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Abstract

Nonreciprocal photonic devices including optical isolators and optical circulators are
indispensible components in present day optical communication systems. Although highly
desired by the fast development of silicon photonics, monolithically integrating such devices
on a semiconductor platform has been challenging for decades both due to material
incompatibility and device designs. In this thesis, we focus on developing material and device
candidates for monolithically integrated nonreciprocal photonic devices on silicon. Several
magneto-optical oxide thin films including epitaxial magnetically doped perovskites and
polycrystalline garnets were demonstrated with high figure of merit at communication
wavelengths, while epitaxial orthoferrite films were understood to have challenges in
achieving either thermodynamically limited cation ordering or kinetically limited single
crystal orientations. High figure of merits of 3~4 deg/dB and 20 deg/dB were achieved in
epitaxial Sr(Tip2Gap4Fe4)Os films and in polycrystalline (CeY,)FesOs, films stabilized by a
thin Y3FesO2 polycrystalline layer on oxidized silicon respectively. Based on these materials,
novel photonic devices including nonreciprocal strip-loaded waveguides and resonators were
simulated and experimentally demonstrated. Strong nonreciprocal phase shift (NRPS) has
been demonstrated in chalcogenide glass/magnetic oxide and magnetic oxide/silicon
strip-loaded waveguides by numerical simulations. A nonreciprocal optical racetrack
resonator based on polycrystalline gamet/silicon strip-loaded waveguides was experimentally
demonstrated. This monolithically integrated device showed ~10 times footprint reduction
compared to conventional nonreciprocal photonic device designs, which may serve as a
fundamental structure in a variety of ultra compact photonic devices such as optical isolators,
circulators, switches and modulators in the future.

Thesis Supervisor: Caroline A. Ross
Title: Toyota Professor of Materials Science and Engineering
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wavelength, measured out-of-plane. (b) The optical transmission spectra
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The saturation magnetization versus temperature curve of STC30 on
LaAlO; substrate, measured at applied field of 8000 Oe with out-of-plane
configuration. (Red open circles) Also shown is the theoretical fitting to
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substrate. (b) Transmission spectra of the As,S3/Ga:STF waveguide at
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(a) 1D ©-26 XRD spectrum of an 80 nm YIG film deposited on a SiO,/Si

wafer followed by rapid thermal annealing at 850°C for Smin. (b) AFM
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nm wavelength of (a),(c) Bil.8YIG films and (b),(d) CeYIG films. The
inset of (d) shows Faraday rotation as a function of fabrication oxygen
partial pressure

Faraday rotation of polycrystalline CeYIG films on silicon substrates as a
function of oxygen partial pressure

(@) Cross-sectional SEM image of a 2 um wide As,S3/YIG strip-loaded
waveguide. (b) TM polarization optical transmission versus wavelength
of a 2 pm wide bare As;S; channel waveguide and a 2 um wide
As3S3/YIG strip-loaded waveguide

Optical propagation loss of the TM mode incident light at 1550 nm for (a)
a 2 um wide As;S; channel waveguide (b) a 2 um wide As;S3/YIG
waveguide and (c) a 4 um wide As;S3/YIG waveguide determined by
cut-back method

(a) Top view of an As,S3/CeYIG paperclip waveguide. The transmission
loss measured by paperclip method of a 4um wide bare As,S; waveguide
and As;S3/CeYIG waveguide are shown in (b) and (c) respectively

(a)Top view of a GeS2/Bi0.8Y1G racetrack resonator (b) the transmission
spectrum of the GeS,/Bi0.8YIG resonator at NIR

(a) Plane-view SEM image of a 450 nm wide YIG/SOI waveguide. (b)
TM polarization transmission spectrum of a bare SOI channel waveguide
and a YIG/SOI waveguide

(a) Plane view SEM image of a pulley-type silicon ring resonator. (b)
Measured transmission spectrum of TM polarized light in a YIG/SOI
pulley type resonator

Simulated Nonreciprocal Phase Shift (NRPS) and Figure of Merit (FoM)
(NRPS divided by transmission loss per length of the waveguide) in (a)
As3S3/Y1G and (b) YIG/SOI strip-loaded waveguides. Also shown are the
waveguide dimensions used for mode profile simulation in (¢) As;S3/YIG
and (d) YIG/SOI strip-loaded waveguides.
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Fig. 5-12

Fig. 6-1

Fig. 6-2

Fig. 6-3

Fig. 6-4

Fig. 6-5
Fig. 6-6
Fig. 6-7

Fig. 6-8
Fig. 6-9

Fig. 6-10

Fig. 6-11

Simulation of NRPS and device FoM (NRPS divided by transmission
loss per length of the waveguide) of As;S;/CeYIG waveguides on
oxidized Si

Schematic plot of (a) a nonreciprocal magneto-optical waveguide
showing non-degenerate effective indices between forward and backward
propagating TM polarized light (b) a nonreciprocal magneto-optical
resonator showing non-degenerate resonant frequencies between
clockwise and counter-clockwise resonating wavelengths of TM
polarized light

Theoretical transmission spectrum of a nonreciprocal optical resonator.
Red and green curves correspond to forward and backward propagating
light respectively. The shaded regions show the wavelength range in
which high optical isolation ratio can be achieved for the forward
propagating light

A schematic layout of the nonreciprocal optical resonator using a
homogeneous applied magnetic field and a patterned racetrack resonator
structure

Influence of the extinction ratio on the isolation ratio and insertion loss as
a function of frequency detuning from resonance

Fabrication process flow of a nonreciprocal racetrack resonator on SOI
A schematic plot of the patterned nonreciprocal racetrack resonator

AFM image of the Si waveguides (a) before etch (b) after CHF3 etch for
15min (c) after CHF; etch for 15min and HF(100:1) etch for 5 min and (d)
after CHF; etch for 15 min and HF(100:1) etch for 12 min. Also shown
are the phase contrast image (e€) before and (f) after ultrasonicating in IPA
for Smin

Transmission spectrum of a bare silicon racetrack resonator

Near infrared transmission spectra of (a) Bil.8Y1G and (b) CeY1G coated
silicon racetrack resonators

The transmission spectra near resonance wavelengths as a function of
applied magnetic field for (a) TM mode of the BiYIG sample (c) TM

mode of the CeY1G sample and (e) TE mode of the CeYIG sample. Also

shown are the reproducibility of the measured resonance peak shift for (b)
TM mode of the BiYIG sample (d) TM mode of the CeY1G sample and (f)
TE mode of the CeYIG sample

(a) The optical microscope image of the CeYIG sample (b) The
cross-sectional SEM image of this sample at the patterned resonator
regions.
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Fig. 6-12

Fig. 6-13

Fig. 7-1

The simulated TM mode intensity profile in a garnet coated silicon
waveguide

The experimentally measured and simulated TM mode resonance
spectrum using Lorentzian line shape approximation of the CeYIG
sample

Schematic plot of planar nonreciprocal photonic devices using
nonreciprocal optical resonators
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Chapter 1
Introduction

1.0 Overview and layout of the thesis

Perhaps one of the most important innovations of information technology in the past century
is the discovery and application of electronic diodes. Usually recognized as semiconductor
p-n junctions and widely used in present day electronic transistors, photodetectors, LEDs and
lasers, electronic diodes act as the fundamental building blocks for modern information
technologies. The functionality of an electronic diode is based on the nonreciprocal
transmission of free carriers, namely the rectifying effect, in which the current passing
through the device in the forward and backward directions are not equivalent. Similar
nonreciprocal effects also exist for propagating light waves. As a counterpart of electric
diodes in photonics, optical diodes or usually named as optical isolators are also widely
applied in optical fiber communication systems. Nonreciprocal photonic devices including
optical isolators and circulators are indispensible components in optical communication

systems which provide high laser stability, long laser lifetime and high system efficiency.

Unlike electrons or holes, photons do not carry charge. The only physical observable which
tells apart a forward propagating photon from a backward propagating one is the momentum
associated with the photon. In fact, several nonreciprocal photonic devices proposed on
semiconductor substrates including conventional magneto-optical devices [1] and recent
proposed nonreciprocal photonic transition [2], nonreciprocal Raman amplification [3] and
nonreciprocal optical cavity [4] devices all utilize this difference in photon momentums
between forward and backward propagating lights to achieve nonreciprocity. Among these
nonreciprocal photonic effects, the magneto-optical (MO) effect is the most studied and best
understood over the past several decades. Different from electronic diodes where
nonreciprocity is achieved by field and charge interactions, magneto-optical nonreciprocity is

achieved by photons with different momenta interacting with electronic transitions between
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different quantum electronic states of the MO material obeying the selection rule, whereas the
degeneracy of the electronic states is lifted by an applied magnetic field or a remanent
magnetization in the MO material. In the mid to late 1980’s, strong Faraday rotation and high
optical transparency at optical communication wavelengths were discovered in Bi doped iron
garnets, which promoted the wide application of such materials in discrete optical isolators
and circulators. Until now, iron garnet single crystals and epitaxial films are still the most

widely used materials in commercial nonreciprocal photonic devices.

With the development of silicon photonics in the past 2 decades, integration of photonic
devices on a semiconductor platform has become increasingly urgent. So far, optical isolators
and circulators are almost the only missing planar photonic devices for monolithically
integrated photonic systems on a semiconductor platform. The challenges lie in both
integrating high quality magneto-optical materials and developing novel integrated
nonreciprocal photonic devices on semiconductors. There are several general criteria for a

practical magneto-optical material and device integrated on a semiconductor substrate.

Materials:

e Strong room temperature Faraday rotation and high optical transparency (i.e. high figure
of merit) at communication wavelengths.

e Compatibility with monolithic integration processes on a semiconductor substrate.

e High temperature stability of magneto-optical effects.

Devices

e  Monolithic integration for high fabrication throughput.

e Small device footprint and compatible with other planar photonic devices.

e High temperature stability of device performance

e Low cost

Until today, neither suitable materials nor devices have been developed on silicon based on
the criteria above. In this thesis, we focus on monolithically integrating magneto-optical

materials and devices for nonreciprocal photonic applications. We demonstrate high figure of
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merit of several magneto-optical oxide thin films at 1550 nm wavelength. Based on these
materials, we also simulated and experimentally demonstrated compact nonreciprocal

photonic waveguides and resonators on silicon.

Chapter 1 introduces the motivation of integrating nonreciprocal photonic devices on silicon.
The basic theory of magneto-optical effects is reviewed. Both material and device challenges
for integrating nonreciprocal photonic devices on silicon are summarized. Chapter 2
describes the experimental methods used in this study. Chapter 3 summarizes the study of the
structure, magnetic, magneto-optical and optical properties of orthoferrite thin films including
BiFeOs;, Bi,FeMnOg and LaFeO; epitaxial films. First-principles simulations were carried out
to understand the magnetic and optical properties of Bi;FeMnOs films, which explain the
thermodynamic limit of cation ordering in this material as well as the low optical
transparency in the communication wavelengths. Multiple crystal orientations were observed
and controlled by experimental conditions in epitaxial LaFeOs; films which are
demonstrations of kinetically limited crystal growth process in such films. Chapter 4 is
dedicated to understanding the structure and properties of a new class of room temperature
ferromagnetic perovskites, the Fe and Co doped SrTiO; films. Room temperature
ferromagnetism, high Faraday rotation and high optical transparency were observed in these
films at 1550 nm wavelength. The ferromagnetism associated with strong magnetoelastic
anisotropy in such films is understood as strain induced spin alignment. Defect chemistry
design of such materials changes the magnetic and optical properties systematically. A high
figure of merit of 3~4 dB/cm is experimentally demonstrated in Sr(Tip,Gag 4Fep4)Os.5 films.
As2S3/Sr(Tip 6Feo4)O35 and Sr(Tig2Gag 4Fep )05 strip-loaded waveguides were fabricated
and characterized. The nonreciprocal phase shift properties of these devices are simulated
using numerical methods. Chapter 5 demonstrates monolithic integration of Y;FesO1, and Bi
or Ce doped polycrystalline iron garnet films on silicon. Bi or Ce doped Y;3FesOp,
polycrystalline phases were stabilized by a two-step growth method. The structure and
magneto-optical properties of polycrystalline garnet films are found to be highly related to
the film fabrication process. Chalcogenide Glass/garnet waveguides and resonators were

fabricated and proposed for nonreciprocal phase shift device applications. Chapter 6 focuses
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on planar nonreciprocal photonic devices based on magneto-optical oxide thin films. We
experimentally demonstrated a monolithically integrated ultra-compact nonreciprocal
photonic resonator using magnetic oxide/SOI strip-loaded waveguides. The optical
nonreciprocity of this device is simulated and experimentally demonstrated. Possible
improvements of device structures and material properties for on-chip nonreciprocal photonic
device applications are also discussed. Finally, chapter 7 draws the conclusion and provides

suggestions for future work.

1.1 Silicon photonics and integrated nonreciprocal photonic devices

About 3 decades ago, the innovation of fiber optical communication significantly changed the
information technologies and people’s everyday life. Serving as interconnections between
information processed and stored in electronic systems over hundreds of kilometers away,
fiber optical communication system provides huge information carrying capacity, and high
energy efficiency due to little heat dissipation in optical fibers. [S] With the aggressive
scaling of device footprint in present day VLSI (very-large-scale integration) electronic
circuits following Moore’s Law, the boundary between optical and electronic interconnection
has been driven continuously toward shorter distances. There are mainly two driving forces
for this process to take place. The first is the heat dissipation in electronic interconnects due
to wire resistance. As transistor and interconnect electric wire density increase exponentially,
the power density also exponentially increases, and heat dissipation is becoming the most
challenging issue in microprocessors. The second is the interconnection “bottle-neck” effect,
which describes an exponential increase of electronic interconnection time as devices scale
down to sub 100 nm scale due to RC delay. [6] The low power dissipation and high
bandwidth of optical communication provides a natural solution to replace certain levels of
electronic interconnections. Therefore, integrating optical components in a semiconductor
platform has becoming increasingly urgent in recent years. As a counterpart of
microelectronics in integrated circuits, silicon photonics offers a possible solution to integrate

photonic components by using standard electronic semiconductor integration processes and
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silicon based materials. Several major semiconductor companies including Intel and IBM are
actively developing integrated optical components and systems for the next decade
semiconductor systems. Recently, a 50 Gbps silicon photonic link [7] and various silicon

photonic devices [8][9] have been developed by Intel and IBM respectively.

In an optical communication system, the major processes of light are the generation,
modulation, propagation and detection of photons, which are realized by lasers, modulators,
fibers (waveguides) and detectors respectively. Other important devices support these major
functions and enter the system at various positions. For instance, optical isolators enter
between the laser and other optical components to stabilize the laser performance; optical
amplifiers exist in optical fibers to amplify the signal after long distance propagation and
attenuation; optical multiplexers and demultiplexers may be present in front and at the end of
the fibers or waveguides, which combines or separates light with different wavelengths into
or out of the propagation channel for high bandwidth data transmission. To integrate on a
silicon platform from discrete devices, each of these devices has its specific material and
integration issues. So far, most of these issues have been solved for different devices.
Commercial or prototype integrated photonic devices have been successfully developed such
as Ge photodetectors [10], Si waveguides [11], Si3Ns waveguides [12], Si modulators [13],
Ge lasers [14], Er doped SiO; optical amplifiers [15], ring resonator optical multiplexers [16]
and Si/SisNg optical resonator filters [17]. However, nonreciprocal photonic devices
including optical isolators and circulators are still lack, which limits the application of a high

performance integrated optical system.

The importance of nonreciprocal photonic devices has been acknowledged in fiber optical
systems. Almost every laser there is an optical isolator associated with it. An optical isolator
works as a one-way valve for light. Or simply put it, this device looks transparent from one
way, but dark from the other side. (Of course this is in the near-IR communication
wavelengths.) Such devices are important because lasers are sensitive to reflected light,
which acts as undesired feedback to the laser cavity. This optical feedback can disturb the

photon and free carrier populations in the cavity and also cause carrier induced index change
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in the gain medium. It has been observed that a variety of laser instabilities take place when
there is injection of reflected light, such as amplitude noise (RIN) [18], fluctuation in
intensity [19], spectral shift [19] and frequency hopping [20]. These issues are resolved with
the presence of an optical isolator. Commercial optical isolators can offer an isolation ratio up
to -30~-65 dB with insertion loss less than 3 dB. [21] Figure 1-1 (a) and (b) shows typical
commercial optical isolators and a schematic plot of the device structure. The device consists
of two polarizers, one permanent magnet and one Faraday rotator iron garnet single crystal.
When propagating forward, light is initially linearly polarized, then the plane of polarization
plane rotate by 45° after passing through the garnet crystal, and finally passes through the
analyzer whose polarization direction is 45° tilted with respect to the initial polarizer; when
propagating backward, the polarization plane of the light continues to rotate another 45° due
to the nonreciprocity of the garnet crystal and become orthogonal to the polarization direction
of the polarizer, therefore optical isolation is achieved. A polarization independent optical
isolator is also commercially available as shown in figure 1-1 (¢) [22]. By combining
birefringent crystals and Faraday rotators, the light propagates in a way that it couples into
the output fiber after passing through the device in the forward propagation direction, but
spatially there is “walk-off” preventing coupling back to the input fiber in the backward
propagation direction. When propagating forward, light is spatially separated in to “E-ray”
and “O-ray” by the birefringent crystal depending on the polarization directions. Then both
components rotate their polarization by passing through the Faraday rotator and half-wave
plate and recombines in the birefringent crystal at the output side. When propaging
backwards, due to the nonreciprocity of the Faraday crystal, the two .components further
“walk-off” in space at the initial birefringent crystal and do not couple back to the input fiber.
Due to the polarization independent properties of such devices, they are highly desirable in
fiber optical systems. On the other hand, optical circulators are widely used in WDM type
optical add-drop modules (OADM). Figure 1-2 shows a commercial 4 port optical circulator
and a schematic plot of its operation principles [23]. An optical circulator has at least 3 ports.
Light passes through this device in a way that it always exits from the next port of where it
enters the device. For instance, light propagating in a four port optical circulator follows the

trajectory of 1—-2—3—4—1. In the language of transfer matrix, the device characteristics is
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simply described by the following matrices,

000 1 1000
[1 00 0 o [0 100
S5=lo 10 0/ =19 01 0
0010 00 0 1

where the second matrix describes the lossless characteristic of the device. The operation
principle of this device is shown in figure 1-2 (b). Faraday rotator crystals, quarter-wave
plates and polarizing beam splitters are used to achieve light circulation. Note that this device

works for randomly polarized light.
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Fig. 1-1 Commercial optical isolators (a) and the principle of operation (b). Also shown is a commercial
polarization independent optical isolator with its operation principles in (c) [22]
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Fig. 1-2 Commercial four-port optical circulators (a) and the principle of operation (b) [23]

31



Although technologically mature and commercially successful, discrete nonreciprocal
photonic devices are incompatible with integrated silicon photonic systems. Firstly the size of
discrete devices is large, which is both due to bulky magneto-optical crystals and the
complicated device structures using polarizers and wave plates. Secondly, the cost of aligning
discrete devices is high and the yield and throughput is low, which is highly undesirable for
monolithically integrated lasers. Thirdly, the mechanical stability of discrete devices is poor.
Monolithic integration of nonreciprocal photonic devices provides a solution for the above
issues. Meanwhile, integration of nonreciprocal photonic components offers a new dimension
of functionality to the integrated photonic systems. A variety of functionalities may be
achieved based on such devices, as will be discussed in detail in following chapters of this

thesis.

