperature T is t c and kB is the Boltzmann
constant. This thermally activated process was investigated by exposing samples to

different exfoliation temperatures from 750oC to 1200oC and the thermal activation

time was measured using a standard laboratory timepiece. Figure 3.3 summarizes
the relation between slicing temperature and the time required to induce

exfoliation; the slope in the Figure gives an activation energy of 0.43±0.04 eV.
Experiments by Tong, et al [5] in Group IV semiconductors have shown that the
exfoliation of a hydrogen-implanted sample has a characteristic activation energy,

which for these elemental semiconductors is close to the bond energy of
semiconductor. In our case the material is more heavily implanted and thus a lower
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Figure 3.3: Thermal activation energy calculated by measuring the time necessary
for exfoliation at different temperatures.
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overall activation energy is reasonable.

Our nanoindentation measurements support the fact that implantation leads

to a change in the mechanical properties in the implantation region.

In this

experiment nanoindentation was used to probe to two different samples near

surface regions. Both samples were implanted with 1.2MeV He ions at a dose of

3x1016 cm-2. For the first experiment the sample was exfoliated and then
nanoindentation was done on this surface and compared to that on the surface of an
unimplanted sample of YAG. The results showed that the straggle region has a

Young’s modulus that is lower by at least 5% than for the unimplanted sample,
which is consistent with the crystal in the implantation region being damaged with

point defects and dangling bonds [6]. In the second experiment, the Young’s

modulus was measured at different depths of an implanted (unexfoliated) sample

and compared with unimplanted crystal. These measurements showed that the

implanted sample had a decreasing modulus beyond ~450 nm, which agrees with
the decrease of the elastic modulus of the implanted region (~2.8μm). This is not
the case for the surface of the implanted samples. Comparison of the surfaces of

implanted and unimplanted samples shows statistically identical modulus. All of the

measurements were repeated over 25 times to increase the statistical robustness of
the results. Finally we note that in all cases where there was change in the modulus

it was very small indicating that the mechanical properties of thin oxide films are
generally unaffected beyond the heavily implanted region of the crystal.
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Earlier experiments using implant-induced exfoliation on other oxide

materials have shown that the residual interstitial He and any related defects, which

remain after exfoliation, leads to bowing of the free-standing films. Thus in the case
of KTiO3 films it was found that, after exfoliation via selective etching, the released
samples exhibited an overall bending radius. This bowing was attributed to residual

nonuniform (thickness dependent) stress in the film that resulted from residual He

in the tail of the implanted He distribution in the unetched portion of the thin-film
sample. In microsystems applications the lack of planarity in the films can cause

difficulties in fabrication and patterning. In our YAG films, immediately following

exfoliation, film bowing was measured via SEM or optical imaging as is seen in
Figure. 3.2.

Since bowing is attributable to interstitial He and related defects, we

examined the effect of a high temperature thermal annealing schedule on the

process. Such annealing is anticipated to drive out the implanted He and anneal out
implant lattice disorder and strain in the implantation region with the bulk thin film

crystal acting as a template. Thus an annealing treatment based on slow ramping

and long annealing was used. Since annealing out of the strain field can be assisted
by an externally applied oppositely directed strain field, in some cases the exfoliated

film was loaded with a plate of sapphire. Both thermal exfoliation and high

temperature annealing were done in an ambient atmosphere. To quantify the
bowing, measurements of surface curvature were made using a side view optical
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microscope and an optical profilometer (Wyko NT9100). The inset of Figure 3.4

summarizes the results of measurements of the radius of curvature, R, as a function
of annealing time at several temperatures. Using the well known Stony formula [7]

one can express the average stress  in the residual straggle region on the backside
of the films as

=

2
1 tYAG
E
,
6 R tstraggle* (1 − )

where tYAG is the exfoliated film thickness, tstraggle*<< tYAG is the effective thickness of

strained region, E is Young’s modulus and  the Poisson ratio of YAG. Since the

exact value of tstraggle* after exfoliation is unknown, a precise value for  in the
residual straggle region is difficult to assess. Still, the ratio of  to the initial stress

 i for a given annealing temperature can be estimated, since this ratio is

independent of tstraggle*. Figure 3.4 shows that the relative relaxation of stress in the

film and the residual straggle region for different annealing temperatures. Clearly,
1200oC annealing is needed to fully relax and flatten the film. The data given in
Figure. 3.4 clearly show the importance of stress in the exfoliated films.

Management of stress is also key to the maintaining the integrity of the films

for a given thermal exfoliation schedule. For example, without care in choosing the

proper dose, exfoliated films would fragment due to stress in the films from the
exfoliation-induced strain. Thus clearly any strain in the film as a result of the ion
implantation and the upward film thrust will be dependent on film implantation
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Figure 3.4: Calculated stress ratio of YAG films (from the initial stress state after
exfoliation) as a function of annealing duration and temperature. Inset shows the
measured radius of curvature of the films over time.
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parameters and film thickness as well as the velocity (or shock) of the exfoliation

process through the heating rate. Figure 3.5 shows a typical film-size dependence

on dose for the 4x4mm sample. It can be seen from the Figure that lower dose
produced smaller film fragments because of the reduced strain during exfoliation.
Note that for our sample size it was found that in some exfoliation experiments

samples with 4.5 and 5 ×1016/ cm2 He, film fragments spanned the length of the

samples and therefore their size was limited by the original bulk sample
dimensions. Our results show that as an example for a 4 x 4 mm sample, a dose of
4.5 ×1016 ion/cm2 was determined to be optimal at our 3MeV implantation energy.