1.2 Basic theory of magneto-optical effects

In this section we briefly review the basic underlying physics of magneto-optical effects with
a focus on magnetic oxide thin films and integrated planar device structures. We follow the
convention of terms and symbols in reference [24]. The underlying material and device

physics will serve as a background of study in the following chapters of this thesis.

1.2.1 Microscopic mechanism of magneto-optical effect and material permittivity

Depending on the geometry of the incident wave vector and magnetization direction of the
material, there are two different configurations of magneto-optical effects, namely Faraday
configuration and Voigt configuration. Shown in figure 1-3, Faraday configuration means that
the incident wave vector direction k is parallel to the magnetization direction of the
magneto-optical media; and Voigt configuration means that the incident wave vector direction
k is perpendicular to the magnetization direction of the magneto-optical media. In the former
case, left or right circular polarized light beams show different refractive indices and

extinction coefficients, which are called magneto-optical circular birefringence (Faraday
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Effect) and magneto-optical circular dichroism (MCD) respectively. In the latter case, linearly
polarized light beams with the electric field parallel or perpendicular to the magnetization
direction show different refractive indices and extinction coefficient, which are called
magneto-optical linear birefringence (Voigt effect) and magneto-optical linear dichroism

(MLD) respectively.

)
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Fig. 1-3 Faraday and Voigt configurations of magneto-optical effects

Generally speaking, all magneto-optical effects are the consequence of splitting of electronic
energy levels when a magneto-optical medium is subjected to a magnetic field. In magnetic
oxides, these energy levels are the spin-orbital coupling multiplets showing different total
angular momentum. Light with different polarization will cause different electron dipole
transition between electronic states following the selection rule, which states that only those
electric dipole transitions in which the quantum number S is unchanged whereas the quantum
numbers L and J change by 0, £1 are allowed (the transition from J=0 to J=0 is excluded).
Meanwhile, only terms with different parity will be allowed for dipole transitions.
Macroscopically, this effect results in a difference in refractive indices and absorption
coefficients for incident light with different polarizations, which leads to so called

magneto-optical birefringence and dichroism.
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Fig. 1-4 (a) Diamagnetic and (b) paramagnetic types of electronic transitions

Consider the Faraday Effect for example. When an incident light enters the magneto-optical
material along the z axis, the left- (right-) circular polarized photon will have angular
momentum and its z-projection to be j=1 and m=+1(-1) respectively. Thus an electronic
transition between states with A] = +1,0 and Am; = +1(—1) is introduced. There can be
two cases for such transitions to take place, as shown in figure 1-4 (a) and (b), which are
called diamagnetic and paramagnetic transitions respectively. [24] (Note that these names are
by convention and should be distinguished from magnetically diamagnetic or paramagnetic
materials) The probabilities for left and right polarized light induced transitions are described
by oscillator strengthes f} and fg, respectivély, where a and b are the ground and excited
states, and + and — represents left and right polarized light respectively. In the diamagnetic
transition, these two oscillator strength are different because the energies for their transitions
are different. In the paramagnetic transition, these two parameters are different because the

two ground state electron populations are different following the Fermi distribution.

Normally, the electric field of incident light can cause the polarization of ions. In a
non-magneto-optical medium, the atomic polarizability tensor o; should be a symmetric

tensor. For an ion showing Faraday Effect, the off-diagonal component is no longer 0 due to
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f} # fip. If most of these ions in the material are macroscopically aligned to an external

magnetic field, the permittivity tensor g; will also show a non-zero off-diagonal component.
The relationship between €5 and a; is:

&; = 8; + 4mNay; (1-1)
where 8; =1 for i=j and §;; = 1 for i#j, N is the number of ions per volume. The off

diagonal component g;(i # j) is related to the magnetization direction. This nontrivial off

diagonal components can be expressed as a perturbation of the non-magneto-optical diagonal

permittivity tensor in a lossless isotropic medium [25]:

100 0 M, -M,
£=n}{0 1 O|+AgwhereAc=iK"|-M, 0 M, (1-2)
00 1 M, -M, 0

K" is a parameter proportional to |f} — f,| [26] and is related to the Faraday rotation by

K'M . . o . . ..
0 = -k, —2-;3 M; is the saturation magnetization. My is the material magnetization along the
f

x direction. Based on the non-diagonal and non-symmetric permittivity tensor in (1-2),
magneto-optical effects can be derived using Maxwell equations discussed in section 1.2.2
and 1.2.3 below. Note that here we focus on the real part of the off-diagonal tensor. The
imaginary part causing magneto-optical dichroism can be derived similarly, and is related to

the real part following the Kramers-Kronig relations.

1.2.2 The Faraday Effect
For a magneto-optical medium in Faraday configuration with applied field and incident light

along the z axis, the permittivity tensor can be expressed as: [24]

g —ig 0
é=|ig g 0 (1-3)
0 0 ¢

For a planar wave with E = Eyyexp [—i(wt — kz)], Maxwell equations require that: [24]
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by substituting (1-3) into (1-4) and solving the equation, one obtains the two eigenmodes of a

Faraday rotator: [24]

e, =1 /ﬁ[—lzJ exp[—i(wt —c'n,z)] (1-5)

e = l/ﬁ(:ij exp[—i(a)i—c"'n_z)] (1-6)

which are left and right circular polarized light. For linearly polarized incident light, the

electric field can be written as a linear combination of these two eigenmodes as: [24]

1 1 1
E(O) = (OJ = TE*E06+ + —J—2=E0e_ (1_7)

After propagating for distance z, the electric field is: [24]

cos(c”'wAnz)
-sin(c”'wAnz)

E(z)= [_CZ:Z) exp(—ig) = E{ ]exp[—ia)(t —c'nyz)] (1-8)

Obviously, this is still a linearly polarized light with polarization plane rotated by —8 with
respect to the incident light, provided that €; and An = (1/2)n,Q where Q = g/gl are

both real. This phenomenon is called the Faraday Effect, and was firstly observed by Michael

Faraday in 1845. The Faraday rotation angle can be expressed as: [24]

0 =—-c'wAnz = ——?"—Qz (1-9)
c

For isolator applications, the figure of merit (FoM) defined by the Faraday rotation devided
by the material loss per length is a criterion for material usefulness. Recently, Alex et. al.

proved that the figure of merit can be expressed by a first order approximation as [27]:

FoM = —Re(8)

Im(g)+Im(z,) (1-10)

In integrated magneto-optical devices, a slab waveguide or ridge waveguide structure is
usually used as shown in figure 1-5. When magnetized along the z direction, the Faraday
Effect manifests itself as a mode conversion between TE and TM polarized modes. Optical
birefringence arises in such devices, which causes difference between the first and second

diagonal component of tensor (1-3) and the Faraday rotation can no longer be expressed in
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equation (1-9). The waveguide birefringence comes from several issues including structural
birefringence [27], stress [28] or growth induced birefringence [29], which significantly
limits the Faraday rotation of the integrated devices. Due to the different modal index of the
TE and TM modes, the coupling efficiency is limited. Quantitatively, Tabor and Chen [30]
derived the analytical expression of Faraday rotation in a birefringent medium. Using a
perturbation method [25], Dotch showed that the mode conversion efficiency of TE and TM

modes in a photonic waveguide can be expressed by:
A™ ([ 2 2
L sinz[L /|k|2+£} 110)
4L 4 45 *
4

where A™(z) and ATE(z) are the amplitudes of TM and TE polarized light, k is the

coupling constant defined by k= %*:—“ff E*TEAE™dxdy , and AR =p™ — BTE s

propagation constant difference caused by the birefringence. Note a complete TE-TM mode

conversion can only be achieved when AB = 0.

Fig. 1-5 A typical slab waveguide (a) and a ridge waveguide (b) used in integrated photonics. The
waveguides are consisted of one substrate layer (index ny) one film layer (index n¢) and one top cladding
layer (index n.), with ng>ng and ngn,..

1.2.3 The Voigt/Cotton-Mouton effect

For the Voigt geometry, where the light is propagating along the z direction and the magnetic

field is along y direction the permittivity tensor will be: [24]

& 0 Jjeg
E=| 0 g, O (1-11)
=~ g 0 &n

Following a similar derivation as the Faraday Effect, the eigenmodes are found to be linearly

polarized: [24]
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d, = (?) exp[—jo(t - ¢ 'n,x)]
1 ] (1-12)
d, = (O]exp[—ja)(t -c 'n, x)]

where n,, = ‘/E; and n, = (g; — g/go) /2. This equation states that the medium is linearly

birefringent to light with polarizations parallel or perpendicular to the magnetic field

directions.

In integrated magneto-optical devices, a new phenomenon called Nonreciprocal phase shift
(NRPS) appears due to the field asymmetry in a magneto-optical material with the Voigt
geometry. In waveguide geometries shown in figure 1-5, when the waveguide is magnetized
along the x direction, the propagation constants of TM polarized light will be different
between forward and backward propagating directions due to the modal asymmetry in the
magneto-optical material along the y direction. Similar effect exists for TE polarized light
when magnetic field is along the y axis and modal asymmetry exists along x direction. An
analytical expression of this effect is described by Mizumoto ef al. [1] in a slab waveguide
structure shown in figure 1-5 (a) with a permittivity tensor shown by equation (1-11), the
characteristic equation of the TM modes is found to show a linear component of propagation
constant B, which means that B is nondegenerate between forward and backward
propagation directions. By applying perturbation theory, Dotch showed that the NRPS in
photonic waveguides can be expressed as [25]:
AB™ = —% I} K—n};{lHyaxHydxdy (1-13)

This equation shows that the NRPS is proportional to the Faraday rotation and the field

gradient in the magneto-optical material. Note that in bulk materials, the term of d,H, is

trivial, and the NRPS effect vanishes. A detailed discussion and simulation of our NRPS

devices will be based on this equation in chapter 4, chapter 5 and chapter 6.
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1.3 Magneto-Optical materials and semiconductor integration

To evaluate the usefulness of a magneto-optical material, a figure of merit based on Faraday
rotation is defined as:

Fom =2 (1-14)
(24

where © and a are the Faraday rotation and absorption coefficient per length of the
material. For semiconductor integration, another criterion is the compatibility with
semiconductor substrates and fabrication techniques to achieve high quality magneto-optical
materials. A simultaneous satisfaction of both high FoM and semiconductor compatibility is a
prerequisite for material applications in high quality semiconductor integrated
magneto-optical devices. However, all magneto-optical materials known so far are having
either FoM or integration problems. Therefore explorations of new materials or novel
integration technologies for conventional materials are highly desired for integrated

nonreciprocal photonic device applications.

In this section, we will discuss several magneto-optical material candidates. As we mentioned
in 1.2.1, the magneto-optical effect is related to the electronic states with different total
angular momenta. To achieve a macroscopic magneto-optical effect, the total angular
momentum of magneto-optical ions has to be macroscopically aligned. This is usually done
by spin-orbital coupling in a ferromagnetic/ferrimagnetic material under an external magnetic
field. Several magneto-optical oxides including iron garnets, orthoferrites and magnetic
perovskites show high Faraday rotation as well as low optical absorption coefficient. They

are considered to be candidates for nonreciprocal photonic devices such as optical isolators..

o Iron Garnets (Chemical Formula: A3;Fe;0;,)
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Fig. 1-6 (a) Garnet crystal structure showing the tetrahedral, octahedral and dodecahedral oxygen
coordinated sites. [34] (b) The Faraday rotation of Bi,Y;.<FesO,, film and the optical transparency of
garnet materials in the infrared wavelengths. [35]

Iron garnet materials have a large unit cell which contains 8 formula units. Three kinds of
cation sites are present in the garnet lattice with different oxygen coordination numbers as
shown in figure 1-6 (a), where sites a, d and ¢ are octahedral, tetrahedral and dodecahedral
sites respectively. 24 of the magnetic Fe’* ions occupy the tetrahedral sites and 18 of them
occupy the octahedral sites. These ions couple antiferromagnetically between tetrahedral and
octahedral sites. The net magnetization is due to the rest of the tetrahedral ions. The
dodecahedral sites are usually occupied by large rare earth irons. When this iron has net
moment on the 4f shells such as Gd**, a compensation temperature occurs in the saturation
magnetization temperature curve. Examples for iron garnets used in optical isolator and
circulators are Y3FesOi2 (YIG), BisFesOy2 (BIG) and (Ce,Y2)FesOy». Figure 1-6 (b) shows
the Faraday rotation spectrum of Bi doped YIG and optical absorption spectrum of some

garnet materials. Iron garnets show high transparency (a<0.05 dB/cm at 1550 nm) as well as
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strong Faraday rotation in the near infrared wavelengths. For Bi and Ce doped YIG, the
Faraday rotation can achieve the order of -10° deg/cm at 1550 nm while maintaining low
optical absorption. The strong Faraday rotation is due to the enhancement of electronic states
splitting of Fe ions by Bi 6s® electron pairs [32] for Bi doped YIG, or due to electronic
transitions in Ce®* ions magnetically aligned with Fe** ions in the garnet lattice for Ce doped
Y1G [33]. Typical FoM of single crystal garnet materials is larger than 100 deg/dB, making

them widely used in commercial optical isolators.

However, this material is hard to integrate to Si platform due several reasons. Firstly, garnets
have a complex unit cell structure and much larger lattice parameter compared with
semiconductors (Y1G:12.376 A, Si: 5.43 A, GaAs: 5.65 A), which excludes the possibility of
heteroepitaxial growth of garnet films on a conventional semiconductor substrate; Secondly,
the thermal expansion coefficient of YIG (10.4x10° /°C) is much larger than Si (2.33x10°
/°C), GaAs(5.73x10° /°C), InP(4.75x10° /°C) or Si0(0.55x10° /°C). Cracks can easily
generate in crystallized YIG films on silicon when the thickness exceeds the critical value of
about 100 nm; [36] Thirdly, crystallization of the garnet phase usually requires a high thermal
budget. Also impurity phases such as YFeOs;, Fe>O3; and Bi,Os can precipitate out during the
crystallization process [37], which may cause optical scattering loss in integrated photonic
devices. These factors make the fabrication of high optical quality magnetic garnet films and

also optical isolators on semiconductor substrates very difficult.

Progresses in monolithic integration of garnet materials on silicon has been made in the past
decade. Stadler e al. demonstrated integration of Y3FesOj, polycrystalline thin films and
waveguides on silicon using sputter deposition and rapid thermal annealing. [38][39]
Amorphous YIG films were deposited by co-sputtering Y and Fe targets in Ar and O,. The
films were crystallized in pure Y1G phase by rapid thermal annealing at 750 °C for 5 s. Koner
et al. reported the stabilization of BisFesO,, phase on a furnace annealed polycrystalline YIG
film on SiO; [40]. Polycrystalline BisFesO,, garnet phases were confirmed by XRD and TEM

measurements. Strong Faraday rotation was observed from the BisFesO,; layer.
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Despite this progress, the optical loss of polycrystalline garnets still needs to be
systematically studied before these materials can be considered applicable in a semiconductor
integrated magneto-optical device. Integration and loss analysis of photonic devices based on

these materials will be carried out in chapter 5 and chapter 6 of this thesis.

e  Orthoferrites (Chemical Formula: AFeQ;)

Fig. 1-7 Lattice structure of (a) LaFeQ; [42] and (b) BiFeO; [43]

The orthoferrites are a class of distorted perovskites having Fe’* ions in the B site and
octahedrally coordinated with O% ions, whereas the A site is occupied by large rare earth ions.
As an example, figure 1-7 shows the lattice structure of LaFeOs; and BiFeOs. BiFeO; and Bi
double perovskites may provide high Faraday rotation provided that Bi’* ions show strong
covalent interactions with the octahedral complexes as occurs in garnet materials. This
process enhances the non-degeneracy of the spin-orbit coupling levels as well as the Faraday
rotation of the material as observed in garnets. Due to the distorted cell structure, orthoferrites
are weakly ferromagnetic with the spin of Fe’" slightly “canted” at about 0.5° from 180°
antiferromagnetic coupling direction, therefore offering not fully cancelled ferromagnetism
and Faraday rotation from the Fe sublattices at room temperature. The Faraday rotation and
optical absorption of bulk orthoferrites were studied in the 1970’s. It has been found that the

intrinsic Faraday rotation (Faraday rotation for light propagating along optical axis and not
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influenced by material birefringence) is about 3 times that of YIG at a wavelength region
from 600 to 1800nm [41], while the optical absorption remains low as a < 0.5 cm™1, [35]
These materials seem to be more promising for integrated nonreciprocal photonic devices by
appreciating that the orthoferrites are much better lattice matched with silicon compared to

garnets, which offers the opportunity of epitaxial growth on silicon.

However, integration of orthoferrites is also challenging due to several factors. Firstly, the
magnetization of these materials are small (~5emuw/cm® compared to 140emu/cm® in YIG) and
is dependent on the lattice structure such as the canting angle o. [44] Strain and lattice
distortion in epitaxial films may influence the material properties significantly. Secondly, the
phase purity and thermal budget are issues for fabricating orthoferrite thin films. Schmool et
al. deposited orthoferrite thin films on quartz substrates by PLD. [45] High temperature
furnace annealing up to 860°C for 1hr is required for film crystallization. Impurity phases
such as garnets and iron oxides were found in films. Thirdly, multiple crystal orientations
may appear in expitaxial non-cubic orthoferrites deposited on cubic semiconductor substrates,

which needs to be controlled for low optical scattering in planar photonic devices.

To investigate the properties of integrated orthoferrite films, a study on BiFeO; and
Bi,FeMnO thin films is described in chapter 3. A structural analysis on the multiple crystal
orientations of an epitaxial LaFeO; film on SrTiO; substrates is also described in the same

chapter.

e Magnetic Perovskites (Chemical Formula: ABOs)
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Fig. 1-8 Lattice structure of a BaTiO; unit cell [46]

Different from orthoferrites, regular perovskite materials show cubic or tetragonal lattices,
therefore can be epitaxially grown on semiconductor substrates with a single orientation.
Examples include SrTiO;, BaTiO; and (LaSr)MnQ;, and the lattice structure is shown in
figure 1-8. Regular perovskites usually show antiferromagnetism when they are doped on the
B site with transition metal ions due to the 180° B-O-B bonding angle following the
Goodenough-Kanamori theory. When multiple valence states exist on the B site,
ferrimagnetism or even ferromagnetism occur due to double exchange, for example
(LaSr)MnQs is room temperature ferromagnetic. Cho et. al [47]. reported a Faraday rotation
of -2.6 deg/pum for LaggSrp 1sMnO; at 2.9 eV. The FoM of (LaSr)MnOs is limited by free

carrier absorption in the metallic material.

Compared with garnets and orthoferrites, challenges of perovskite materials come from
achieving room temperature ferromagnetism with high material FoM. Recently, Fe doped
BaTiO; and BaZrO; films show room temperature ferromagnetism. Rajamani er al. observed
a promising Faraday rotation of 330 deg/cm and a FOM of 3.7 deg/dB in Ba(TisFe2)0s
films at room temperature. [48] Systematic studies on the origin of the ferromagnetism of
these material systems are required. Controlling the material properties to achieve higher

FoM is also needed for practical applications. These issues will be studied in chapter 4.

Other than the materials mentioned above, several other materials not being studied in this
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thesis are also under active research. Spinel ferrites, which are room temperature
ferrimagnetic materials show significant magneto-optical activity in the communication
wavelengths. These materials are limited by high optical absorption and low FoM at such
wavelengths. The mechanism of optical absorption is still not clearly understood. But it is
found the absorption coefficient is proportional to the multiplication of the octahedral and
tetrahedral Fe populations [49], suggesting that the absorption may be due to charge transfer
between two sites and directly coupled with the ferrimagnetism. Recently, it has been
demonstrated that optical absorption in nanoparticle spinels are significantly lower than its
bulk counterpart [50]. Efforts of integrating magneto-optical waveguides based on these
nanoparticles have been carried out [S1]. However the device figure of merit is still far from
application requirements. Transition metal ion doped magnetic semiconductors are also
studied in the waveguide geometry for magneto-optical performances [22]. These materials
are based on compound semiconductors such as Mn doped GaAs and Fe doped InP due to
higher solubility of transition metal ions in the lattice compared to group IV semiconductors,
and are paramagnetic at room temperature. High Verdet constant (Faraday rotation per unit
length and per unit applied magnetic field) and FoM are achieved in materials with bandgap
energies close to the operation wavelength. However, these materials need high field up to 1T

for application, which is challenging in integrated devices.

1.4 Integrated nonreciprocal photonic devices

A variety of integrated nonreciprocal photonic devices have been studied based on Faraday or
Voigt effects. In this section, a review of these devices will be carried out with a focus on the
progresses of semiconductor integration. Three types of optical isolators based on
nonreciprocal mode conversion (NRMC), nonreciprocal phase shift (NRPS) and
nonreciprocal loss (NRL) will be discussed. Finally several recently proposed semiconductor
compatible non-magneto-optical isolators including nonreciprocal Raman amplification,

nonreciprocal optical force and nonreciprocal photonic transitions will be introduced.

e Nonreciprocal mode conversion (NRMC) devices
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A natural way of integrating optical isolators in a planar geometry is using the Faraday Effect,
which causes TE and TM mode conversion in a waveguide geometry. Efforts have been
carried out on epitaxial garnet films on single crystal garnet substrates since the 1980’s. [52]
[53] For efficient mode conversion, a buried channel waveguide geometry was fabricated to
eliminate the total birefringence. [52] Annealing and etching processes have also been carried
out for birefringence elimination and was demonstrated experimentally. [53] An alternative
way to cancel out the birefringence effect is called quasi phase matching (QPM), in which the
sign of Faraday rotation is periodically reversed along the waveguide direction by annealing
or chemical design of the magneto-optical material. [54] An isolation ration of -31 dB and

insertion loss of 1.5-3dB was demonstrated in these devices. [53]

In case of semiconductor integration, Yokoi et al. proposed optical isolation by wafer bonding
of a single crystal Ce:YIG on GalnAsP waveguide on InP substrate. The simulated device
size for 45° Faraday rotation is up to hundreds of micron meters due to the small confinement
factor in the garnet crystal. [SS5] Monolithic integration of YIG waveguides on silicon
substrates have been carried out by Stadler ez al. [39] By first etching the sputter deposited
amorphous YIG layer followed by a rapid thermal annealing step, crack free polycrystalline
YIG waveguides are demonstrated on silicon. The waveguides showed a propagation loss of
15.5dB/cm and the birefringence can be tuned by etching the waveguide geometry. Holmes et
al. deposited Ce:YIG films on GaAs waveguides on AlGaAs bottom cladding with a QPM
geometry and qualitatively demonstrated mode conversion in such structures. [54] Magnetic
semiconductor materials of Fe doped InP or InGaAsP were also integrated in a waveguides
on InP substrates. [22] A Faraday rotation of 100deg/cm/T and propagation loss of 4.34dB/cm
was observed in these waveguides, which may be further optimized by tuning the bandgap of

the magnetic semiconductor material.

¢ Nonreciprocal phase shift (NRPS) devices
Because of the difficulty of tuning the device birefringence in magneto-optical waveguides,
another magneto-optical effect called nonreciprocal phase shift (NRPS) is used for optical

isolation. As we discussed in chapter 1.2.3, the propagation constant of a magneto-optical
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waveguide is nonrecriprocal in the Voigt geometry. This effect can be used in interferometers
to achieve optical isolation. A schematic plot of a Mach-Zehnder isolator is shown in figure
1-9. When the magneto-optical materials on both arms of the interferometer are magnetized
perpendicular to the waveguides and along opposite directions, NRPS with different signs are
achieved so that light constructively interferes at the transmission side and destructively
interferes when reflected back to the incident side. The first NRPS optical isolator design was
demonstrated by Aurature ef al. back in 1975 [56]. Several groups developed such
Mach-Zehnder isolators on epitaxial garnet films on single crystal garnet substrates. [57][58]

Isolation ratio up to -19dB and excess loss of 2dB was reported. [58]

Nonreciprocal

: Reciprocal
phase shifter phase shifter

Output

(Ca,Mg.Zr)-doped GdiGasOn:
CeY2FesOn (NOG}
{CeMQ)

Fig. 1-9 A schematic plot of a Mach-Zehnder interferometer based optical isolator [57]

For semiconductor integration, Mizumoto et al. recently demonstrated successful wafer
bonding of single crystal Ce:YIG on silicon Mach-Zehnder interferometers. [1] An isolation
ration of -21dB and insertion loss of 8dB is observed in this device. Monolithic integration
strategies of NRPS devices are limited by the magneto-optical materials on silicon. Several
device structures based on monolithic thin film materials and optical resonance have been
proposed. Photonic crystals [59], garnet thin film base optical resonators [60] and
magneto-optical polymer based optical resonators [61] were simulated. However
experimental demonstration is still lacking due to the difficulty of patterning the
magneto-optical material, magnetic field, or relying on the modal asymmetry in the bending

region of the resonators.
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e Nonreciprocal loss (NRL) devices

There is a special kind of nonreciprocal photonic devices based on nonreciprocal loss of the
device which is achieved by placing an absorptive magnetic metal close to an optical gain
medium such as a semiconductor optical amplifier (SOA) in the device. Figure 1-10 shows a
schematic plot and the SEM image of such a device. The ferromagnetic metal is magnetized
perpendicular to the light propagation direction. The refractive index of the magnetic metal is
different between the forward and backward propagating light, therefore the confinement
factor and loss in the metal is different, and an optical nonreciprocity is observed in the active
device. Isolation ratios of 14.7 dB/mm for TE mode at 1.3 um wavelength [62] and 9.9
dB/mm at 1.55 pm wavelength [63] have been demonstrated so far. Different from NRMC
and NRPS isolators, the isolation ratio in these devices is proportional to the device length.

Therefore very high isolation ratio can be achieved provided the device is long enough.

Fig. 1-10. (a)Schematic plot and (b) SEM image of a NRL isolator [62]

Despite the simple design and good isolation ratios, NRL devices shows several drawbacks
compared to NRMC and NRPS devices. Firstly, the loss level of these devices is high due to
the presence of the metal layer. Propagation loss as high as 7.1 dB/mm is observed [62],
which is significantly higher than practical requirements. Secondly, NRL devices are active
devices. Power dissipation is needed for device operation which is undesired. Thirdly,
amplification of spontaneous emission also takes place in the SOA, which degrades the laser

and isolator module performance.
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Different from magneto-optical nonreciprocal photonic devices discussed above,
non-magneto-optical devices were also proposed recently. Manipatruni et al. proposed an
optical isolator based on nonreciprocal optomechanical structures. [4] The device uses the
different optomechanical forces between forward and backward propagating light on a
Fabry-Perot cavity with one movable and one fixed mirror to achieve nonreciprocal optical
resonance and isolation, resembling a gas or liquid one-way valve. Krause et al. proposed
that stimulated Raman emission in silicon waveguides can be used in nonreciprocal photonic
devices. [3] This effect is based on different amplitude stimulated Raman emission when the
signal light and pump light is propagating in the same or opposite directions. Yu and Fan
proposed that by dynamically modulating the index of refraction of a silicon waveguide in a
manner of propagating wave, optical nonreciprocity can be achieved. This is due to
Nonreciprocal interband photonic transitions between different modes in the waveguide
taking place only in one direction of light propagation. [2] Fundamentally, all these novel
devices are based on phenomena related to the different signs of wave vector between
forward and backward propagating lights. Due to fabrication difficulties, none of these

devices have been experimentally realized yet.

From the introductions of materials and devices above, we can summarize the current status
of semiconductor integration of nonreciprocal photonic components. For magneto-optical
materials, challenges still remain in either monolithically integrating garnet materials or
exploring new materials with high figure of merits; for devices, monolithically integrated
devices are still lacking. Improving the performance as well as reducing the footprint is
critical for the application of such devices in photonic integrated circuits. In the following
chapters of this thesis, we will try to resolve these challenges by providing both materials and
device solutions both by experimental study and theoretical simulations. By the end of the
thesis, we hope to provide improved magneto-optical thin film materials for semiconductor
integration, an experimentally demonstrated monolithically integrated on-chip nonreciprocal
photonic device, and theories to understand both the material and device performances for

future integrated nonreciprocal photonic systems.
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Chapter 2
Experiment and Simulation Methods

In this chapter, the experiment and 'simulation methods used in this thesis are introduced. All
thin film oxide materials studied in this thesis were fabricated by pulsed-laser deposition
(PLD), while the optical waveguides and resonators were fabricated by optical lithography,
lift-off and e-beam lithography methods. Structural characterization methods including X-ray
diffraction (XRD), vibrating sample magnetometry (VSM), superconducting quantum
interference device (SQUID) magnetometry, Faraday rotation and ellipsometry were used to
analyze the material structures and properties. Optical transmittance measurements were
carried out on optical waveguides and resonators. First-principles simulation using density
functional theory (DFT) was applied for the Bi-orthoferrite systems. Mode profile
simulations of the optical waveguides were achieved by using the film mode matching (FMM)
method in the FIMMWAVE software. Based on the mode profiles, magneto-optical

nonreciprocal phase shift in the devices were also simulated by numerical methods.
2.1 Thin Film and Photonic Device Fabrication

2.1.1 Pulsed-laser deposition (PLD)

Pulsed-laser deposition is a physical vapor deposition technique, carried out in a vacuum
system and sharing some of the characteristics of both evaporation and sputtering. Firstly
used in the late 1980s [1], this technique was widely applied in complex oxide deposition and
epitaxial growth. Compared to evaporation and sputtering, PLD is advantageous in
maintaining good stoichiometry transfer from the target to the film and obtaining
non-equilibrium phases in complex material systems. A schematic plot of this technique is
shown in figure 2.1a. The film deposition is achieved by focusing a pulsed ultraviolet laser
beam on a bulk target material, generating a small portion of the material in a plume form

containing the atomic species of the bulk material in vacuum, and depositing on a substrate.
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The essential components for the PLD are the laser, the optics, the chamber, the target and the
substrate. Ultraviolet pulsed lasers are usually used such as KrF (A=248nm) and Nd:YAG
(A=355nm). The pulse duration is typically in the range of nanoseconds. Because most
materials are highly absorptive in these wavelengths, the laser energy can be effectively
absorbed to generate plumes. The laser pulses are guided and focused by high quality quartz
optical components to achieve high enough energy density (typically 2~5J/cm?) on the target.
To prevent particulates of melted droplets from the target, high density pellets of ceramics,
metals or polymers are usually used for the target material. A high base pressure in the 10°
Torr level or better in the PLD chamber is needed for material purity. Reactive gases such as
O; are usually required both to maintain stoichiometry in the thin film material and to
decrease the kinetic energy of the atoms in the plume. The substrate is usually placed close to
the target in the order of several centimeters to allow homogenous deposition from the plume.
The substrate is usually heated to achieve crystallization and epitaxial growth of the required
phase in the film. The deposition process of PLD can be summarized in figure 2-2 (a) and can
be separated into four steps. [2] In initial short periods (0.1~20ns), the laser pulse is absorbed
the target material. At t~Ips, plume species (atomic, di-atomic, molecular and ionic) are
generated on the target surface. At t~1-4 us, these species travels towards the substrate in
vacuum and finally deposit on the substrate at t~4 ps to form thin films. A typical plume

generated in a PLD chamber is shown in figure 2-2 (b).

Optical Table . COMPexPro 205
1 _[___} Laser & Excimer Laser

1§ ~Beam ) = 248nm
Lenses and

400~600mJ, 10Hz,
2~3 Jfcm?
T=500~800°C

Substrates

Fig. 2-1 A schematic plot of the pulsed-laser deposition system
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Fig. 2-2 (a) The PLD process [2] (b) A plume generated in a PLD chamber

Except Bij 2FeOs and BiysFeMnOg targets purchased from Plasmaterials Inc., all the targets
used in this thesis were fabricated by standard ceramic fabrication methods. Precursor
powders with the stoichiometric element ratios of the final target compositions were mixed
and ball milled with YSZ (yttrium stabilized zirconia) grinding media for 24 hours in ethanol.
The mixture was then dried and calcinated in a tube furnace in air to form the desired phase.
Then the calcinated powders were uniaxial and cold isostatic pressed (CIP) at 40,000 psi for 2
min into a 1.1” diameter pellet. Finally, the pellet was transferred to a tube furnace and

sintered to form the final target.

Several parameters are critical for PLD. They are the energy density E, the pulse rate A, the
target to substrate distance d, the chamber pressure P and the substrate temperature 7. Other
than these controllable parameters, the laser specs, target and substrate materials are also
important. For the experiments discussed in this thesis, we use a Coherent COMPexPro 205
KrF (248 nm) excimer laser. For all systems, the energy density were fixed to 2~3 J/cm?.
Before deposition, the chamber was pumped to a vacuum level of 5X10° torr. Then the
substrate is heated to the desired temperature at a speed of 10 °C/min. Oxygen or vacuum
conditions were adjusted after reaching the deposition temperature. After the deposition, the
samples are cooled down to room temperature at a speed of 5 “C/min with or without high
oxygen pressure for oxygen stoichiometry. The specific fabrication conditions for different
materials systems are summarized in table 2-1. It should be noted that these conditions are

determined by various factors, such as the material stoichiometry, the valence state of ions,
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the kinetic energy of the plume and the strain state of the film etc., which will be discussed

specifically in following chapters.

Table 2-1 PLD fabrication conditions for various oxide thin films in this thesis
W

Materials h(Hz) d(cm) P(mTorr) T(CO) Target Substrates*
MgO(001),
BiFeO; 10 7 7.5 (0,) 680 Bi; ,FeOs.s
STO(001)
MgO(001),
Bi,FeMnOg 10 7 1.0 (Oy) 680 Biy sFeMnQOg,5
STO(001)
LaFeQO; 10 7 10-200 (Q,)  700-850 LaFeO; SrTi0s(001)
Sr(Ti.<Fe,)0; 2x10° LAO, LSAT,
10 6 700 Sr(Ti, <Fe)O;
related systems (Vacuum) STO, Si(001)
2.5-3.5x10° LAO, LSAT,
Sr(Ti; xCo,)Os 10 5.5 700 Sr(Ti;.«Co,)O;
(Vacuum) STO, Si(001)
Y;Fes0, 10 6 10 (03) 500 Y;FesOy, Si0,/Si, SOI
Bi,Y;,FesO, 5 6 50 (0y) 650 Bi 2 Y34FesOpnis  Si0y/Si, SOI
CC]Y2F650|2 5 6 10-50 (02) 650 Ce|Y2F65012 SlOz/S], SOI

—_—_— e e —
* 8TO: SrTiO;, LAO:LaAlO;, LSAT: (La,Sr)(Al,Ta)0;, SOI: S$i(220nm)/SiOy(3um)/Si

2.1.2 Photolithography and lift-off

Several waveguide structures were fabricated by photolithography and lift-off methods. The
lift-off process is a thin film patterning process in which thin films were deposited on
pre-patterned photoresist, followed by the removal of the resist in solvents. Compared to
etching, lift-off offers a faster and easier way for device fabrication. This method was
introduced by previous studies for waveguide patterning. [3][4] A schematic plot of this
process is shown in figure 2-3. Firstly, the magneto-optical films were deposited using PLD
on the substrates having a lower index compared to the magneto-optical material and
chalcogenide glass (i.e. LSAT (n=2.0 at 1550nm) or SiO, buffered Si (n=1.45 at 1550nm)).

NR9-1000PY (Futurrex) negative photoresist was spin coated on the MO film with a
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thickness of ~1 um. After exposure by deep UV-aligner and development in CD-26 developer
(Shipley), patterns with 2 um to 8 um waveguide or optical resonator structures were formed
in the resist. A spatial resolution of 1 pm was achieved by the lithography process.
Chalcogenide glass films such as As;S; or GeS; were then thermally evaporated on the
samples which were kept at room temperature. A lift-off process was carried out by
ultrasonicating the samples in acetone to form the strip-load waveguide structure. After that, a
2 um thick SU-8 (n=1.58, MicroChem) photoresist layer was spin-coated onto the waveguide

structures and exposed under room light for 10 min as a top-cladding layer.