In related experiments with unsupported films, i.e. those not having a handle

wafer, it was found that there was also a correlation of exfoliation temperature and

average film size. Our experiments showed that an optimum temperature was
found for the largest area films at each implantation energy. For example, in the

case of 3MeV ion energies, i.e. 7μm thick films, 900oC was determined to be the
optimal temperature. For this temperature, large films (>4×4mm) were obtained. In
case of shallower implantation depths at 1.2MeV (3μm), a higher temperature was

needed to realize large films. The insets in Figure. 3.6 show typical optical
microscope images of film fragmentation for a given thermal exfoliation
temperature. The average time for the exfoliation to occur at each temperature is
also listed. Figure 3.6 shows the corresponding film size.
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5.5

Implantation Dose (1E16 ions/cm2)
Figure 3.5: RMS roughness of backside of the films (left – red) and film area (right
– blue) for different implantation doses at implantation energy of 3MeV.
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Figure 3.6: Average area of film fragments for different exfoliation temperatures

(implantation conditions: 1.2 MeV at 4x1016). Insets are optical microscope
images of representative fragments.
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A possible explanation is as follows. Implantation-induced atomic scale

damage has a size distribution within the plane of the straggle, and upon annealing

the defect sizes increase with time and temperature via localized diffusionenhanced mechanisms. The critical defect size at which exfoliation initiates is a

function of the magnitude of the thermal stress; with higher temperatures leading to
smaller critical defect sizes. For the higher experimental annealing temperatures,

the largest of the original as-implanted defects may exceed the critical defect size, so
exfoliation would initiate quickly before significant void size evolution occurs. The
relatively few nucleation sites would be widely spaced leading to the larger flakes

seen experimentally. At lower but still elevated temperatures, diffusive mechanisms
could operate locally to increase the defect sizes so that a greater number of defects
exceed the critical defect size established for that temperature. This would require

more time and lead to a larger number of more closely spaced nucleation sites
increasing the likelihood for micro fractures to veer out of the straggle’s plane and
resulting in smaller exfoliated flakes. These potential mechanisms merit further
study

Surface quality is also important in many applications. In order to evaluate

the surface quality of the films after exfoliation, atomic force microscope (AFM)

measurements of the surface morphology were undertaken. Figure 3.5 summarizes
the root mean square (RMS) surface roughness of the backside of the films (surface

that is near to the implantation region) for dose concentrations from 3 - 5 × 1016
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ions/cm2 at an implantation energy of 3MeV. For each implantation dose, 4 × 4mm
samples were exfoliated at 900oC. It was found that RMS roughness increased with

implantation dose from 6nm for 3 × 1016 ions/cm2 to 10.5nm for 5 × 1016 ions/cm2.
The data shows, within experimental error, a linear dependence of roughness with
dose.

Many applications using YAG films require that films be bonded to a carrier

wafer with a protocol that allows for crystallographic alignment of the film to the

carrier wafer. Several bonding techniques were explored for this key step based on

two general approaches: adhesion-layer-assisted bonding and direct bonding. For
the former, several polymer-based adhesives, such as benzocyclobutene (BCB) [8],
were examined, with a partially cured 2μm-thick BCB layer showed good adhesion
over a 3cm2 wafer. However, due to the thermal budget constraints for BCB and
polymers in general, it was decided to investigate direct bonding. In fact, we choose

as the direct bonding technique, non-covalent bonding, in which Van-der Waals
forces serve to bond the sample. This approach allows for greater thermal mismatch

between the film and the substrate without inducing strain in the film or seeding a

crack at the interface, which can then propagate and lead to layer separation. For
bonding, the films were placed and aligned on the carrier wafer and placed under
mechanical pressure to ensure intimate contact between the two surfaces. While

still under pressure, the wafer temperature was raised to 450oC in an ambient
atmosphere for 30 hours. The samples were kept at that temperature for an
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additional 20-30 hrs and then slowly cooled to room conditions. The resulting films

showed strong adhesion to the wafer, with no apparent bonding degradation after
immersion in a variety of solvents for extended time. Figure 3.7 show a photograph
of the carrier wafer with films bonded to it.

Another important aspect in introducing a new kind of thin film into the

integrated system level is the need to establish practical methods for lateral
patterning both for the prototyping phase and for large-scale production. For the
latter, a parallel process that involves inductively coupled plasma (ICP) of noble

gasses such as Ar can be used with the application of a hard mask. Focused Ion
Beam (FIB) technology is a similar approach but without the need for masking and

therefore better suited for prototyping. For each material, it is necessary to

determine working conditions such as beam current and fluence and the resulting
milling rate for film of a given thickness. Figure 3.8 show a cross section of a 7

film that was milled at various conditions listed in table below it. A partially
removed sections of the films that demonstrates the utility of this method can be
seen in Figure 3.9. Note the relatively smooth side wall quality.
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Figure 3.7: YAG films bonded to a transfer wafer.
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Figure 3.8: Top- SEM image of the progression of this process. Bottomtable of parameters used for milling 7um thick YAG film.
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20µm

20µm

10µm

Figure 3.9: An outline milling of two rectangles in 7μm
thick film. Insets show a removed section (left) and the

presiding step where the milled section rises up while
milling.
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3.5. Conclusion
A new method for exfoliation of YAG films via ion implantation has been

demonstrated. The method enables high-quality large area, high quality films, with
minimal surface roughness to be fabricated. A key issue in fabricating these films
was to demonstrate a method to establish sufficient film planarity for use in

photolithographic or focus ion beam patterning; in fact, the thin film nature of the
samples allowed rapid FIB processing.

A technique for direct bonding was

developed; the method yields robust handle-wafer technology for manipulation of
fragile films.
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Chapter 4
Diamond
The Making of Single-Crystal-Diamond Membranes Exhibiting Nitrogen-Vacancy
Color Centers

4.1.

Summary
This chapter describes the fabrication of single-crystal thin films of Diamond

for optical applications. The work presented here was focused on developing a
parallel fabrication process for high-optical-quality single-crystal diamond
membranes. The diamond membranes, with thickness as small as 200 nm and over

100 μm on their side, exhibit unperturbed nitrogen-vacancy emission spectra
including the zero phonon line (ZPL) peak of negatively charged centers. The films
135
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were patterned and sliced, in a parallel process, from a single-crystal diamond
sample. The compatibility of the membrane with planar optical devices is

demonstrated by the formation of two-dimensional photonic crystal patterns in 200

nm films [1]. The films were produced by a combination of thermal annealing,
chemical etching and oxygen plasma. The films quality and the optimization of the

exfoliation process were evaluated using AFM, optical microscopy, SEM, Raman
spectroscopy and fluorescence spectroscopy.

4.2. Introduction & Motivation
The need for high-optical quality thin films of single-crystal diamond spans a

wide variety of applications including compact, high-efficiency radiation sensors

and radiation hard electronics [2-4], electric field emitters[5-6], diamond micromechanical devices [7-8], high-temperature, high-voltage, high-frequency electrooptics[9-11], magnetic[12] and electric field [13] sensors, spin-based clocks [14],
and quantum information processing devices [15-16]. There are however several
technological barriers to high-quality diamond thin films, including the need to
tailor the shape and dimensions (lateral size and thickness) of the film for a specific

application. For example, combining lateral optical confinement achieved by two
dimensional photonic crystal pattering with vertical confinement though use of thin
film can lead to a tightly confined, high quality factor optical cavity (Figure 4.1).
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(Photonic Crystal)
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Vertical Confinement
(Thin Film)

3D Confinement

Figure 4.1 Combination of lateral and vertical confinement
obtained by fabricating a high quality diamond thin film with a
photonic crystal pattern.
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Growth methods on common substrates have yet to yield high quality films.

Much effort has focused in recent years on the development of diamond optical

nanostructures as efficient interfaces with spin qubits in the nitrogen-vacancy (NV)
color center in diamond, which represents one of the most promising solid state
quantum memories, with outstanding optical and spin properties [16-18].

In

particular, planar photonic crystal (PPC) cavities provide high quality factor and low

mode volume, which has recently enabled strong-coupling limit cavity quantum
electrodynamics (QED) experiments in GaAs PPC cavities coupled to quantum dots

[19-21]. But while epitaxial growth enables fabrication of thin GaAs membranes, no
thin-film growth exists for diamond. One promising alternative approach has to be

the use of lift-off technologies, with the major limitation being diamonds strong
chemical resistance to etching.

Recently it has been shown that a variety of normally inert crystals can be

selectively etched in regions of high-implanted atom concentration, including ion

slicing techniques for diamond films [22-24]. Recent work done by Magyar et al [23]
show Raman shift and fluorescence spectra that demonstrated high quality films but

no reports have to date clearly exhibited 637.8nm emission peak that is associated
with the zero phonon line (ZPL) of negatively charged NV centers in such films.

Described here is a new fabrication procedure for high-quality single-crystal
diamond films and demonstrate spectral measurements of NV color centers. Our
technique also enables parallel processing thus opening the door to scalable
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fabrication of high-purity diamond thin films for quantum-information processing
and other technologies benefiting from low-cost, scalable production of high-quality
thin-film diamond.

Inert-ion exfoliation had recently been found to yield high-quality films of

oxides such as LiNbO3 and a variety of other complex oxides [25-30] and diamond
[7, 22, 31-34]. The related methods of ‘Smart Cut’, using reactive H implantation is

used at an industrial scale for volume production of silicon-on-insulator wafers [35].
In ion exfoliation, a high density of compositional change or defects is produced at a

desired depth of a crystal by implantation of high-energy ions. Films can be
exfoliated from the top surface by thermal annealing or chemical etching. For

diamond, it is known that at very high ion dose (>5x10 16), a narrow implanted

region is graphitized [31] and bonds converted into the sp 2 conformation. The
graphitized region can then be removed by wet etching [36] or high-temperature
annealing in an oxygen-free environment [31]. Unfortunately, such heavy ion
bombardment can often be accompanied by significant degradation of the diamond

film, i.e. through the formation of ion-induced centers; these defects have not
allowed the study of NV centers in such films.