- . e, pra—
e — e — e — EE - e
Substrate MO thin film NR-9 Resist Chalcogenide glass Lift-Off
deposition Optical Lithography Evaporation

Fig. 2-3 A schematic plot of the fabrication process using optical lithography and lift-off methods

2.1.3 E-beam lithography

Electron beam (E-beam) lithography is a mask-less resist patterning technique which uses
electron beams rather than photons to expose resist patterns. Due to the shorter wavelength of
electrons compared to photons, e-beam lithography can achieve much higher spatial
resolution. This technique was applied for silicon on insulator optical resonator fabrication in
this study to achieve a feature size of ~100 nm. Figure 2-4 shows a schematic plot of the
fabrication process. Starting from a Si(220 nm)/SiO»(3 um)/Si SOI wafer, a hydrogen
silsesquioxane (HSQ) resist (Dow Corning XR-1541 4%) was spin-coated on the wafer for a
thickness of 60 nm. 450 nm wide HSQ patterns were defined by electron beams exposure and
development in a tetramethylammonium hydroxide (TMAH) developer. The silicon channel
waveguides and resonators were formed by reactive ion etching (RIE) the patterns in HBr.
The mask HSQ layer on silicon was removed by etching the samples in a 100:1 HF solution
for 2 min. Several of the resonators were spin coated with thick HSQ resist up to 1 pm (Dow
Corning Fox-25) and annealed to form a top-cladding layer. A second patterning process and
etching process was carried out on this layer to expose part of the resonators for

nonreciprocal photonic device fabrication, which will be discussed in detail in chapter 6.
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After this step, the magneto-optical garnet films were deposited on the silicon photonic

devices and rapid thermal annealed for crystallization.

SOI (220nm/3um) HSQ ebeam lithography HBr etch PLD amorphous YIG RTA crystallized YIG

Fig. 2-4 A schematic plot of the fabrication process using e-beam lithography

2.2 Characterization

2.2.1 X-ray diffraction

Phase identification and texture analysis of the magneto-optical films were carried out by
X-ray diffraction. These techniques include IDXRD, 2DXRD, X-ray pole figures and X-ray
reciprocal space mapping (RSM).

IDXRD and 2DXRD

The X-ray diffraction from a sample is fully described by the Ewald sphere shown in figure
2-5. lIdeally if there is a 3D detector which covers the solid-angle of 4n, all diffraction
patterns of the sample can be collected. In practice this is hard to achieve, but depending on
the detector size, XRD can be classified as 1DXRD and 2DXRD respectively. Conventional
®-20 diffraction XRD patterns are collected by 1D detectors. During the »-26 scan, it covers
a great circle of the Ewald sphere as shown by a red line in fig. 2-5 (a) (if sample normal
coincides with the diffraction normal). However 2D detectors with capability of
simultaneously detecting large 26 and y angles cover an area of the Ewald surface shown by
the blue regions for one ®-20 scan. This technique can observe the spatial distribution of

diffraction patterns, which offers opportunity to characterize crystal textures in a single scan.

All of the films in this study were analyzed by IDXRD (Rigaku RU300). Texture and
epitaxial analysis was carried out on 2DXRD (Bruker D8 with General Area Detector

Diffraction System (GADDS) [5] for BiFeO;, Bi;FeMnQs, LaFeQs, Sr(Ti,<Fex)O; related
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systems and Sr(Ti;.xCo,)Os films. Figure 2-5 (b) shows a typical 2DXRD pattern of a LaFeO;
film grown on an STO(001) substrate. The (003) diffraction pattern of the film is localized in

a small 20 and y range, indicating the film is epitaxial.

STO (003)
LY

S

LaFeO- (003)

(a)
Fig. 2-5 (a) The Ewald sphere of a sample under X-ray diffraction with the detection regions by 1D and
2DXRD during a »-26 scan (b) A typical 2DXRD pattern of a LaFeOs; film on SrTiOs substrate

X-ray pole figures and X-ray reciprocal space mapping

X-ray pole figure is a figure recording the variation of the diffraction intensity with respect to
the sample orientations in three dimension. X-ray reciprocal space mapping is a record of the
diffraction intensity as a function of the reciprocal space dimensions. These two techniques
both characterize the sample texture, while expressed in either real or reciprocal space
respectively. Because both the film and substrate diffraction patterns can be simultaneously
collected on X-ray RSM, quantitative analysis of the film lattice parameter, strain state or

defect density can be carried out by this method.

A typical X-ray pole figure and X-ray RSM is shown in figure 2-6 (a) and (b) respectively.
Fig. 2-6 (a) shows the (100) and (110) diffraction pole figures in a SrTiO; film deposited on
CeO02/YSZ (Yttrium stabilized ZrO,) on silicon. [6] The figure is shown in polar coordinates
with the two coordinates of ¢ and k indicating the sample rotation angles. Epitaxial and fiber
textured phases coexist in this film. In the X-ray RSM of figure 2-6 (b) [7], the two
coordinates correspond to reciprocal spacing along the in-plane and out-of-plane directions

respectively. The film and substrate lattice constants are calculated based on inspecting the

59



diffraction peak positions in the RSM.

In our study, X-ray pole figures are used to characterize the crystal orientations of LaFeOs;
films epitaxially deposited on SrTiO;. The characterization is carried out by measuring the
(111) diffraction of LaFeO; on 2DXRD equipment. X-ray RSM is measured on
Sr(Ti;.xCox)Os films deposited on LaAlO3(001) substrates. Both the film (124) and the
substrate (224) diffraction are collected on a PANalytical X'Pert Pro Multipurpose
Diffractometer. The in-plane lattice parameter as well as the in-plane strain of the film is

calculated assuming a tetragonal lattice structure.

6.15

(105)
6.10
6.05
e lnGaN(Z)_‘.
- 6,00 -
g
d 5.95
590 InGaN(1)
5.85 T T T . e 8 |
210 218 220 225 2.30 235 2.40
(b) Q, (100) A"

Fig. 2-6 Examples of (a)X-ray pole figure of SrTiO; film deposited on CeO,/YSZ buffered Si(001)
substrate [6]and (b)X-ray reciprocal space map of InGaN epitaxially deposited on a GaN substrate[7]

2.2.2 Vibrating sample magnetometry (VSM)

The VSM is an inductive method to measure the sample magnetization under applied
magnetic field. The working principle is Faraday’s law of electromagnetic induction, which
states that the electromotive force generated in a pickup coil is proportional to the time
variation of the magnetic flux. A schematic plot of this equipment is shown in figure 2-7. The
sample is loaded onto a diamagnetic sample holder (pyrex glass or quartz) and vibrated along
the z direction. Homogeneous magnetic field up to 1.3 T read by the Gauss meter can be
applied along the x direction across the sample. Depending on the magnetization value of the
sample, different voltage values can be read from the pickup coils, which are calibrated to a

standard sample with known magnetization. Therefore the sample hysteresis can be measured.
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A coil heater furnace with flowing inert gas can also be used to heat up the sample and
perform magnetization-temperature dependence measurements. By cooling the flowing gas,

low temperature measurements can also be carried out.

The VSM used in our study is an ADE Technologies VSM Model 1660. The magnetic field
range used for room temperature magnetic hysteresis characterizations is -1 T to +1 T. Curie
temperature measurements are also carried out from room temperature to 700 °C, the limit of
our coil heater. Several factors are taken care of during our measurements. Because VSM can
achieve a magnetization resolution of 10 emu, samples were cleaned to be free of trace
contaminations for accurate measurements. Environmental AC electronic noise was screened
during measurements. Also the calibration sample is positioned with a similar geometry as

the sample to be measured for quantitative accuracy and minimum shape effect.

Fig. 2-7 A schematic plot of a vibrating sample magnetometer

2.2.3 Superconducting quantum interference device (SQUID)

SQUID magnetometry is a magnetization measurement method based on measuring the
magnetic flux of the sample. It is known as the most sensitive flux measurement method so
far, with a field resolution at the 10”7 T level demonstrated. The operation mechanism is

shown in figure 2-8 (a). [8] The magnetic flux of the sample is measured by a ring of
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superconductor interrupted by one or more Josephson junctions (superconductor separated by
a thin normal resistor). Below the superconducting transition temperature, the voltage-current
curve of this device is shown in figure 2-8 (b). A critical current I, is observed which
separates the normal and superconducting states of the device. When on standby, the device is
biased with a current /; to be sitting between the two states. When a sample with
magnetization passes the device causing a flux change, a current is generated in the
superconductor due to the Meissner effect, which causes a variation of the voltage across the
device according to the I-V curve. This change is quantized as shown in figure 2-8(b). By
counting the oscillations of the voltage, the flux and the magnetization of the sample can be

measured.

Low temperature (from 5K to 300K) magnetization-temperature (M-T) curves were measured
for Sr(Ti;xCox)O; samples on a Quantum Design SQUID magnetometer. Saturation
magnetization M;-T curve, field cooling (FC) and zero field cooling (ZFC) curves were
measured. For Ms-T curve measurements, the samples are saturated at a field of 8000 Qe
with in-plane magnetization direction. For FC and ZFC measurements, the samples were
firstly cooled to 5 K without applied magnetic field. Then the ZFC curve is collected by
warming up the sample at an in-plane field of 1000 Oe. The sample was cooled down to 5 K
afterwards under 1000 Oe, and the FC curve was collected during cooling. Low temperature

hysteresis of Sr(Ti;«Co,)O; at 5 K, 10 K and 20 K were also measured in a -5 T to +5 T field

range.
Bias Current Josephson
Junctions
Sensor —, Modulation and
Input Al

Feedback Signals
SQUID loop

Coil *

(a) Resistor

62



Voltage

§
R /\/ Magnetic Field

Current |

lg 1,
Flux Quantum: @, =2.068x 10" Wb
Superconducting Normal
(b) Silllte State

Fig. 2-8 (a) Sketch of a superconductor pickup coil with Josephson Junctions used in SQUID
measurements (b) The I-V and V-@ curve of the device shown in (a) [8]

2.2.4 Faraday rotation

The Faraday rotations of all films were characterized on a custom-built apparatus at 1550 nm
wavelength, with the laser light and magnetic field directions perpendicular to the film plane.
A sketch of this device is shown in figure 2-9. An infrared laser light with the wavelength
range of 1.47 to 1.56 um was linearly polarized by a polarizer and modulated at 1000 Hz by a
Faraday cell modulator controlled with a lock-in amplifier. The light was then aligned
through a path bored through pole pieces of an electromagnet, between which the sample was
placed. Then it passed through an analyzer set as 1° off from extinction. The transmitted light
signal was detected by a Ge detector, filtered by a band path filter and shown on the lock-in
amplifier and oscilloscope. By scanning the magnetic field with computer control, the
Faraday rotation hysteresis of the sample is collected. The Faraday rotation value is
determined by calibration the signal intensity on the lock-in amplifier with 1° off from
extinction between the polarizer and the analyzer. The rotation angle is assumed to be linearly
proportional to the signal intensity, which is applicable for thin film samples with small

rotation angles.
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Fig. 2-9 A schematic plot of the thin film Faraday rotation measurement setup
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2.2.5 UV-Vis-NIR spectrophotometry

The optical transmittance of the thin film samples were characterized by UV-Vis-NIR
spectrophotometry. A deuterium discharge lamp for UV measurements and a
tungsten-halogen lamp for visible and NIR measurements were used as the light source. A
monochromator scanned the light wavelengths from UV to NIR range, which was then
guided by optics to simultaneously pass through a reference and a testing sample. Both
transmission intensities are collected and compared to the case of no samples in the optical
path (namely the baseline) to determine the transmittance from the testing sample. The
UV-Vis-NIR spectrophotometry used in our study is a Cary 500i UV-Vis-NIR Dual-Beam
Spectrophotometer with a range from 175 nm to 2000 nm. Thin films samples were
compared to air as the standard sample for transmittance measurements. The optical bandgap

and absorption were estimated from the measurement spectrum.

2.2.6 Ellipsometry

The optical constants (the refractive index » and extinction coefficient k) of several thin film
systems were characterized from 400 nm to 1700 nm wavelengths on a WVASE32
ellipsometer. The ellipsometry method is based on measuring the intensity and polarization

state of a linearly polarized light reflected from a sample surface to determine the optical
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constants. A schematic plot of the measurement set-up is shown in figure 2-11. [9]
Components of linearly polarized light with polarization parallel (s polarized) and
perpendicular (p polarized) to the sample surface are simultaneously reflected from the
sample surface. The reflected light is elliptically polarized, and is related to the incident light

by:

by

A

r, ==L =11, lexp(id,)

bxy

5

by

r,=—% =’rp|exp(i§p)

&

pi
and described by parameter p:

p= Lo tany exp(iA)

rp

The parameters ¥ and A are measured by changing the polarizer and analyzer angles and
recorded as a function of wavelength, whereas the optical constants are obtained by fitting the

spectrum. For a two layer sample (i.e. air/substrate) the following equation is valid:

2
n+ ik =sin®d_|1 +(1—-—p)—2tan2¢>
(1+p)

where @ is the angle of incidence. For multilayer samples the equation will be more

complicated.

General oscillator model was used for the fitting process. [10] This model firstly fitted the
imaginary part of the material by assuming harmonic oscillator absorption at different
wavelengths. The index of refraction was then fitted by Kramers-Kronig relation. A Mean
Squared Error (MSE) parameter was used to describe the fitting accuracy by comparing the
fitted ¥ and A curve to the measured results. MSE<10 was usually required for the final

results. In our measurements, MSE<I was achieved for all samples.
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3. Measure output

Fig. 2-10 A schematic plot of the ellipsometry measurement setup [9]

2.2.7 Optical waveguide and resonator characterization

The waveguide and resonator transmission measurements were performed on a Newport
AutoAlign workstation in combination with a LUNA tunable laser (optical vector analyzer,
LUNA Technologies, Inc.). Figure 2-11 (a) shows a photograph of the measurement stage.
The samples were cleaved to form end facets and placed on a thermostat stage and kept at
25°C. Lens-tip fibers were used to couple light from the laser into the device from the one of
the end facets. An infrared detector was used to align the fiber by imaging the guided mode
from the output facet. Then another fiber was aligned to the output facet to collect the
transmitted light. Reproducible coupling was achieved via an automatic alignment system
with a spatial resolution of 50 nm. By scanning the input wavelength, transmission spectrums

in the wavelength range of 1470nm to 1560nm were collected for all devices.

Input fiber .
Pt Sample

¥

Output fiber™

=

Fig. 2-11 (a) Optical waveguide and resonator transmittance measurement stage (b) The nonreciprocal
phase shift measurement setup

Nonreciprocal phase shift (NRPS) measurement for the resonator devices were also carried
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out on the same stage. As shown in figure 2-11 (b), a permanent magnet was placed close to
the device under test with the magnetic field direction perpendicular to the light wave vector
(i.e. the Voigt geometry). The magnetic field across the sample was ~15000e. By flipping the
magnetic field direction, the device nonreciprocity was measured and calculated by

comparing the difference between the transmission spectra.

2.2.8 Other characterization methods

Several other methods were used to support the structure and property characterization. The
elemental composition of thin films was measured by wavelength dispersive spectroscopy
(WDS). To characterize the distribution of ions, element depth profile of Bi;FeMnOs was
analyzed on a Physical Electronics Model 660 scanning Auger microprobe. The ion valence
states of Sr(Ti;.«Cox)Os5 and Sr(Ti;.<Fe,)Oss systems were characterized by X-ray
photoelectron spectroscopy (XPS) on a Kratos Axis Ultra spectrometer with a
monochromated Al K, source and a hemispherical analyzer. The high resolution spectrum at
the Co K-edge was measured with a pass energy of 20 eV and an energy resolution of 0.3 eV.
To analyze the Co valence states throughout the film thickness, X-ray absorption near edge
spectroscopy (XANES) at the Co K-edge was also carried out. The measurement was
performed in fluorescence mode at beamline U7C of the National Synchrotron Radiation
Facility, China. High resolution planar and cross sectional TEM analysis was performed on
LaFeOs and Sr(Ti;«Cox)Os.s samples. Waveguide and resonator cross sections were measured
on a Zeiss/Leo Gemini 982 SEM. Optical modes and NRPS were simulated based on the

measured device geometries.

2.3 Simulation

2.3.1 First-principles simulation using Density Functional Theory (DFT)
We applied density functional theory with spin polarized general gradient approximation
(GGA) and GGA+U (Liechtenstein’s implementation) [11] methods to calculate the structure

and electronic structure of BiFeOs, BiMnOs and Bi;FeMnQg. The density functional theory

67



was proposed by Hohenberg and Kohn in 1964. The name of this theory comes from the two
major statements, i.e. 1) there is a one to one relationship between the ground state electron
density and the external potential, and 2) there is a universal functional which relates the
ground state energy of an electronic system to the electron density. This functional is later
described explicitly in Kohn-Sham theory as a sum of kinetic, Coulomb and exchange
energies. The first term is simply the non-interacting electron kinetic energy. The Coulomb
energy is a spatial integral of electrostatic interaction energy at a certain electron density level.
The last term cannot be accurately determined and is approximated by various methods. The
most commonly used nowadays are the LDA and GGA approximations. For LDA, the
exchange energy at each point in space is approximated by the exchange-correlation energy
of a homogeneous electron gas with the same electron density, while for GGA this is further

improved by also considering the electron density gradient.

The Kohn-Sham equation relating the electron density and the electron wavefunction is:

{_ _V_IA; - (i g”.) + Jp—(rz—zdrz + VX(? [l‘, ]}@(ﬂ) = &0, (rl)

2 A=t 1 4 ]

where the four terms in the parenthesis on the left are the kinetic, ion-electron Coulomb
interaction, electron-electron Coulomb interaction and the exchange terms respectively. An
obvious non-physical flaw is in the third term, where the electron is Coulomb interacting with
itself because every electron contributes to the electron density p(r,). This causes error in
simulated wavefunctions and tends to delocalize the electrons, and is particularly significant
in highly localized electron systems such as 3d transition metal ions. To account for the
highly correlated and localized behavior of these electrons, +U methods are introduced,
which adds on-site electron interaction and exchange energy terms to the above formula [11]

for more accurate simulation results.