In this chapter studies are reported, which have led to an approach to

minimize and repair crystal damage: (1) a lateral patterning step defines the
membrane dimensions and facilitates exfoliation of the film in consecutive steps; (2)

a buffer layer on the top crystal reduces damage on the diamond top surface; (3) a
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reactive ion etching step removes damaged material on the film back surface; (4)

finally, temperature annealing cycles repair the lattice and improve the film’s optical
quality. The resulting films show excellent optical quality and exhibit florescence
spectra corresponding to NV centers. The films are well suited for further
processing; in particular, patterning of planar photonic crystal structures.

4.3. Experimental
Single crystals of CVD-grown diamond, type IIa (Element Six) were

implanted with light ions (He) at high energy (1MeV -3.8MeV) using Dynamitron ion
implanter. The ion implantation cause graphitization of a thin layer several

micrometers below the surface (Figure 4.2). Calculation of the anticipated depth and
straggle for the implantation was done using a Stopping and Range of Ions in Matter
(SRIM) simulation package [37]. To obtain robust membranes thick enough to
handle, the diamond was implanted at high energy (1.5MeV), creating a wide (~100
nm) graphitized region that is several micrometers beneath the surface.
Implantation conditions for the films shown in this letter are: 1.5MeV with dose of

1.5 × 1017 ions/cm2 -creating a graphitized region of ~ 90nm width 2.4um below the
surface.
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Figure 4.2: Process outline. a) ion implantation creates a graphitized layer several
microns below the surface. b) metal mask is applied. c) oxygen plasma etch
trenches in the diamond. d) thermal annealing activates the graphitized region. e)

chemical etching removes graphitized region and release the films. f) the
backside of the films is removed to obtain thin, high quality films. g) second

annealing to induce NV centers. h) focused ion beam milling patterns a photonic
crystal on the films
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The surface of the diamond crystal was patterned to form a grid metal or an

inorganic hard mask, and then dry etched vertically to create trenches to the
graphitized layer. Note that a μm-scale circular hole pattern was also fabricated and
allows for mm size films to be fabricated. In order to maximize the surface coverage

of the patterns on the relatively small samples (3x3mm 2) a new type of lithography
was needed. In particular, it is nontrivial to apply a uniformly thick photoresist layer

on small samples. For these small sampled the edge effect forms a lip
(approximately 1mm wide) around a small-sample perimeter that is typically

thicker than the layer thickness in the center of the sample. This non-uniform

thickness prevents proper development of the photoresist and renders a great
portion of small samples unusable. This problem can be overcome by casting the
sample in silicon rubber (PDMS) such that the surface of the sample is effectively

extended by the surface of the PDMS. When spin coating the encapsulated sample,
the photoresist ‘lip’ then moves to the edge of the PDMS leading to more uniform

thickness on the sample. Subsequently, the sample can be taken out of the flexible

cast when needed and put back inside for additional processing. Figure 4.3 outlines
the processing steps and the resulting lithography pattern.

The dry-etch step employed an inductively coupled plasma etching system

(ICP - Oxford PlasmaLab 80 Plus ICP 65). The ICP process was optimized to improve
etching selectivity and sidewall quality. The DC bias measured in the ICP chamber is
an important indicator of the quality of the etching. In general terms, steady state
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Figure 4.3: PDMS casting for small samples to reduce

photoresist thickness variation and to allow non contact
lithography. Samples can be taken out of the flexible cast when
needed and put back inside for additional processing.
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operation in the ICP chamber when the DC Bias exceeds 300V will yield a kinetic
etching process, in which ions collide with the surface sample with sufficient kinetic

energy to expel atoms from sample. This “milling-type” process is typically
nonselective. On the other hand, an etching process that is below 300V tends to be

more chemical, yielding isotropic atomic reaction with the surface, leading to high
selectivity etching. The two input parameters that influence the DC bias are the ICP

power and RF forward power. Figure 4.4 shows the measured DC-bias dependence
on ICP and RF power. The insets show the resulting etching from a kinetic process

(a) and a chemical one (b). It is important note that the tradeoff in having a very
low bias process with extreme selectivity is, in this case, low etching rate (as low as
20nm a min).

In order to increase the chemical etching rate, it is necessary to raise the tool

pressure. This step also reduces the mean free path of the ions and therefore

reduces their field-induced kinetic energy and avoids significant mask erosion. For
example, the conditions for the etching depicted in Figure 4.5 are DC bias of 180V
and pressure of 85 mTorr. The figure shows a scanning–electron microscope (SEM)
image of a square pattern etching deep into the diamond surface. The implantation
region can be seen in the inset. The use of 60 nm of Cr mask enabled >10 um etch

depth to be achieved in the diamond prior to degradation of the mask, i.e. a mask
selectivity of over 160:1.
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Figure 4.4: Mapping the ICP parameter space for best etching.
Measured DC Bias as a function of ICP and RF forward power.
(a) a result of a kinetic process creating highly rough surface

with metal hard mask removed. (b) a result of a highly low bias
etching.
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Figure 4.5: Patterned single crystal diamond. The dry-etched
trenches expose the graphitized region and enable accelerated
exfoliation with predetermined film shape.
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In order to be able to distinguish between front and back surface orientation

of the films after exfoliation their shape was defined as trapezoidal (Figure 4.6).
After removing the mask, the diamond was annealed in an oxygen-free environment
at 850oC. This annealing step further graphitizes the implanted layer to facilitate

exfoliation and simultaneously repaired any surface defects in the diamond overlayer that occurred during the ICP etching [31].

The patterned and annealed diamond film was then exfoliated by selective

wet etching using a mixture of three acids at 220-300oC: perchloric, nitric, and

sulphuric acids (1:1:1). A partially etched film can be seen in Figure 4.6b. The small
dimensions of the films required care in handling during exfoliation. Two methods

were used: via PDMS stamping (Figure 4.7(a)) to form a “handle” substrate or via
mechanically filtering the fully exfoliated films out of the etching solution. After

removal, the films were rinsed with DI water and then transferred onto a second

handle wafer. Since optical characterization (including transmission) and thermal
treatments were to be carried out on the films, sapphire substrates were chosen.

Atomic force microscope (AFM) inspection of the backside of the films (Figure

4.7(b)) revealed that the surface is of very high quality with a root mean square
(RMS) roughness of less than 0.5nm.
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b

Figure 4.6: (a) SEM image diamond sample with

trapezoidal films (after partial wet etching some of the
films detached from the parent crystal). (b) OM image
with transmission lighting showing the etched region

under the film with the main (black) graphitized region
still un-etched.
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Figure 4.7: SEM image of six diamond films resting on PDMS rubber.

Each film is 120um on its side and 5um thick. Inset shows a typical
AFM scan of the back side of the films
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4.4. Discussion
Transmission optical microscopy revealed that He-induced centers form

residual ion implantation damage close to the bottom side of the film were

sufficiently optically dense to limit transmission. Experiments were then made to

determine if sequential dry etching and annealing cycles could be use to remove this
layer. Figure 4.8 shows a histogram of the mean transmission intensity through of

several films of different thickness after dry etching. The Figure shows that when
the backside was etched (solid line), the film transmission improved with deeper
etching; representative optical microscope images of the films are shown in the
insets. The opposite behavior was measured when the front side was etched.

Although the films transmission showed initial improvement after shallow etching,
the film transmission slowly degraded with thickness. Close inspection of the films

revealed that this decrease was due to degradation in the surface quality and the

formation of a rough surface. This roughness is attributed to different etching rates
of the strained lattice around defect clusters and the unperturbed crystal; clearly the
conclusion from this data is that the etching is best terminated after removal of a
few micrometers of crystal near the exfoliated surface.

Using the procedure described above, high-optical-quality films, which are

suitable for linear optical applications were formed. However, additional processing
was required to render the films suitable for nitrogen-vacancy emission, while

CHAPTER 4 - DIAMOND

151

Wet Etch

Implantation depth

Damage Distribution

Dry Etch | Oxygen - ICP

Film

Parent
crystal

0.4µm

0.4um
1.2um
2.0um
Etch top side

1.2µm

Etch bottom side

2.0µm

Figure 4.8: Films that their backside was etched - solid line
(blue). Films that there top side was etched (red).
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reducing background radiation, i.e. that is not associated with the color centers. In

particular, to convert nitrogen impurities to negatively charged NV centers, several

annealing schedules were performed. First, a low-vacuum (~1.5×10-3 mBar)
annealing step was conducted at high temperature (1000oC). This step induced mild
graphitization in the surface and was followed by several hours of annealing in
forming gas at 1100oC to remove the graphitized surface. These two steps effectively

smoothed the film surface and removed any contamination that may have been

introduced during the ICP step. After, a third, mid-temperature (520oC), annealing
step was preformed to convert the charge state of the NV centers from neutral to
negatively charged [38].

After NV-center formation, the films were evaluated using a microRaman

instrument (Renishaw inVia Raman microscope system) with a green (532nm) laser

as an excitation source. A typical spectrum can be seen in Figure 4.9, which shows
that the films exhibit a clear Raman signal at 572.5nm (~1330 cm -1)[39]. The

spectrum also shows a well defined peak at 637.8nm. This peak lies within ±0.3nm
of the known position of negatively charged NV zero phonon line (ZPL)[17]. This
observation confirms that films suitable for ZPL spectroscopy and applications.

In order to fabricate a photonic crystal pattern on the thin films a focused

ion beam (FIB) was used. The cavity was designed to have resonance at 637nm with

the following parameters: a hexagonal lattice with hole diameter of 70.5nm and
lattice spacing of 243 nm [40]. The intended film thickness was 220 nm with
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Figure 4.9: Fluorescence spectrum of Diamond film after
processing.
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optimal confinement occurring if the film is suspended in air over an undercut. In

order to hold the film secure during the patterning process and to retain the
possibility of reversing the film (for inspection etc) a novel method of securing the
sample had to be developed. Note that standard adhesive bonding was not possible.
Instead, two cover glasses were polished at oblique angles in order to have enough

line of sight clearance for both FIB objective and the SEM objective that are 52o
apart (see Figure 4.10). To eliminate any detrimental effects from gallium

implantation on the optical performance and spin properties of the PC-NV structure,
pattering of the diamond film was done indirectly using a FIB to pattern a hard mask
only (Figure 4.11). The pattern on the hard mask is later transferred to diamond

film by oxygen dry etch ICP. This two-step process also minimizes sidewall tapering

and can lead to a highly vertical anisotropic dry etching of the holes via ICP. Further
investigation of this structure is ongoing.
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SEM