For BiFeO;, BiMnO; and Bi,FeMnOg simulations, Projected Augmented Wave (PAW) [12]
pseudopotentials were implemented in the Vienna ab initio Simulation Package (VASP) [13].
The cut-off energy was 500 eV. 5x5x5, 3x3x3 and 3x3x3 k-point meshes were used for

BiFeOs, BiMnO; and Bi;FeMnOgs respectively. Full relaxation of the atomic coordinates and
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lattice vectors was achieved using both GGA and GGA+U energy functionals until the total
ground state energies converged within 3 meV for each unit cell. The screened Coulomb
interaction parameter U and exchange parameter J entered the Hamiltonian to account for the
on-site electron-electron interactions in the localized 3d orbitals for Fe and Mn. We set
U=J=0 eV for GGA calculations. For GGA+U calculations, we fixed J(Fe)=J(Mn)=1 eV, and
varied U(Fe) or U(Mn) from 4 to 8 eV. The lattice structures, ground state energies and

electronic structures were simulated and analyzed to understand the material properties.

2.3.2 Waveguide mode simulation using Film Mode Matching (FMM) method

The waveguide modes were simulated by film mode matching (FMM) method in the
FIMMWAVE software [14]. This is a numerical method to simulate the mode distribution in a
2D waveguide cross section. A graphical illustration of this method is shown in figure 2-11.
[15] The waveguide is divided into slices along the y direction. Each slice is a slab
waveguide which is homogenous along the x direction. The 2D mode is based on solving the
TE and TM modes in each 1D slice and matching the boundary conditions between slices.
Ideally if an infinite number of 1D modes are used, the solved 2D mode will be exact. In
practice, we used 80 modes in each slice. 1000 slices and 200 layers were used to allow good
resolution of the field amplitudes. The field amplitudes were expressed as matrices and were

used for NRPS simulations, as will be discussed in detail in chapter 6 and 7.

Film slice no. : t 23 4
Awr

AlGaAs
GaAs

AlGaAs

alectric or
magnetic “walis”

Fig. 2-12 A typical ridge waveguide divided in a series of vertical slices and simulated by FMM method.
The sloped side walls are approximated by staircases. [15]
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Chapter 3
Heteroepitaxial Orthoferrite Thin Films

Orthoferrite single crystals with the chemical formula of LnFeO; (Ln stands for rare earths)
were studied in the 1970’s for bubble memory and magneto-optical applications. Liquid
phase epitaxy of orthoferrites on heterogeneous substrates was found to be extremely difficult.
[1]Recently, due to the potential of multiferroic applications, heteroepitaxial BiFeO; thin
films fabricated by physical vapor deposition methods have been widely studied [2], whereas
LaFeOs epitaxial films have been studied as a model system to understand antiferromagnetic
domain structures [3]. As a promising magneto-optical system, nowadays orthoferrites may
find an application in integrated nonreciprocal photonic devices due to better compatibility to
semiconductor substrates compared with garnets. In this chapter, our study on BiFeOs;,
Bi;FeMnO, and LaFeOs; epitaxial thin films on SrTiO3(001) substrates will be introduced.
Experimental characterization of the film structure, magnetic and optical properties will be
shown, and theoretical understanding will be discussed based on first-principle simulations

and kinetic models.

3.1 BiFeOs and BizFeMnOs films on SrTi03(001) substrates

3.1.1 Introduction

Among the orthoferrites, perhaps BiFeOs is the most systematically studied in recent years.
[2][4]1[5] Due to the canted antiferromagnetic nature of orthoferrites, BiFeOs is weakly
ferrimagnetic (~0.017 emu/cm®) [6]. Ordered double perovskites, in which two different
B-site cations form a superlattice within the ABO; perovskite structure, provides a possible
way to achieve stronger ferrimagnetism in BiFeO;. In ordered double perovskites with Curie
temperature (T.) above ’RT, the spins and orbital angular momentum vectors of the two types
of B-site ions align along their own macroscopic directions when magnetized. Due to the

difference in net moments, the two sublattices provide a net magnetization and Faraday
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rotation at certain wavelengths. [7] This Faraday rotation can be further enhanced by A site
Bi** ions, which have strong covalent interactions with the octahedral complexes, therefore
enhancing the non-degeneracy of the spin-orbit coupling levels as well as the Faraday

rotation of the material. [8][9]

The structure and magnetic properties of bismuth orthoferrites and several other bismuth
perovskite systems have been well studied. BiFeO; bulk crystal belongs to the R3c space
group, as shown in figure 1-7 (b). The unit cell of BiFeOj; can be considered to be a deformed
ideal cubic perovskite. By moving Bi and Fe atoms along the pseudocubic [111] direction and
O atoms along the pseudocubic <110> directions, the unit cell is elongated with the
neighboring octahedrons rotated in different directions about the [111] axis. [10] BiFeOs; is
antiferromagnetic with a Néel temperature of Ty ~ 640K. [11][12] The Fe spins form a
G-type antiferromagnetic (G-AFM) structure, in which the spins are coupled
ferromagnetically in the pseudocubic (111) planes and antiferromagnetically between
neighboring (111) planes, so that each Fe atom couples antiferromagnetically with its nearest
Fe neighbors. [13] Besides BiFeOs, another bismuth perovskite, BiMnQ; is also well studied
because of its multiferroic properties at low temperature. [14] Due to the Bi 6s® lone pairs, the
unit cell of the BiMnO; bulk crystal is distorted to C2 symmetry at and below room
temperature [15]. In contrast to BiFeO;, BiMnO; is ferromagnetic with T.~ 105 K [16]. This
is because ferromagnetic rather than antiferromagnetic superexchange between the e, orbitals
of neighboring Mn®" ions is favored in the distorted unit cell [16-18]. There are also several
experimental studies on BiFe;xMnO; bulk crystals and thin films [20][21][23][24]. A
general finding is that incorporation of Fe in the Mn-rich side drives the material from
ferromagnetic to antiferromagnetic, while adding Mn in the Fe-rich side results in higher

saturation magnetization at room temperature.

Despite these previous studies, there are several questions remaining. Firstly, is B-site
ordering likely to occur in certain double perovskite systems (specifically BiFe;.\MnsOs in
this study)? Previous experimental results indeed show that incorporating Mn into the BiFeO;

lattice enhanced the magnetization [23][24], but whether this is caused by local B site
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ordering is unclear. Secondly, for magneto-optical isolator applications, how do the Bi and
B-site ions influence the optical and magneto-optical properties of these perovskites?
Although YFeO; and rare earth based orthoferrites show high optical transparency (a<0.5
cm’') and high Faraday rotation constant at 1550 nm wavelength [25][26], as far as we know,
the infrared optical and magneto-optical properties of bismuth perovskites and bismuth
double perovskites have not been reported. In order to answer these questions, we apply both
experimental and first principles calculation methods to investigate the structural, magnetic

and optical properties of BiFeO3; and Bi;FeMnOg epitaxial thin films.

3.1.2 Spin ordering considerations

Based on anticipated effects of local interactions in a generic ABOs perovskite lattice, the
magnetic moment and Faraday rotation should be dominated by antiferromagnetic spin
ordering. In a stoichiometric specimen of BiFeOs; or Bi;FeMnQs, the most stable valence
for either Fe or Mn is 3+. For Fe’*(3d°), the five spins are aligned in a half-filled 3d shell
(t2g3eg2) high-spin configuration as dictated by Hund’s rule; for the same reason, Mn>*(3d*) is
in a high-spin tzg3eg' arrangement in octahedral B sites that is further stabilized by a strong

Jahn-Teller axial distortion along the z-axis.

An important characteristic of the perovskite lattice is the 180-degree cation-anion-cation
bonds that involve the e, orbitals in bonding/antibonding linkages with the oxygen 2p orbitals,
while relegating the t, orbitals to nonbonding roles. According to the Goodenough-Kanamori
rules for 180-degree superexchange couplings [17], the expectations for five possible

combinations in these compounds are

1. Fe* ~0* —~Fe™ strong AFM

2. Mn** ~O* =Mn*  vibronic FM/AFM
3. Fe’* —-0* ~Mn* vibronic AFM/FM
4, Fe** —0* —Mn* vibronic AFM

5. Fe*" -0* - Mn* vibronic AFM
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In case 1, both e, orbitals are half-filled on both sides and present the classic case of
correlated antiferromagnetism by virtual charge transfer. Case 2 is less certain because only
one ¢, orbital is occupied, thereby producing a weaker AFM. However, if local Jahn-Teller
effects become correlated, the AFM ordering can be overcome by a vibronic FM ordering
[17-19]. In case 3 for dissimilar cations, a vibronic mechanism is also available, and the
most likely result would be a moderate-to-weak antiparallel spin stabilization that is partially
offset by delocalization FM exchange between a half-filled and empty pair of overlapping e,

orbital states.

If the Fe and Mn are spatially ordered in the B sites, despite an antiparallel alignment a
quasi-ferrimagnetic effect could be observed as a net one Bohr magneton moment from the
difference between the opposing Fe** (S = 5/2) and Mn*" (S = 2) moments. Cases 4 and 5 are
less likely ionic states based on ionization potentials and Madelung energy considerations.
The meager Faraday rotation data also indicate that Fe’*/Mn** ferrimagnetic ordering is not
likely since some kind of interionic charge transfer would be necessary to satisfy the S = 0

selection rule for allowed electric dipole transitions. [7][26]

If the specimen is nonstoichiometric, polaronic conduction between mixed-valence cations
(double exchange) can create FM properties by any of the following mechanisms (listed
according to frequency of occurrence), with effectiveness determined by the particular

bonding stabilization and activation energy:

1. Fe?* <> Fe** +e~  frequentin spinelsand garnets
2. Mn** <>Mn*" +e” basis for magnetoresistance in LaSr manganites
3. Fe* <> Fe* +e~  infrequentin spinelsand garnets

4. Mn** &> Mn** +e” infrequent in spinels and garnets

Charges can transport by tunneling at low temperatures or by thermal activation (random
hopping) where T approaches the Debye temperature. Note also that static as well as

dynamic magnetoelastic effects from Fe**, Mn®*, or Fe*" can be expected in each situation.
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3.1.3 The structure of BiFeO3 and BizFeMnOs films

Element stoichiometry and phase diagram

Table 3-1 shows the WDS results for BiFeO3 films grown on MgO (001) substrates at various
Ts and Pg,. The bismuth versus iron atomic ratio shows a strong dependence on Ts and Py,
during growth. Near-stoichiometric films can only be achieved in a small process window.
Note that either high T or low Py, yield iron-rich films, while either low Ts or high Pg,
yield bismuth-rich films. The bismuth deficiency is due to the evaporation of bismuth at high
Ts or low Py,, which is consistent with several previous reports [2}{4][27], and which is

partly offset by the use of Bi-rich targets.

TABLE 3-1 Bi:Fe atomic ratios of BiFeO; films grown on MgQ (001) substrates at
various substrate temperatures and oxygen partial pressures

530°C 580°C 630°C 680°C

Vacuum - 0.325 0.199 0.230

3 mTorr O; 0.648 0.850 0.800 0.382

7.5 mTorr O, 1.477 0.980 0.961 0.670
15 mTorr O, - 1.338 1.307 -

The phase diagram of BiFeOs as a function of Py, and Ts during growth is shown in fig. 3-1,
from data obtained by 2DXRD analysis. For comparison, the results on both STO and MgO

substrates are shown. Firstly we notice that either high Ts or low Py, favors the growth of
7-Fe203 (maghemite), while either low Ts or high Py, gives Bi-rich films and favors the

growth of BiyOs. Secondly, in most of the intermediate temperature and pressure range,
BiFeO; and BiyFesOy coexist on both substrates. On MgO there is no process window for the
growth of single-phase perovskite BiFeOs, while on STO, there is a narrow window favoring
single phase BiFeO; growth, because the BiFeOs phase is stabilized by epitaxial growth on
the STO substrate. [27] Considering the stoichiometry and phase diagram of BiFeOs;, it is

clear that the atomic ratio of bismuth to iron determines the final phases in the film, and this
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compositional stoichiometry shows a stronger dependence on Py, than on Ts. Single phase

BiFeO; films can only be obtained by pseudomorphic growth on a lattice-matched substrate

ata Py, and T, chosen to give correct film stoichiometry.
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Fig. 3-1 The phases forming during film growth in BiFeO; deposited on MgO (001) and SrTiO; (001)
substrates as a function of substrate temperature and oxygen partial pressure. The dashed lines separate the
conditions under which Fe,03, Bi,O; or BiFeO; perovskite phases dominate. The single-phase perovskite
is formed at intermediate pressures and high temperatures on SrTiO; substrates.

Table 3-2 shows the phase and compositional analysis of Bi;FeMnOg films grown on STO
substrates. In this system, we fixed T at 680°C and varied Py, to obtain epitaxial growth of
the perovskite phase. Two samples were annealed in situ in the PLD chamber for 2 hours at
the growth conditions before cooling down. The general trend of increasing Bi:(Fe+Mn) with
Pp, follows that seen in BiFeOs, but in situ annealing leads to significant loss of Bi and
formation of additional Fe and Mn oxides. A single phase growth window is found around
Po,=1 mTorr for unannealed samples. Compared with BiFeO; growth, Bi,FeMnQOs single
phase growth is more sensitive to fluctuations in fabrication conditions. For example an
oxygen pressure change of +0.2 mtorr away from | mTorr will lead to formation of
significant amounts of secondary phases, indicating that Bi;FeMnOQj is even less stable than

BiFeOs. The Fe:Mn atomic ratio is close to 1 and independent of oxygen pressure.
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Table 3-2 Phases and compositions of Bi,FeMnQg films grown on SrTiO; (001)
substrates at 680°C and various oxygen partial pressures. Two of the samples were
in-situ annealed at the fabrication conditions for two hours before characterization

Bi/(Fe+Mn) Fe/Mn
Pp, (mTorr) Phases

(at.%) (at.%)

0.8 Bi,FeMnQg, y-Fe,03, Mn;04 0.94 0.91

1 BiFeMnQy 1.07 0.92

3.5 Bi;FeMnOQOg, Bi;O3 1.10 0.91

2.5 (in-situ annealed) Bi,FeMnQOs, Bi,03, 'Y-F6203, Mnz0Oq 0.56 0.95

7.5 (in-situ annealed)  Bi,FeMnOQs, Bi,O3, y-Fe;,03, Mn3Oq4 0.65 0.94

Based on these results, optimum conditions were chosen to grow epitaxial BiFeOs; and
Bi,FeMnOs films with only trace amounts of impurity phases (mainly a-Bi;O3 or -BiyOs)
on STO (001) substrates for further analysis. The thickness of the BiFeO3 and Bi,FeMnO¢
films was 850 nm and 220 nm respectively as confirmed by profilometer. The IDXRD and
2DXRD spectra of both films are shown in fig. 3-2(a)-(d). Both BiFeO; and Bi;FeMnO¢
show (00k). pseudocubic diffraction peaks in the 1IDXRD spectrum, while the well-defined
spot-like diffraction patterns on 2DXRD spectra indicate both films are epitaxially grown on
STO. The 1DXRD spectra show that Bi;FeMnOs has a larger out-of-plane lattice parameter
than BiFeQOj;. The in-plane lattice parameter analysis of the (122), (202) and (112) diffraction
peaks of both films were carried out by 2DXRD. By fitting the lattice spacing, we obtained
all the lattice parameters for both films. BiFeOs; has a monoclinic unit cell with a =b = 4.037
A, ¢ = 3.947 A, and 90°— B= —0.88°, while Bi;FeMnOg has a monoclinic unit cell with
a=3.915 A, b=3.935 A, ¢=3.986 A and 90°— B=—0.5", where B is the angle between the a and
b directions. Both films are distorted to monoclinic symmetry with ¢ axis out-of-plane by
their epitaxial relation with the substrate. Bi,FeMnOg shows a smaller unit cell volume (61.40
A% compared with BiFeOs (64.31 A?). Compared with the SrTiOs substrate (cubic cell with
a=3.905 A and unit cell volume 59.55 A?), the largest in-plane lattice mismatch of BiFeOs

and Bi;FeMnOy are 3.4% and 0.8% respectively. Although better lattice matching is achieved
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in Bi;FeMnOsg, the film quality is not as good as for BiFeO;. At a Bi;FeMnOjg thickness of
220 nm, a small amount of impurity phase is observed, and this increases with thickness. In
contrast, for BiFeO;, epitaxial film growth was achieved at a thickness of 850 nm, and the
impurity phase was limited to a trace amount. This observation suggests that the perovskite

phase of Bi;FeMnOg is less stable compared with BiFeQ;.
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Fig. 3-2 1DXRD diffraction spectra for (a) BiFeQ; and (c) Bi,FeMnOQj epitaxial films on SrTiO; (001)
substrates. ““* ” indicates peaks from a trace amount of Bi,O;. Also shown are the 2DXRD pseudocubic
(002), diffraction patterns of (b) BiFeO; and (d) Bi,FeMnOg films. Both patterns were taken at an x-ray
incident angle of ®=23° and the frame center was 26=46°, The data collection region is 31° < 8 < 61°
and 75° <y < 105°. The samples were rotated by 360° about the axis normal to the sample surface
during the measurement.