FIB

52o
Glass

Cr (80nm)

>104o

Glass
Diamond film

Diamond film

100 m

Figure 4.10: Film mounting for FIB pattering. Sample was

sputtered with Cr to form the hard mask for the PC fabrication
and to prevent charging .
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Figure 4.11: Photonic crystal structure on diamond films (w/ Cr
layer) .
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4.5. Conclusion
Ion slicing process that enables the fabrication of high-quality single crystal

diamond

membranes

exhibiting

the

nitrogen-vacancy

color

center

was

demonstrated. The high-quality material is realized by a combination of prepatterning, helium implantation, and post-processing steps using a dry-etch
‘cleaning’ and annealing ‘repair’ steps. The fabrication process is easily scalable to
larger samples and, since it enables repeated exfoliations, represents an economical

method for diamond film production for a range of technologies spanning quantum

information to high-voltage transistors to radiation-hard optoelectronics. The
completed membranes are well suited for further processing such as planar
photonic-crystal structures.
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Chapter 5
Instrumentation

An overview of the tools used in this work

As in any experimental work, the project presented here relies heavily on

instrumentation for fabrication, data collection, inspection and testing. In this
chapter, an overview of several of the major tools and instruments used will be
introduced.

164

CHAPTER 5 - INSTRUMENTATION

165

5.1. Atomic force microscope – AFM
An AFM is used to conduct morphological studies of surfaces. The

investigation of surface quality and topology play a crucial role in optical and
acoustic applications. For example, one of the primary mechanisms for optical loss
in waveguide structure is due to surface roughness. An AFM study provides a direct

measurement of that roughness. The resolution of an AFM is set primarily by the tip
radius with several nm’s being a typical value. Specifically to this work, AFM was

used to inspect all material covered. Close attention was given to the surface quality
of the backside of the exfoliated films.

The AFM that was used here was Vecco MultiMode V scanning probe

microscope with Nanoscope III controller. The piezo scanner installed is capable of
scanning 50μm wide regions with minimal distortion (a known issue for wide

scans). One main challenge in using an AFM on an insulator is electrostatic charging
that leads to falsified cantilever deflection. In order to eliminate this electrostatic

interference with the measurement, a conductive tip was used. The tip used is a Si
based, which is coated with a Co/Cr (100nm) thin film. This tip has a force constant
of 2.8 N/m and resonance frequency of 75kHz. According to the manufacture
(Vecco) the resistance of the tip is ~2 mΩ cm.
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5.2. Film handling
One of the most important tools for this work, and probably the simplest, is a

custom film tweezers (Figure 5.1). As the thin films can be fragile and delicate, there

is a need to find the correct balance between firm holding and a ‘gentle touch’. A
method that we developed uses flexible winding wire as tongs to transfer the films.
The wires are secured to flexible plastic sheet with kapton tape. Depending on the
application the tongs can be made from copper, gold or aluminum.

5.3. Inductively Coupled Plasma (ICP)
Dry etching ICP involves interaction (either kinetic or chemical) of ions

(molecules or atoms) with the sample surface. Unlike reactive ion etching (RIE), in

ICP, the velocity of the ions and thus their kinetic energy and their density can be
controlled independently. Further, the ion density in ICP can be two orders of

magnitude higher than a parallel plate capacitive coupled plasma IRE. The ICP
properties allows for more tightly controlled etching process with higher
anisotropy. The ICP used in this work is Oxford PlasmaLab 80 Plus ICP 65.
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Figure 5.1: Winding wire tipped tweezers.
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5.4. Ion Implantation
Particle accelerators are used for ion implantation and analysis. These

implanters first ionize the source element and accelerate the charged particles in a
high vacuum chamber through a series of cascaded rectifiers. The two main ion

implanters that were used in this work are: an Extrion and a Dynamitron. An
Extrion is a low energy implanter with maximum implantation energy of 0.4 MeV.
The Dynamitron is used for ion acceleration energy between 0.3 and 4.0 MeV. In this

work a 20o beam line was used. That beam line includes the capability for watercooling the implantation target. The ion species that can be used are lised in the

table below. Note that the work presented here was focused mainly on He3
implantation.

Table 5.1: Ion implantation Sources

Gas

Mass

Hydrogen

1, 2

Boron

10, 11

Nitrogen

14, 15

Helium
Carbon

Oxygen

Fluorine

3 ,4

12, 13
16
19

Neon

20, 22

Phosphorus

31

Silicon

28
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Chlorine

35, 37

Xenon

128,129,130,131,132,134,136

Argon

40

5.5. MicroRaman System
A μRaman system was used to record spatially resolved spectral information

with spot size of less than 500nm. In some cases, volumetric spectral information is

also possible. The system used here was Renishaw inVia Raman system with a green
(532nm) laser as an excitation source. The system was used for fluorescent

spectroscopy study on the diamond films. This type of tool is essential to the
investigation of diamond thin-films where low noise measurements are required.