Element depth profile and valence states

Auger spectroscopy (AES) was carried out to measure the element depth profile of both
samples. Figure 3-3 shows the result on the Bi;FeMnQs film. The Bi:(Fe+Mn) atomic ratio is
4.5 at the film surface but decreases to 1 within 10 nm film thickness, while the Fe:Mn
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atomic ratio remains almost constant. There is no change in either ratio for the remaining
thickness of the film. This surface bismuth-rich layer is also found in the BiFeOs; film
according to AES and XPS surface analysis. However, due to large charging effects in this
film, we could not obtain a clear AES depth profile spectrum. The bismuth-rich surface layer
was found previously in epitaxial BiFeOs; films and was attributed to strain relaxation along
the thickness direction of the film. [27] This effect causes the BiFeOs; phase to have a higher

free energy of formation than Bi;Os near the film surface, favoring the growth of the latter.
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Fig. 3-3 Bi:(Fet+Mn) and Fe:Mn atomic ratios in a Bi;FeMnOj film as a function of depth, from AES
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Figure 3-4 (a), (b), and (c) shows the XPS core level spectra of Fe 2p in BiFeOs, and Fe 2p
and Mn 2p in Bi;FeMnOg respectively. To assure our analysis was carried out on the
perovskite phase, Ar' ion milling was performed until the bismuth concentration was stable in
survey scans. The XPS spectra of Fe and Mn reveal the usual 2p;,; and 2p,, doublet arising
from spin-orbital interaction. Comparing both spectra we found that the Fe 2p lines resemble
each other in BiFeO; and Bi;FeMnOg films. The binding energy of the Fe 2ps» level is
710.57 eV in BiFeO; and 710.61 eV in Bi;FeMnOg. No shoulder peak was found around the
Fe 2ps,2 peak in either sample. Moreover, a satellite peak was found about 8.0 eV above the
Fe 2ps; principal peak. This satellite peak is considered to be characteristic of the oxidation
state of the Fe. [21] Due to different d orbital electron configurations, during relaxation of the
metal ions, F e*" and Fe*" will show a satellite peak at 6 eV or 8 eV above their 2ps/; principal

peaks respectively. [28] The structure and similarity of the Fe 2p core level spectra in both
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BiFeO3 and Bi;FeMnOs films indicate that Fe is mainly in the 3+ valence state in both
systems. On the other hand, in Bi,FeMnOg film, the Mn 2ps, principal peak has a binding
energy of 642.2 eV. A shoulder peak below this energy originates from Mn?* and indicates the
presence of multiple valence states of Mn. In the stoichiometric Bi,FeMnQg, the average
valence state of the B-site cation is 3+, and since Fe is mainly present as Fe*', this suggests
that Mn must exhibit Mn**, Mn*" and Mn*" valence states. Previous XPS analysis on 10at.%
Mn-doped BiFeOs indicates that the oxidation state of Fe was primarily 3+. [21] From our

analysis this effect seems to persist even with 50at.% Mn present in the B-sites.
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Fig. 3-4 XPS spectra of the Fe 2p peaks for (a) BiFeO; and (b) Bi;FeMnOs and (c) the Mn 2p peaks for
BiFeMnQjq

3.1.4 Magnetic, MO and Optical properties of BiFeO3 and BizFeMnOg films
Figure 3-5 (a) shows the out-of-plane magnetic hysteresis loops of BiFeO; and Bi,FeMnOg
films measured at room temperature by VSM. The data were obtained by subtracting the

substrate magnetization from the overall hysteresis of the samples. Both samples show low
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and non-saturating magnetization for an applied magnetic field up to 10 kOe. BiFeO; exhibits
a magnetization of 1.2 emu/cm® at 1 kOe resulting from slight canting of the
antiferromagnetically-coupled moments, while BiFeMnOg exhibits an even smaller
magnetization of 0.8 emu/cm’. These results suggest that the magnetization in Bi;FeMnOg
also originates from canted antiferromagnetism at room temperature. In order to investigate
the magnetic ordering of Bi;FeMnOjs at low temperatures, we measured the magnetization of
Bi;FeMnOg at 5 K using a SQUID magnetometer, as shown in figure 5 (b). BixFeMnOs
shows non-saturating behavior at this temperature. The magnetization at 9 kOe is estimated at
5.4 emu/cm’, corresponding to 0.03 g per B-site ion. This value is far from the values
expected if the Fe and Mn atoms were ordered in the B-sites (4 g for ferromagnetic or 0.5 pg
for antiferromagnetic ordering of Fe>" and Mn*"), which indicates most of the B-site cations

are disordered in this sample.

Faraday rotation hysteresis loops of both films at a wavelength of 1550 nm at room
temperature were also measured on both samples. Due to the very low magnetization of both
samples, no clear hysteresis was obtained. By subtracting the Faraday rotation signal from
our substrate, we estimated the Verdet constant for both films. BiFeO; shows a Verdet
constant of 18 + 2°/cm-kOe, while Bi;FeMnQO, shows a Verdet constant of 50 + 3°/cm-kOe,

both of which are very small.
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Fig. 3-5 (a) Magnetization as a function of out-of-plane applied field for BiFeO; and Bi;FeMnO films at
room temperature. (b) In plane magnetization of a Bi;FeMnQs film measured by SQUID magnetometry at
5 K. The plot shows a half loop scanning from -9000 Oe to 9000 Oe.
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Figure 3-6 (a) shows th.e fitted optical constants for the BiFeO; film as a function of
wavelength. At 1550 nm wavelength, the refractive index is #=2.592 and k is smaller than the
detection error of the equipment. The small extinction coefficient indicates BiFeQ; is very
transparent, similar to yttrium and other rare earth orthoferrites in the infrared wavelength
region. [25][26] The validity of our fitting is supported by comparing the n, k data with the
spectrophotometry absorption spectra shown in figure 3-6 (b). Firstly, the optical band gaps
of BiFeOs; measured by both methods (2.44 eV for ellipsometry and 2.42 eV for
spectrophotometry) are very similar. Secondly, using the fitted film thickness, the », k data
and the substrate optical constants, we can obtain a good fit to the experimental absorption

spectrum. Note that our fitting did not include the absorption peaks located around 1.0 um
and 0.7 um caused by Fe'" °4—'T, and °4—'T, crystal field transitions, which will

result in under-estimation of the extinction coefficient around these wavelengths. But from
both the results of ellipsometry and spectrophotometry, it is clear that BiFeO; has low optical

absorption loss at 1550 nm wavelength.
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Fig. 3-6 Optical constants as a function of wavelength for (a) BiFeO; and (c) Bi,FeMnQj films as
measured by ellipsometry; Incident light transmittance as a function of wavelength for (b) BiFeO; and (d)
Bi;FeMnOg films as measured by spectrophotometry.
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Figure 3-6 (c) shows the fitted optical constants for the Bi,FeMnQO, film as a function of
wavelength. Quite different from BiFeOs, this film shows a refractive index of #»=2.85 and an
extinction coefficient of £=0.048 at 1550nm wavelength. We modeled both the surface layer
and the underlying Bi,FeMnOg film in this case, because the Bi-rich surface layer thickness is
not negligible compared with the overall thickness of this sample. Also, an absorption peak is
clear around 1100 nm wavelength. The high extinction coefficient of Bi;FeMnOs film is
confirmed by the spectrophotometer results shown in figure 3-6 (d). The Bi,FeMnOg sample

has a much lower transmittance in the infrared region compared with the bare STO substrate.

3.1.5 DFT simulation: thermodynamically driven B-site disorder in Bi:FeMnOs

Density functional theory with spin polarized general gradient approximation (GGA) and
GGA+U (Liechtenstein’s implementation) methods were used to calculate the structure and
electronic structure of BiFeO; and Bi,FeMnO¢. We assumed the space group for BiFeO3; and
BiMnO; to be R3¢ and C2 respectively according to experimental results [2][14], while we
varied the space groups for BiFeMnOg unit cell to be Pm3m, R3 and C2. The magnetic
configurations for BiFeO; and BiMnOs; were set to be G-AFM and FM respectively. For
Bi;FeMnOs, both FM and G-AFM configurations are presumed for each structural symmetry.
In order to investigate how Mn valance state influences the unit cell structure, we also varied
Mn to be Mn**, Mn>* and Mn*" by starting with different spin configurations on the Mn
atoms. As a consequence, Fe was set to be Fe'*, Fe’*, Fe** respeptively in these
configurations. To estimate the formation enthalpy of BiFeMnOs, we considered the

following reaction at 0 K temperature:
BiFeQ, + BiMnQ, — Bi,FeMnQ),
The formation enthalphy of Bi;FeMnQOg was estimated as:
AH ; = E(Bi,FeMnO,) ~ E(BiFeO,) - E(BiMnO,)
where E is the total energy after structure relaxation. By fixing BiFeO; and BiMnOj in the

R3c and C2 space groups respectively, we can compare the formation enthalpy of

Bi;FeMnO, with different symmetries. Note that we neglect the small PAV term. This is
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applicable for reactions at atmosphere pressure, but it is not applicable for reactions carried

out at high pressures such as several GPa.

Structure and formation enthalpy

Table III shows the structural parameters of BiFeOs;, BiMnO; and Bi,FeMnOg and the
formation enthalpy of Bi,FeMnOg after unit cell relaxation. We fixed U(Fe)=7 eV and
UMn)=6 eV for all related calculations. The calculated BiFeO; and BiMnO; lattice
parameters show good agreement with experimental data [29][30]. For Bi;FeMnOQg there are
three noticeable features in the calculation results. First of all, the formation enthalpy of
Bi;FeMnO is always positive for all the structures and magnetic orderings we calculated,
suggesting that B-site ordered Bi;FeMnOs is unstable at 0 K. The positive formation enthalpy
comes from the Fe and Mn octahedrons as nearest neighbors. Thus, B-site ordering is
thermodynamically unfavored, and the pseudo-binary phase diagram of BiMnOs and BiFeO;
should show complete phase separation at 0 K rather than forming the Bi;FeMnOg compound.
Secondly, both the unit cell structure and magnetic ordering affects the formation enthalpy of
Bi,FeMnOs, with the former having the larger influence. The most stable structure of
Bi;FeMnQg is monoclinic with C2 space group. This result is not hard to interpret if one
compares Bi,FeMnQOg with the lattice structure of BiMnO;. In both systems Mn stays at the
3+ valence state, which creates a large lattice distortion due to the Jahn-Teller effect. This
distortion is uniaxial, which distorts the unit cell from cubic to tetragonal. Meanwhile, the 6s°
lone pair states on Bi** ions further distort the unit cell to a noncentrosymmetric structure. [31]
Note that we cannot obtain stable antiferromagnetic spin ordering during lattice relaxation in
Bi;FeMnO¢ with R3 symmetry. Thirdly, by comparing the formation enthalpy of
Bi,FeMnOs with FM and AFM magnetic ordering, one finds that AFM ordering is more

stable for Bi;FeMnOg with both Pm3m and €2 symmetries.

In order to verify the effect of cation valence state, we fixed the unit cell of Bi,FeMnQOs with

C2 symmetry and varied the Mn valence states between Mn®", Mn*" and Mn*". As a

3+

consequence, Fe was set as Fe'', Fe’ and Fe®* respectively. Fe and Mn were

antiferromagnetically coupled in these calculations. However, after lattice relaxation, all three
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cases relaxed to a Fe*/Mn* configuration, indicating this configuration was
thermodynamically most stable. This result is consistent with our XPS measurement that both
Fe and Mn ions are mostly in the 3+ valence state. The observation of small amount of Mn?"
and Mn*" ions can be interpreted by considering that Mn**(high spin, 4s) is a Jahn-Teller ion,
which distorts the unit cell to larger sizes. [31] By adopting multiple valence states of Mn, the
film can decreases the lattice distortion that would be caused by Mn*" alone, which may

result better lattice matching between the film and the substrate.

Table 3-3 Calculated lattice parameters of BiFeOj; (space group R3c), BiMnO; (space
group C2) and Bi;FeMnOQjs (space groups Pm3m, R3 and C2) using the GGA+U
method, and the formation enthalpy of Bi;FeMnOgs. G-AFM and FM magnetic ordering
was assumed for BiFeQ; and BiMnO; respectively. Both FM and G-AFM ordering were
assumed for Bi;FeMnOq. U(Fe)=7 eV, UMn)=6 ¢V and J(Fe, Mn)=1 eV were used for
all calculations.

BiFeO; BiMnO3 BizFCMI]OG
Space group R3c C2 Pm3m R3 C2
Magnetic 5 AFM M FM  G-AFM  FM FM  G-AFM
Ordering
a(A) 5.67 9.71 7.86 7.84 5.71 9.50 9.50
b (A) 5.67 5.70 7.86 7.84 5.71 5.80 5.77
c(A) 5.67 10.00 7.86 7.84 5.71 9.78 9.76
o(°) 59.11 90 90 90 59.15 90 90
B(®) 59.11 1111 90 90 59.15 107.91 107.91
1(®) 59.11 90 90 90 59.15 90 90
QA% 126.28 516.33  485.83 482.04 129.09 512.74  508.91
Formation
enthalpy per N/A NA 1162 1.155 0.203 0.092 0.057
Bi basis (eV)

Electronic structures and effect of U

To investigate the electronic structure of BiFeOs, BiMnO; and Bi;FeMnOs, we also carried
out calculations on the density of states (DOS) of these compounds. Figure 3-7 shows the
calculated DOS for both spin channels of R3¢ BiFeO; using various U values. In all three
calculations, BiFeOs is predicted to be an insulator. The band gaps are 0.4 eV, 2 eV and 2.4

eV for U=0 eV, 5 eV and 7 eV respectively. Increasing the U value significantly increases the
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bandgap, and U=7 eV shows the band gap value closest to our experimental values. Changing
the U value also influences the ionicity of the Fe-O bonding. For U=0 eV, Fe 3d and O 2p
valence electrons show strong hybridization in the energy range of -6 eV to 0 eV, indicating
the Fe-O bonding is highly covalent. This is not reasonable if we consider the

electronegativity is quite different between Fe (1.83) and O (3.44). However, as the U value
increases, Fe 3d valence electrons are pushed down to lower energy levels, and the t,; — eg

energy split is smaller. This indicates that the Fe-O bonding is more ionic and the electrons
are more localized on the Fe and O atoms. Electron spin integration around the Fe site shows
that the magnetic moment of Fe is 3.75 pg, 4.13 pg and 4.25 pg for U=0¢eV, 5 eV and 7 eV
respectively. Interestingly, U=0 eV rather than U=7 eV provides the best prediction of Fe
magnetic moment compared with experiments [32]. These calculation results using the
GGA+U method are similar to previous results calculated by LSDA and LSDA+U methods.
[5] The difference is that for the same U value, GGA predicts slightly larger band gaps and Fe

magnetic moments compared with LSDA.
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Fig. 3-7 Total, Fe 3d and O 2p density of states (DOS) for R3c-structured BiFeO; calculated using GGA

method (U=]=0 eV) and GGA+U method (J=1 eV, U=5 eV and J=1 eV U=7 eV). The total DOS is
normalized to a formula unit of Bi,Fe,O¢. As U increases, the calculated band gap energy increases, and
the ionicity of Fe-O bonds increases.
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Figure 3-8 shows the calculated DOS of €2 BiMnO; for both spin channels using the
GGA+U method (U=0 eV, 6 eV and 8 eV). For insulating BiMnQs, it is well known that the
LSDA method predicts a half metallic band structure. [31][34][35] This is due to the strong
hybridization tendency between Mn 3d and O 2p orbitals in first-principles calculations. Our
calculation based on monoclinic BiMnOs using the GGA method also shows similar behavior.
When U=0 eV, Mn 3d and O 2p electrons strongly hybridize and there is no band gap.
Applying the GGA+U method enhances the ionicity of the Mn-O bonding and creates a dip

in the DOS near the Fermi energy level. A gap of about 0.4 eV opens between the occupied

T

. states. This effect was observed by Shishidou et al. using LDA+U

and unoccupied Mn e

calculations. [35] Different from BiFeO;, as we increase the U value up to 8 eV, this gap does
not increase, which still yields large difference between our experimental and calculation

results.
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Fig. 3-8. Total, Fe 3d and O 2p density of states (DOS) for C2 BiMnO; calculated using GGA method
(U=J=0 eV) and GGA+U method (J=1 eV, U=6 eV and J=1 eV, U=8 eV). The total DOS is normalized to a
formula unit of Bi,Mn,O.

However, applying GGA or GGA+U methods to calculate the electronic structure of C2
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Bi;FeMnOg shows dramatic differences compared with BiMnOs. Figure 3-9 (a) and (b)
shows the calculated DOS of monoclinic Bi;FeMnOg with antiferromagnetic spin ordering by
applying GGA and GGA+U methods (U(Fe)=7 eV, U(Mn)=6 eV) respectively. The GGA
method predicts Bi;FeMnOg to be half metallic, while GGA+U indicates Bi;FeMnOg should
be insulating. Compared with our optical measurements, it is clear that the GGA+U method
provides a more realistic result. Looking closely into the details of the density of states, the

100% spin polarized structure in the GGA calculation is due to the hybridization of Fe 3d, O

2p and Mn 3d orbitals. The unoccupied Mn e: states hybridize with Fe tig and e: states

through oxygen, causing a half metallic structure. In the GGA+U method, the Coulomb
repulsion and correlation interaction correction causes lower hybridization between Fe and
Mn orbitals, and a gap opens above the Fermi level. Despite this, hybridized states among Fe
3d, Mn 3d and O 2p orbitals can still be found in the valence and conduction bands. This

result predicts that Mn-O-Fe type hopping conduction is likely to take place in Bi;FeMnOg.
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Fig. 3-9 Total, Fe 3d and O 2p density of states (DOS) for C2 Bi,FeMnOs calculated using GGA method
(J(Fe)=J(Mn)=0 eV, U(Fe)=U(Mn)= 0 eV) and GGA+U method (J(Fe)=1 eV, U(Fe)=7 eV and J(Mn)=1 eV,
U(Mn)=6 eV). The total DOS is normalized to a formula unit of Bi,FeMnQOg. The GGA method predicts a
half-metallic band structure while GGA+U indicates this material should be insulating.

It is now useful to compare our experimental results and calculations to understand the
properties of Bi;FeMnOg. The formation enthalpy for bulk ordered Bi,FeMnOg is predicted

to be positive for several crystal symmetries by density functional theory, which assumes
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equilibrium phases and atmospheric pressure. This suggests that neighboring Fe and Mn
octahedra are not thermodynamically favored in this material; thus it could be difficult to
fabricate it as an ordered bulk material. This observation is evident in one previous study by
Yang et al. [36], who claimed that incorporating Mn>30at.% on the B-site of BiFeOs is
difficult unless high pressure processing is used. Experimentally, the smaller process window
for forming Bi;FeMnOe as compared to BiFeOs (the oxygen pressure window for BiFeOs
growth exceeds 4.5 mTorr while for Bi;FeMnOg it is smaller than 0.4 mTorr) may be
indicative of the relative instability of the BioFeMnOy perovskite phase, and our films showed
no evidence of B-site ordering. In contrast, there are several ordered double perovskites that
can be grown by bulk processing, such as La;MnNiOg [27], La;MnCoOg [37] and Sr,FeMoOs
[38], and it will be interesting to investigate whether a negative formation enthalpy is

predicted in these ordered perovskites following the computational methods used here.

We observed experimentally that Mn tends to adopt multiple valence states in the perovskite
film. From the calculation results we infer that Mn®* is thermodynamically the most stable
ion in Bi;FeMnQOs. One possible explanation of the experimental observation is that by
adopting multi valence states of Mn, the material can reduce the Jahn-Teller effect from Mn®*.
For a thin film material, this process may promote better lattice matching with the substrate,
lowering the interface and strain energies. Other factors such as film defects may also have

been important in changing the valence states of Mn.

In Bi;FeMnOQg, the electronic structure calculation predicts a strong tendency for Fe-O-Mn
hybridization, and the resulting conductivity due to interatomic hopping is expected to be
higher than the conductivity of BiFeOs. The optical absorption spectrum may provide some
insight into the conductivity. The large absorption of Bi;FeMnOg in the infrared may be due
to free carrier absorption. The absorption peak around 1100 nm does not correspond to any
dipole transition energies of Fe or Mn sites, and may therefore be due to interatomic electron
hopping, i.e. Verwey conduction. In addition, hopping conduction between Mn with different
valence states is possible, as observed for example in La;SryMnO; perovskite [39]. This

requires significant amounts of Mn?* and Mn** to allow percolation to take place.
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Quantitative analysis on the amount of Mn*" and Mn** ions may provide more information on
the importance of these two conduction mechanisms. The relatively high conductivity of
polycrystalline Bi,FeMnOs was shown in one previous study, although grain boundary

conduction and the effects of secondary phases may have been important. [40]

3.2 LaFeOs films on SrTiOz (001) substrates

3.2.1 Introduction

LaFeO; (LFO) is a distorted perovskite-structure antiferromagnet (orthorhombic, a=5.5574,
b=5.56524, c=7.8542A) [41] with high Néel temperature of 740 K in bulk [3], and may be a
good candidate for magneto-optics, spin valves and other exchange-bias applications in
magnetic memory [41], or for oxygen sensing [43]. The crystal orientation of LaFeOs
strongly influences its antiferromagnetic domain structure and consequently the exchange
bias to neighboring ferromagnetic films. [44] Also, due to the non-cubic crystal structure of
LaFeOs; optical scattering may occur between crystals with different orientations. The
refractive indices along different crystallographic orientations of orthoferrites are
significantly different. For example, YFeOj3 shows birefringence in the order of 107 at visible
and near infrared wavelengths. [45] The material birefringence causes scattering at domain
boundaries and are detrimental to the device transparency. Multiple crystal orientation
structure is also widely observed in non-cubic perovskites epitaxially grown on cubic
substrates, such as PbTiOs; on SrTiOs. [46] Therefore understanding and controlling the
crystal orientation of epitaxial films during growth has general importance for integrating
non-cubic oxide materials in photonic devices. When LaFeO; films are grown on single
crystalline cubic substrates with (001) surface orientation, such as SrTiO3(001), MgO(001)
and LaAlO3(001), two film orientations, LFO(110)||substrate(100) (the oo domain) and
LFO(001)|{substrate(100) (the B domain) show similar lattice mismatch. Both orientations are
observed in epitaxial LFO films on MgO(001) substrates in previous studies [44], while only
one orientation (the o domains) has been found in films grown on STO (001) substrates due

to the small lattice mismatch between the film and the substrate [42][44][47]. It is highly
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desirable the growth mechanism can be understood and the crystal orientations of LaFeOs

can be controlled on a specific substrate.

3.2.2 Crystal orientation control and analysis of LaFeO3 epitaxial films

LaFeOs epitaixal films on SrTiO3(001) substrates were fabricated under various conditions
shown in table 2-1. Fig. 1 shows the one dimensional X-ray diffraction (XRD) ®-20 spectra
of five LFO films, labeled A-E, fabricated under different conditions of temperature and
oxygen pressure. The LFO diffraction peaks originating from the (7,,0) or (0,0,21) planes of
the o or B domains respectively overlap due to the similarity in lattice spacings. Therefore,
we mark both possibilities in Fig. 3-10(a). The full width at half-maximum (FW.HM) of the
a(330) or B(006) diffraction peaks for all the samples is around 0.5°, indicating good quality
of the films. Considering the «(330)/8(006) diffraction peaks shown in Fig. 3-10(b), a
decrease of the out-of-plane (OP) lattice constant (from 4.040 A to 3.951 A based on a
pseudo-cubic lattice) of the LFO films is found with increasing oxygen pressure,
corresponding to a reduced lattice mismatch between the film and the substrate. This trend is
attributed to a decrease of oxygen vacancies, which are known to expand the oxide lattice
[48], as we increase the oxygen pressure. For samples C and D, broadening and splitting of
the diffraction peaks were observed. This may indicate a stress relaxation process in these

films as they grow thicker. [49]
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Fig. 3-10 (a) 1 dimensional ©-26 X-ray diffraction spectra of five LaFeOj; films grown on SrTiOs (001)
substrates (b) Part of the spectra near the SrTiQ; (003) diffraction peak
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In order to distinguish the o and B domains, X-ray pole figures of the LFO (111) reflection
were measured. As shown in Fig. 2(a), when epitaxially grown on an STO(001) substrate, the
surface normals as well as the diffraction peaks of the {111} planes should appear at x=26.5°
and x =63.5° for the o and 3 domains respectively. Both o and B domains can have 90° twins
(namely o’ and B* domains), which yields four-fold symmetry of the diffraction peaks on the
v axis. Due to the tiny difference between the a and b axes (0.1%) of the LFO unit cell, the
diffraction peaks of B and B’ domains on the pole figures cannot be differentiated. The X-ray
pole figures for three LFO films, A, C and D are shown in Fig. 3-11(b)-(d). The spot-like
diffraction patterns indicate epitaxial growth of the films. Only o. domains were observed in
films grown at high substrate temperature (800°C) or low oxygen pressure (10mTorr) (Fig.
3-11(b) and 3-11(d) which is consistent with previous reports [42][44][47]. However, both o
and 3 domains were observed in films grown at lower substrate temperature (700°C) and high
oxygen pressure (200mTorr) as shown in Fig. 3-11(d). The {111} diffraction peaks of the o
and B domains appear at the same \ positions, consistent with the structure shown in Fig.
2(a). The deposition temperature and pressure can therefore be tuned to give films with just

the o« domains, or with a mixture of « and B domains.

Fig. 3-12 (a) shows a plan view bright field transmission electron microscopy (TEM) image
of sample C, which contains o and 8 domains. A self-assembled mosaic structure with square
shaped domains was observed, with an average domain size of about 50 nm. The selected
area diffraction pattern of the film is shown in the inset of Fig. 3-12(b). The substrate (100)
and (010) diffraction spots are labeled. The circles mark the {001} diffraction spots of the o
domains in LFO and the squares mark the {100} diffraction spots of the B domains. This
diffraction pattern is different from that of LFO films containing only o domains [44]. By
choosing one of the diffraction spots of the B domains, we obtained the plan view dark field
TEM image shown in Fig. 3-12(b). The B or B’ domains (bright grains) occupy about one

third of the sampling area.
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Fig. 3-11 (a) Diagram of the four possible epitaxial orientations of LFO on a STO(001) substrate. The
shaded planes represent {111} planes. Also shown are the X-ray pole figures of the (111) reflections for
LFO films grown under different conditions: (b) 700°C, 10 mTorr (Sample A), (c) 800°C, 200 mTorr
(Sample D) and (d) 700°C, 200 mTorr (Sample C). A fixed 26 value of 25.3° (corresponding to the
LFO(111) planes) was used to collect the data.

A cross-sectional TEM image of sample C is shown in Fig. 3-12(c). Triangular shaped crystal
grains were observed throughout the thickness direction of the film. The grain boundaries
make similar angles of about 20° to the substrate surface normal. Considering the rectangular
shape of the grains in the plain view image, the crystal domains form pyramidal shapes along
the film thickness direction. These nano-pyramids initiate at the interface between the film
and the substrate. This self-assembled nano-pyramid structure differs from the columnar
self-assembled nanostructures reported elsewhere [50][51]. Fig. 3-12(d) is a high resolution
transmission electron microscopy (HRTEM) image including several domains with their
orientations indicated. The square like pattern in atomic force microscopy image of sample C
shown in figure 3-13 agrees well with the plane view TEM image. The root mean square

roughness for samples A, C and D is 0.88 nm, 2.22 nm and 1.79 nm respectively.
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100 nm | 100 nm

Fig. 3-12 Bright field (a) and dark field (b) plan view TEM images of the LFO film grown on a STO(001)
substrate at 700°C substrate temperature and 200 mTorr oxygen partial pressure. (Sample C). The SAED
pattern is shown in the inset of (b). The STO(100) and (010) diffraction spots are marked. The circles
indicate the diffraction peaks of LFO {001} planes from the o domains while the squares indicate the
diffraction peaks of {100} planes from the p domains. One of the B domain diffraction spots was selected
to record the dark field TEM image. Also shown are (c) a cross-sectional TEM image and (d) a high
resolution cross-sectional TEM lattice image near the LFO film surface, including the FFT patterns.
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Fig. 3-13 Atomic force microscopy images of LaFeQ; films of (a) sample A (b) sample D and (c) sample C
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The different crystallographic structures in sample A, C and D lead to different magnetic
exchange bias (EB) on a 5 nm Co overlayer. After field cooling from 500°C, the measured
room temperature EB in Co for samples A, C and D is 8+3 Oe, 15£3 Oe and 1243 Oe
respectively. These small absolute EB values are probably due to roughening (see Fig.
3-12(d)) or oxidation of the Co film [44], but they do indicate a higher EB for the double-

oriented film (sample C).

The changes in LFO crystal orientation and morphology with the fabrication conditions may
be explained by the kinetic model reported in Ref. [52]. According to this model, the lattice
mismatch between LFO and STO provides a driving force for add atoms to diffuse away from
a nucleated island, and stabilize the islands to a certain size. Either high deposition flux
(corresponding to low oxygen pressure [53], sample A) or a high diffusion length of the
incoming atoms (corresponding to high substrate temperature, sample D) lead to coalesce of
the islands, and prevent the formation of a self-assembled structure. In both cases, the add
atoms have sufficient diffusivity to allow the growth of the thermodynamically more stable o
domains and suppress the 3 domains. However, for the LFO film grown under low substrate
temperature and high oxygen pressure (sample C), kinetic limitations lead to the coexistence
of both a and B orientations within a self-assembled nanostructure. In previous reports
[42][44][47], LFO films were deposited on STO at high substrate temperatures and low
oxygen partial pressures to improve the film crystallinity. These conditions, and the low
lattice mismatch, suppressed the formation of a double-oriented film, in contrast to LFO
grown on MgO, which formed a double-oriented film under similar deposition conditions due
to the much larger mismatch[42][44]. This result suggests that self-assembled oxide film
structures can be promoted by appropriate choice of deposition conditions and substrate

material.

3.3 Summary
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In this chapter, we studied three heteroepitaxial orthoferrite thin film systems: BiFeOs;,
Bi;FeMnOg and LaFeOs; on SrTiO3(001) substrates. For BiFeO; and Bi;FeMnO, it is found
that both films can be epitaxially grown in the perovskite structure within a small window of
process parameters. Compared with BiFeOs, Bi;FeMnOs shows a smaller process window,
and its magnetic properties imply that the B-site cations are disordered. These observations
are attributed to the positive formation enthalpy of ordered Bi,FeMnOs compared with
BiFeOs; and BiMnO; at 0 K. Mn tends to form multiple valence states in Bi,FeMnOg despite
the higher stability of the compound only containing Mn** ions, possibly because the
incorporation of Mn** or Mn** decreases Jahn-Teller effect of Mn* in the film. Bi;FeMnOx
had a large optical absorption compared to BiMnO; as a result of electron hopping between
Fe and Mn sites as well as between Mn sites with different valence states. For LaFeOs, either
single-epitaxial film with only one crystal orientation or double-epitaxial film consisting of
nanoscale pyramids of two alternating crystal orientations is fabricated by controlling the
pulsed-laser deposition conditions. The double-epitaxial film is promoted by low mobility
deposition conditions and by high lattice mismatch strain, and its properties differ from those
of a single-epitaxial film, for example double-epitaxial films show higher exchange bias to a
Co overlayer. These results provide understanding of thermodynamically driven cation
ordering and kinetically driven crystal growth process in heteroepitaxial orthoferrite thin
films on cubic substrates, which are can be generally applied to other perovskite material

systems for the properties of magnetic and structural ordering in these materials.
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Chapter 4
Room Temperature Ferromagnetic
Perovskite Thin Films

Perovskite oxides with the chemical formula of ABO; have been widely studied due to their
unique dielectric and ferroelectric properties. The exploration of ferromagnetism in
perovskite structures by doping with ions with uncompensated spins are driven by the interest
in room temperature multiferroic materials. Systems such as Fe doped BaTiO; [1] and Co
doped (La,Sr)TiO; [2] were reported to show room temperature ferromagnetism (RT-FM).
Meanwhile, cubic or tetragonal perovskites such as SrTiO; or BaTiO; show good lattice
match with silicon substrate. A variety of buffer layer mediated epitaxial growth of
perovskites on Si was reported.[3][4] Therefore RT-FM perovskites may serve as good
candidates for on-chip nonreciprocal photonic device applications if they have good FoM.
Rajamani et al. demonstrated strong Faraday rotation and good figure of merit in Fe doped
BaTiO; films on MgO substrates. [5] A systematic study on the structure, magnetic and
magneto-optical properties of transition metal ion doped perovskites is desired to understand

these materials for their future applications.

In principle, orthoferrites discussed in chapter 3 are also perovskites with distorted unit cells.
Different from orthoferrites, this chapter is focused on perovskite structures with cubic or
tetragonal unit cells. Specifically, we study 3d transition metal ion Fe, Co doped SrTiO; films.
A systematic study on epitaxial Sr(Ti;xCox)Ozs films is carried out. By doping
Sr(TipeFeo4)O0s.s films with donor (Ce) or acceptor (Ga) ions, the magneto-optical, optical
properties and figure of merit are controlled and optimized. The fabrication conditions of
these films are shown in table 2-1 Sr(TipsFeo4)Os5 and Sr(Tip>GagsFeq4)Os5 films were
integrated in As,S; glass strip-loaded waveguides. The waveguide transmission loss at near
infrared wavelength is characterized. By simulating the mode confinement in the oxide thin
film layer, the material loss of the magneto-optical oxides and the device figure of merit are

evaluated by numerical methods.
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4.1 Sr(Ti1xCox)03.5 epitaxial thin films

4.1.1 Introduction

In ordinary perovskites, SrTiO; shows good silicon compatibility [5] and excellent optical
transparency at communication wavelengths [7], making it a promising candidate material for
spintronic and integrated magnetooptical applications. Co doped SrTiO; (STC) is a candidate
system for these applications due to the RT-FM observed by different researchers. The
mechanism of the RT-FM property of STC is under debate. Zhang et al. studied 2 at.%
Co-doped Nb:SrTiO; thin films observing no RT-FM which excludes the mechanism of
carrier mediated ferromagnetism in STC. [8] On the other hand, Co-doped (La,Sr)TiO3 shows
RT-FM, [9-11] but the origin of the ferromagnetism is still under debate between intrinsic
ferromagnetism from the STC lattice and extrinsic ferromagnetism from impurity
nano-clusters. Recently, epitaxial Co-doped BaTiOs thin films [12] showed intrinsic RT-FM
behavior which is dependent on the film thickness. Meanwhile, Sr(Ti;.«Co,)O3 bulk samples
[13][14] show paramagnetic or spin-glass behavior with no RT-FM for any Co concentration.
The differences between bulk and thin film materials may be caused by different valence
states of Co in bulk compared to thin films. [14] Co valence states can be varied by changing
the oxygen partial pressure, and consequently the oxygen stoichiometry, during growth.
Lattice strains in epitaxial films can also change the film properties compared to bulk
materials. There is therefore a need for a systematic analysis of the film structure and
magnetic properties to understand the origin of RT-FM in 3d transition metal ion-doped

perovskite structured films such as Co doped SrTiOs.

In this section, we report the RT-FM properties, magnetic anisotropy and magnetooptical
properties of Sr(Ti;xCox)Os.5 films. Epitaxial Sr(Ti;«Cox)Os.s films were grown on SrTiO;
(cubic, =3.905 A at room temperature) and LaAlOs (thombohedral below 435°C, a=b=5.365
A, ¢=13.11 A, (expressed in hexagonal geometry) a(pseudo-cubic)=3.79 A at room
temperature) substrates to study the magnetic anisotropy dependence on substrate lattice

parameters. It is found that RT-FM and strong magnetic anisotropy can be achieved in
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Sr(Tip86C00.14)03.5 and Sr(Tip77C0023)Os.5 films fabricated under high vacuum. From our
detailed structural and property characterizations, we exclude the possibility of Co metal
clusters as a major contributor to the ferromagnetic properties. The magnetoelastic anisotropy
in these films may provide evidence for the valence state of the Co ions contributing to the

RT-FM properties.

4.1.2 Structure of Sr(Ti1.xCox)03.; films

Sr(Ti;1.xCox)Os.5 films were epitaxially grown on LaAlO; (001) (LAO) and SrTiO3; (001)
substrates by pulsed laser deposition (PLD) from single phase Sr(Ti;.xCox)Os.s targets with
x=0.05, 0.1, 0.2, 0.3 and 0.5. The films are named STCS5, STC10, STC20, STC30 and STC50
respectively. The composition of the STC5, STC20, STC30 and STC50 films was measured
by wavelength dispersive x-ray spectrometry (WDS) to be Sr(Tio93C00.07)Os.s,
Sr(Tig 86C00.14)O3.5, Sr(Tip77C0023)035 and Sr(Tip3C0037)03.5 respectively. Based on the
ionic radii (Sr**: 132pm, Co®": 84pm, Co®*: 72pm, Co*" high spin: 67pm, Ti*": 68pm), we

expect the Co to be in the B sites.

Figuré 4-1(a) shows the 1DXRD ®-26 scan spectra of the STC films grown on LAO
substrates. Except for STC20 which additionally shows weak polycrystalline diffraction
peaks from the STC(111) and STC(211) planes (about 2 orders of magnitude weaker than the
single-crystal peak), all the other films show STC(00/) diffraction peaks only, indicating a
“cube-on-cube” orientation relation between the film and the substrate. The broad diffraction
features marked by “*” are from twin defects in the LAO substrates. Such features are not
observed for films grown on STO substrates under similar fabrication conditions. There are
no diffraction peaks from secondary phases observed in any of the films. The calculated
out-of-plane (OP) lattice parameter of the STC films based on the (00/) diffraction peaks are
shown in figure 4-1(b). The OP lattice constant of STC increases from 3.94 A to 4.02 A as
the Co concentration increases from 7 at.% to 37 at.%, which indicates that the Co
incorporated substitutionally into the STC lattice. As a comparison, the OP lattice constant of

SrTiO; fabricated under similar conditions is 3.96 A. In contrast, in STC bulk samples, the
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lattice constant decreases linearly with increasing Co concentration up to 90% Co at the Ti
site.[13][14] The inverse trend observed here may suggest that the Co ions in the ﬁlnis are in
lower valence states than in bulk samples, so that the lattice expands with increasing Co
concentration instead of contracting. This observation will be supported by our XPS
characterization results, below. Figure 4-1(c) shows the 2DXRD spectrum of the STC30 film.
The well-defined spot-like diffraction pattern of the STC (001) planes suggests epitaxial
growth of the STC30 film. The epitaxial growth of STC30 on LAO is further indicated by the
spot-like STC30 (124), LAO (244) and LAO (2,2,12) diffraction patterns in the X-ray RSM
as shown in figure 4-1(d). Qx and Q, correspond to reciprocal spacings along the STC30 [020]
in-plane (IP) direction and the STC30 [004] out-of-plane (OP) direction respectively. The
difference between the Qy values of the film and substrate diffraction spots indicate that the
lattice mismatch strain is partially relaxed by misfit dislocations during growth. The OP and
IP lattice parameters of the film were 3.993 A and 3.914 A respectively, both of which are
larger than the substrate lattice constant, 3.786 A. Considering that bulk STC samples show
cubic symmetry [13][14], the unit cell of the STC30 film grown on the LAO substrate is

rendered tetragonal and the film shows in-plane compressive stress.