The system confocal configuration was used to reduce the spot volume (diameter
and depth).

5.6. Nano-Indentation
Nano indentation was used to probe mechanical properties of oxide samples,

including their Young’s modulus, Stiffness and Fracture Toughness. Further, a
nanoindentator allows probing the mechanical properties as a function of depth on

a nanometer length scale. This is done by applying a known load on a wellcharacterized diamond tip in contact with the sample surface and monitoring the

CHAPTER 5 - INSTRUMENTATION

170

displacement (Figure 5.2). The nano indenter used here is an Agilent G200 with
Berkovich tip. A Berkovich tip is a 3-sided pyramid with a = 65.03° (see figure).

a = 65.03°
2µm

Load

loading

unloading
Displacement

Figure 5.2: Nano indentation schematics and tip shape

Berkovich Tip
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5.7. Optical Microscopy
Optical microscopes are used to inspect samples with resolution that is

comparable to the wavelengths of the illuminating light source. In most cases the

light source is a broad band (white light). However, it is possible to insert filters to

narrow the input wavelength band and gain resolution with the penalty of a
decrease in intensity. This translates to a higher exposure time that in some cases
causes smearing in the image due to vibrations.

The main microscope that is used to inspect samples in this work is an

analytical laboratory microscope Olympus Vanox-T equipped with a CCD camera
(Olympus). The microscope objectives are from the Olympus Neo SPLAN series with

a magnification power of: 5x (NA = 0.13), 20x (NA = 0.46), 50x (NA = 0.8), 100x (NA

= 0.9). In addition, a microscope was constructed to allow for side viewing of thin
films and for polishing inspection. An illustration of the microscope can be seen in
Figure 5.3. The total magnification power for the three objectives is: 8x, 64x and
96x.
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Microscope view

CCD Camera
90mm

VVVVVVVVVVVVV

VVVVVVVVVVVVVVV

25mm
15mm
1X

Sample

8X
12X

X-Y stage

Figure 5.3: Side view microscope schematics.
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5.8. Polishing
Polishing is a basic and essential step to ensure high-yield exfoliation and

high-quality optical performance. For example, successful exfoliation of the films
requires that the sample edges be polished to allow for release of the film from the

parent crystal. Polishing the sides of samples removes regions where the crystal top
surface is damaged leading to non-uniform implantation. Another important
polishing step is ‘back side planarization’ where defects and roughness on the
exfoliated surface of the film is removed. Finally, to allow for efficient light coupling

in and out-of the device, it is mandatory to polish the facets of the device. The

polishing system used here is a low-speed lapping-table from South Bay
Technologies model 910.

As mentioned above, polishing the sides of the samples is crucial for high-

yield exfoliation. This polishing process involves several steps. First a sample has to
be mounted on the holder using optical wax as the bounding adhesive. Next, the
sample side is polished on several pads having decreasing grit size. The process is
repeated for each side of the sample. This process is labor intensive and time

consuming (polishing one sample can take several hours). In order to provide a
more efficient process, a new kind of polishing holder was designed. In this holder

the sample is mounted only once at the end of square shaft (see Figure 5.4). As the
shaft has four-fold symmetry, it can be remounted in its holder without losing
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alignment. This means that instead of re-laminating the lapping pads for each
sample side (serial polishing), all the sample’s sides are polished using the same pad
before a pad with different grit size is laminated (parallel polishing). This means
that the same polishing can done in roughly 1/5 of the time.
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Adjustable Load
Holder Shaft (4-fold symmetry)
Sample
Polishing Pad

Lapping Plate

Figure 5.4: fast side-polishing apparatus.
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5.9. Scanning Electron Microscope (SEM)
An SEM is used for inspection and analysis of samples.

The samples

topography and structure can be studied from various angles with a wide variety of
choices of resolution. SEM resolution can be down to several tens of nm’s. A typical
step before imaging insulators is applying a thin metallic layer to prevent charging.

However, in most cases presented here this was not possible. Since, sample
contamination with metals such as gold / palladium (Au/Pd) can prevent proper
execution of subsequent fabrication steps such as dry etching. In addition, device
optical and electrical performances are likely to be jeopardized. As an alternative a

carbon-based layer can be applied (AquaSave). In addition, reduction in charging
can be achieved by reducing the imaging accelerating voltage and beam current.

Four main SEM’s were used in this work: Hitachi 800, 4700 and 5000 and

LEO 1450. The relevant SEM’s specifications are listed in the table below
Manufacturer
Model
Magnification
Resolution
(actual)
Gun Type
Acceleration
Voltage

Hitachi

Hitachi

Hitachi

300 kX

500 kX

800 kX

S-800

50 nm

Field
Emission
30 kV

S-4700
20 nm

Cold Field
Emission
30 kV

LEO

S-5000

1450 VP

3 nm

50 nm

Cold Field
Emission
30 kV

300 kX

Tungsten
Filament
25 kV
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Vacuum
Sample size
Comments

Low

~2cm2

177

Medium
~4cm2

High

9.5 x 5 x 2.4mm

Low

~4cm2

Minimal Energy Dispersive Can operate in
Multi-axis
charging at
X-ray detector
emersion mode stage rotation
low current
Spectroscopy
(EDS)

Table 5.2: compression of 4 SEM’s used in this work.

5.10. Thermal treatments
Thermal treatments, such as pre-etching annealing, thermal exfoliation or

high-temperature annealing, are essential parts of the research presented here.
Three instruments were used for our various applications: hot plate, a rapid thermal

annealing (RTA) furnace and a temperature controlled tube furnace. Figure 5.5
summaries the capability of the three.
•

A standard laboratory open hot plate (Cimarec digital hot plate) was used for

low temperatures. The accuracy and uniformity of the hot plate is especially

important when used for treatments of some of the metal oxides, such as
Lithium Niobate (LN). LN is extremely sensitive to thermal schedule and should
be heated uniformly and slowly.

temperature is presented in Figure 5.6.

The hot plate uniformity for several
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A rapid thermal annealing (RTA) furnace (HEATPULSE 410) was used for high

temperature, rapid ramping and short recipes such as thermal exfoliations. The
•

gas content in the RTA chamber can be controlled.

A Tube furnace (Thermolyne 21100) was used for long term annealing and
thermal exfoliation. The furnace atmosphere content and pressure can be

controlled allowing for low vacuum operation or in an oxygen-reduced

environment (forming gas). When operated at the highest temperature, it is
important to know the limitation of the tool before failure occurs. Figure 5.7(a)

shows the measured power load for different ramping rate. As a precaution, a

ramping rate above 20deg/min should not be used. The plot in Figure 5.7(b)
shows the furnace a power consumption operated at normal atmosphere with
the quartz tube ends closed or open. One can see that it is sufficient to close one

end of the tube to reduce the load and therefore extend the lifetime of the
furnace.
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Hot Plate

Tube Furnace

hour

Tube Furnace
rapid insert

min

RTA

Hot Plate
Manual

sec

0

100

200

300

400
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600

700

800

Temperature

(oC)

900

1000

1100

1200

Figure 5.5: Thermal treatment time and temperature on a hot
plate, in a tube furnace and in a RTA.
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Figure 5.6: Hot plate surface temperature uniformity at 150,
200 and 250 degrees C.
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Figure 5.7: (a) Tube furnace power load vs ramp rate (b)
Steady state power consumption vs annealing temperature.

Chapter 6
Conclusion
Thin films of exotic crystalline materials and their Applications

Recent developments and extensions of the use of crystal ion slicing

technique have been presented for three distinctively different material systems. A
new method for exfoliation of YAG and diamond films via ion implantation has been
demonstrated. In addition, new fabrication techniques in LN were presented.
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In particular, lateral pattering of thin films of LN via fs laser ablation was

described. Further, implantation pattering and its application for SHG in suspended
membranes was demonstrated. A novel polarization dependent plasmonic filter was
also described.

It was also shown that CIS method adapted to YAG can produce high-quality

large area, films, with minimal surface roughness. A key issue in fabricating these
films was to establish sufficient film planarity for use in photolithographic or focus

ion beam patterning. An efficient FIB processing recipe was presented and a

technique for direct bonding was developed; the method yields robust handle-wafer
technology for manipulation of fragile films.

For diamond, we showed that ion-slicing process enables the fabrication of

high-quality single-crystal membranes exhibiting high-quality nitrogen-vacancy
color center spectra. In order to realize a thin-film with pristine quality extensive

post-processing steps were required. This included a combination of dry and wetetching and annealing steps. The completed membranes are well suited for further

processing such as planar photonic-crystal structures. The fabrication process is
easily scalable to larger samples and, since it enables repeated exfoliations,
represents an economical method for diamond film production for a range of

technologies spanning quantum information to high-voltage transistors to
radiation-hard optoelectronics.
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Look ahead
The work described here is an ongoing project and thus there is a need to

obtain a more detailed understanding the exfoliation physics and its subsequent

processes. Due to the nature of these processes, insight to the macro-scale behavior
is required in order to provide the framework for material processing. However, as
in many cases in martial science and solid-sate physics, this macro-scale behavior is
driven by processes that initiate in the nano-scale or even in the atomic regime. For
example, it is still not fully understood why thermally-induced cracks, which

propagate in the plane of the implantation and lead to exfoliation, initiate at specific
locations and not randomly. Further, it is not clear what controls the density of
those seeding sites. In situ high-resolution TEM studies with comprehensive
computational modeling can shed light into this process.

In addition to acquiring a better understanding of the exfoliation process,

there is a need for further development of analytical methods to characterize the
thin-films. In particular, investigation of the mechanical properties and optical
behavior of thin films from different material systems should be rigorously studied.

Non-distractive methods for characterization of implanted crystal and the

resulting films should also be further developed. A promising new approach to
examine structural changes and stress in the crystal is Raman spectroscopy. Initial
investigation of ion-implanted oxides using this method is currently being perused.
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Further, it is also necessary to provide a roadmap to the translation of

technologies into this new thin-film format. This can be done by continuing the

demonstration of their utility in the various applications and establishing new
design tools and scalable fabrication techniques. These steps will ensure successful
adaptation of thin-films obtained by crystal ion slicing.