A cross-sectional TEM image of an STC30 film on an LAO substrate is shown in figure
4-2(a). The film and the substrate show a semi-coherent interface (a misfit dislocation is
visible), and no clusters or secondary phases were found in the film. The inset shows the
diffraction pattern at the interface region, which has no evidence of secondary phases. We
checked the homogeneity of the STC lattice at various locations in the film. As shown in
figure 4-2(b), a uniform perovskite lattice was observed over large areas in the STC film. The
two arrows indicate two structural defects in the film which are likely to be misfit
dislocations or twin boundaries. This observation is consistent with the partially strain
relaxed epitaxial growth scenario as suggested by the X-ray RSM. The inset of figure 4-2(b)
shows the EDS mapping of Co within the film cross section. The Co is distributed

homogeneously, and there is no Co rich region along the interface.
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Fig. 4-1 (a) IDXRD ©-20 scans for a bare LAO substrate and STC films with various Co concentrations.
F(002) and S(002) indicate one of the (00/) diffraction peaks of the film and the substrate respectively. The
broad diffraction features marked by “*” arise from the twin defects of the LAO substrates. (b)
Out-of-plane lattice parameter of STC films as a function of Co concentration determined by the STC(00/)
diffractions. The measurement error is within the size of the symbols. (The data point around 10 at.% is an
interpolation to the measurement data of the other samples) (¢) 2DXRD diffraction pattern of STC30 film
taken at an x-ray incident angle of w=11.5°, The frame center was 26=23°. The data collection region is
8° < 26 < 38° and 15° < 2y < 35°. The sample was rotated by 360° about the axis normal to the
sample surface during the measurement. (d) Reciprocal space map (RSM) of the STC30 film (124) and the
LAO substrate (244) and (2,2,12) diffraction patterns (both K,1 and K 2 peaks). Rlu stands for the
reciprocal space unit. 1 rlu = 2/A, where A is the wavelength of the Cu K1 line, 0.154056nm. The film is
epitaxially grown on the substrate at 3.0x10™ torr and is in a state of in-plane compressive stress.
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Fig. 4-2 (a) Cross sectional TEM image of the STC30/LAO sample. The inset shows the diffraction pattern
at the interface region. (b) Cross sectional TEM image of the same sample showing large area homogeneity
of the perovskite lattice with two dislocations marked by arrows. The inset shows the EDS mapping of Co
distribution in the film cross section.
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The valence state of Co ions in STC30 film was characterized by XPS and XANES. Figure
4-3(a) shows the XPS core level spectra of Co 2p in STC30. The two peaks located at binding
energies of 780.4 eV and 796.2 eV are the Co 2ps;2 and 2p,» doublet arising from spin-orbital
interaction. In contrast, Co metal has Co 2ps and 2p;; at 777.3 eV and 792.4 eV respectively.
[15] This difference precludes the existence of Co metal at the STC film surface. Two strong
satellite peaks were observed at around 7 eV above the principal peaks. The binding energy
separation between the principal and satellite peaks is comparable with that of Co** or Co>
ions in previous reports.[15-18] The observation of strong satellite peaks is characteristic of
high spin Co®" [15], as seen in a Co*"-containing layered perovskite La,CoO4 [19], compared
to the very weak satellite peaks observed for Co*" and Co** ions in La;Sr,CoO; [21] or STC
bulk samples[13] fabricated under high oxygen pressure. Therefore the strong satellite peak
in our XPS spectrum indicates that Co®" is present in the STC lattice. However, the binding
energy of the Co 2p3;, peak is smaller than that of pure Co* perovskites (781.3 eV) [19],
suggesting that Co is in a mixed valence state also containing Co>* and Co*". The amounts of
each type of Co ion will be determined by the oxygen stoichiometry, which was not measured
here, but in comparison, SrTiO; films fabricated under a similar high vacuum had a formula
of SrTiOys. [20] A similar oxygen stoichiometry in the STC films would imply significant
amounts of Co®* and Co®* to maintain charge balance. Quantitative analysis of the relative
concentration of Co is difficult due to the lack of standard XPS spectra. However, based on
the measured XPS spectra of Co in LaCoOs, SrCoO; and La,CoQs, we estimate that Co*" and
Co’" are the major valence states of Co. The lower valence state of Co ions in the STC film
compared with STC bulk samples is attributed to the low oxygen partial pressure used in film
deposition. A low valence state yields a larger average diameter of the Co ions, and the STC

lattice therefore expands with increasing Co concentration, as illustrated in figure 4-1(b).

Although XPS provides information on the valence states of Co ions, it only measures the
surface layer (~5 nm) of the STC film. In order to understand the Co valence states and local
environments over a larger sampling depth, fluorescence yield mode XANES at the Co
K-edge was carried out for the STC30 film, as shown in figure 4-3(b). For comparison, the

Co metal absorption spectrum is also shown in the figure. An absorption plateau at E-Eq=3
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eV is a fingerprint for Co metal clusters. [22] This feature was not observed in the STC30
film. In a previous report by Kasper ef al. [22], in a dilute Co-doped TiO, system, 13% Co
atoms in the metallic state produced a clear absorption plateau structure at E-Eq=3 eV. We
compared the STC30 spectrum pre-edge feature with calculated spectra based on mixtures of
CoO and Co and confirmed that the metallic cobalt atom concentration in the STC30 film, is
at most a few percent. There are other notable features in the XANES spectrum. The
absorption threshold energy of Co in STC30 is much higher than that of Co metal, indicating
that the Co ions are substituting for Ti and located in an oxygen octahedron. The absorption
spectrum rises slowly and continuously at E, rather than sharply increasing with a plateau
structure as found for Co metal. This feature resembles the simulation results of Co-doped
TiO, containing oxygen vacancies beside the Cor; sites [23], in which Co ions also occupy an
oxygen octahedron. An enhanced absorption tail was also observed in the Cr K-edge XANES
spectrum of Cr-doped SrTiO; with a high oxygen vacancy concentration [24], which was
explained by the increase of the density of states of the Cr 4p level by nearby oxygen
vacancies at the Cr 4p band edge. Comparing with these reports, the XANES spectrum for
the STC30 film suggests that the Co ions are substituting for the Ti ions in the STC lattice

with oxygen vacancies present at neighboring sites.
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Fig. 4-3 (a) XPS spectrum of the Co 2p peaks in STC30. (b) Co K-edge XANES spectrum of the STC30
film with Co metal as a reference sample.
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4.1.3 Magnetic, MO and optical properties of Sr(Ti1-xCox)03-; films

Figure 4-4 shows the OP magnetic hysteresis loops of STC films grown on LAO substrates at
room temperature. The hysteresis loops were obtained by subtracting the diamagnetic signal
from the LAO substrates. All the samples were grown at a vacuum level of 3.0x10° torr.
When the Co concentration is low, the films show no significant RT-FM behavior, which is
consistent with a previous report. [8] However, with increasing Co concentration, STC20 and
STC30 show clear magnetic hysteresis with a saturation magnetization of 0.34 pg/Co and
0.55 us/Co (equivalent to 9.30 and 21.60 emu/cm’ respectively). The OP coercivities of
STC20 and STC30 are 32 Oe and 40 Oe respectively. At 5 K, the coercivity of STC30
increases to ~800 Oe and shows a clear ferromagnetic hysteresis as seen in fig. 4-8 (b).
Further increasing the Co concentration resulted in a decrease of the magnetic moment.
Almost no RT-FM behavior was found for STC50, which may be attributed to increased

populations of antiferromagnetic superexchange coupled Co ions in high concentrations.
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Fig. 4-4 Room temperature out-of-plane magnetic moment of STC samples on LAO substrates. Only
STC20 and STC30 samples showed clear RT-FM hysteresis.

The OP saturation magnetization versus temperature curve of the STC30 film on LAO
measured at 8000 Oe is shown in fig. 4-5. A Curie temperature higher than 1000 K was found

for the film. At T<20 K, a sharp upturn of the M, with decreasing temperature was observed,
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which is believed to be a Brillioun-Weiss curve originating from paramagnetic Co ions. At
T>20 K, the M; decreases almost linearly with increasing T, deviating from both the
Curie-Weiss law and the Brillouin-Weiss equation. Such a linear Ms-T curve with similar
slope is also observed in another STC30 sample grown at a lower base pressure of 2.5x10°
Torr as shown in fig. 4-5. The inset shows the field cooling (FC) and zero field cooling (ZFC)
curves of the sample grown at 3x10°® Torr measured with an in-plane magnetic field of 1000
Oe. The thermomagnetic irreversibility between the FC and ZFC curves indicate a spin glass
or superparamagnetic behavior. These findings provide further evidence against the existence
of Co metal clusters in the STC films. If the ferromagnetism were from Co metal clusters, the
temperature at the maximum magnetization of the ZFC curve (~40 K in this case) would be
the blocking temperature Tg. The Co cluster size can be estimated by KaV=25kgTy [25],
where K, is the magnetic anisotropy constant (KA~4.5><]06 ergs/cm3 for Co metal), kg is the
Boltzmann constant and V is the particle volume. Substituting Ty into this equation yields an
average Co cluster size of V=31 nm’ (diameter D~3.85 nm). Co clusters in this size range
would have been clearly visible in our cross sectional TEM images. Indeed, considering that
Co metal has a saturation magnetization value of 1.7 pg/Co, from the saturation
magnetization of the sample at 20K (0.68 pug/Co), we estimate that sixteen 3.85 nm diameter
Co metal clusters on average should show up in the sampling region in fig. 4-2(b) if all the
ferromagnetic signal originated from Co metal clusters, assuming the HRTEM sample
thickness is only 10 nm. The probability of missing all these nanoclusters in the HRTEM
image is 1x107. Additionally, the STC30 film magnetization of 0.68 pg/Co implies that if the
magnetism had come from metallic Co, about 40% of the Co would be metallic, which would
have shown up in the XANES spectrum. [22] These results indicate that the RT-FM property
observed in the STC30 sample is not likely due to Co metal clusters in the film. Recently,
thermomagnetic  irreversibility has been reported in structurally homogeneous
Sr(TiyxFex)Os[9], Co-doped BaTiO; [10], BaFe; 4xZrO; [26] and Co-doped TiO; films [27]. A
mixed-state ferromagnetism scenario has been proposed in Co-doped TiO; [27], in which Co
still resides in the rutile lattice site but exchange-coupling between Cori-COinersitial OF
neighboring Cor-Cory pairs leads to ferromagnetism. In STC films, mixed valence is

confirmed by XPS, and this may lead to spin-glass behavior (and the associated
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thermomagnetic irreversibility) as found in bulk STC. [13]
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Fig. 4-5 The saturation magnetic moment versus temperature curve of two samples of STC30 measured at
8000 Oe with the magnetic field applied out-of-plane. The inset shows the FC and ZFC magnetic moments
of the STC30 film grown at 3x10” Torr under an in-plane applied field of 1000 Oe

Figure 4-6(a) shows the Faraday rotation of STC films grown on LAO substrates measured at
1550 nm wavelength. The Faraday rotation spectrum resembles the OP magnetic hysteresis
shown in figure 4-4, although the Faraday coercivity is larger, 370 Oe for STC30. This result
is similar to our previous report in Co-doped CeO,, and may be related to the excitation state
of the electric dipole transitions which cause Faraday rotation. [31] An optical transmission
measurement of STC films by UV-Vis-NIR spectrophotometry is shown in figure 4-6(b). The
optical band gap for STC30 is 4.15 eV, which is about 0.25 eV higher than pure SrTiO;
fabricated under similar conditions. With increasing Co concentration, the optical
transmittance of STC films increases at visible to near infrared wavelength ranges. Such
behavior is similar to that of Sr(Ti;.«Fe,)Os.5 films [37]. Co®* and Co®™ ions at Ti sites behave
as acceptors while oxygen vacancies behave as donors. Increasing Co content leads to a
decrease of free carrier density and optical absorption in the film. The surface resistivity of
STC films measured by the Van der Pauw method is shown in the inset of figure 4-6(b). With
increasing Co concentration, the film changes from a semiconductor (STCO) to an insulator

(STC30 and STC50), suggesting a non-carrier-mediated mechanism in ferromagnetic STC30.
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Hall measurements indicate a negatively charged carrier density of 2.8x10%°cm® in STCO,
suggesting a significant concentration of oxygen vacancies in films fabricated under high
vacuum. The other films were too resistive to inject sufficient current for Hall measurements.
The systematic resistance change of the films supports the defect chemistry model discussed

above.
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Fig. 4-6 (a) Room temperature Faraday rotation of STC samples at 1550 nm wavelength, measured
out-of-plane. (b) The optical transmission spectra of STC films grown on LAO with a bare LAO substrate
as a reference sample. The inset shows the surface resistivity as a function of Co concentration for several

STC films.

The optical constants of STC30 films were also characterized by ellipsometry. The fitted

optical constants are shown in figure 4-7. The film shows an extinction coefficient of low 107
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level at near infrared wavelengths. A figure of merit (Faraday rotation divided by absorption

loss) of 0.57 deg/dB is estimated in STC30 films at 1550 nm wavelength.

——————r———0.5
2.55- ~ rj -
1 —* K 0.4
2.50- o008, :
b 0.3
2.45- - -
- 1 e 0.2 >
2.40 Py :
4 T 00 v:':*'ggm ;:':!:Jm;abo 200 0.1
2.35- -
| -0.0
2.30

300 600 900 12001500 1800 2100
Wavelength (nm)

Fig. 4-7 Optical constants of STC30 film characterized by ellipsometry

4.1.4 Magnetic anisotropy and magnetoelastic effect of Sr(Ti1.xC0x)03.; films

In order to understand the origin of the ferromagnetism in the STC films, we deposited
STC30 under various conditions and on both LAO and STO substrates. STC30 grown on
LAO substrates show different saturation magnetization, coercivity and magnetic anisotropy
depending on the deposition base pressure and growth rate. As shown in Fig. 4-8 (a)-(c), a
general finding is that lower deposition pressure yielded higher saturation magnetization (Ms)
and coercivity (H), which are associated with a stronger OP anisotropy for films grown on
LAO substrates. On increasing the base pressure from 2.5 x10° Torr to 3.5x10® Torr, the M,
decreases from 24.4 emu/cm’ to 16.5 emu/ecm’, H, (OP) decreases from 1200 Oe to almost
zero, and the film anisotropy changes from highly OP to almost isotropic. These observations
suggest that oxygen vacancies play an important role on the valence states of the Co ions and
the overall magnetic property of the film. Higher oxygen vacancy concentrations may yield
stronger ferromagnetic behavior of the STC films. Measurements (not shown) along different
in-plane crystallographic directions indicated no measurable in-plane anisotropy. The

magnetic anisotropy in the film is attributed to a magnetoelastic effect with Co ions showing
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positive magnetostrictive constant along the [001] (OP) direction. Further evidence for
magnetoelastic effects is provided by Fig. 4-8(d), which shows magnetic hysteresis of STC30
deposited on an STO substrate. STO has a larger lattice constant (3.905 A) than LAO (3.786
A), resulting in a much smaller compressive stress in the STC30 (lattice mismatch < 1%) and

a net IP magnetic anisotropy.
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Fig. 4-8 (a)-(c) Magnetic hysteresis showing different saturation magnetization, coercivity and anisotropy
for STC30 samples grown on LAO substrates under different conditions noted in the plots. Also shown is
the low temperature half hysteresis loop measured from -1T to 1T at 5K for STC30 sample grown at
3.0x10°Torr, which shows a clear ferromagnetic behavior. (d) Magnetic hysteresis for STC30 grown on an
STO substrate.

The observed OP “easy” axis anisotropy in compressively strained films on LAO illustrated
dramatically in Fig. 4-8 (a) invites speculation about the valence and spin state of the Co ions
that contribute to the anisotropic magnetization properties. Co’ (Co metal clusters) showed
almost no magnetic anisotropy in Co-doped TiO,. [24] Octahedrally coordinated Co“tzg6
(low-spin, LS) ions are diamagnetic. Previous studies of Ccny'tzg“eg2 (high-spin, HS) and
C02+tzgseg2 (HS) both showed negative magnetostriction effects along a <100> axis (A0 < 0)
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that may lead to an “easy” plane anisotropy for a film under IP compressive stress. [25][26]
Moreover, the spin state of Co ions in perovskite cobaltates are reported to be sensitive to
lattice strain [27], temperature [28] or applied magnetic field [29]. In addition, high-spin,
low-spin, and intermediate-spin (IS) states were reported for Co’* and Co*" ions in
La, xSryCoO; perovskites. [27-30] As a consequence, it is appropriate to consider the various
valence/spin-configuration combinations that might favor the OP z-axis distortions observed

in Fig. 4-8.

There are two effects namely Jahn-Teller effect (J-T) and spin-orbital stabilization effect (S-O)
taking place in 3d transition metal ions, which determines the electron energy configuration.
The Jahn-Teller effect lowers the electron system energy level by distorting the lattice to
cause lower electron-electron Coulomb interactions between electrons on cations and anions
sites, while the spin-orbital stabilization effect lowers the electron system energy by
distributing electrons on different orbitals to cause lowest spin-orbital coupling energy.
External strain bias on the system changes the relative strength of these two processes. The
electron energy level configuration and therefore the magnetoelastic constant of a certain ion
may vary depending on the strain status of the lattice. These two stabilization processes take

place in several Co ions with different valence and spin states, as shown in table 4-1.

Table 4-1 Magnetoelastic Co ions in an octahedral lattice site

Number of 3d
electrons lons S Occupancy Comments

s Co*'(HS) 512 e half-filled d shell
Co*'(LS) 12 e, J-T or S-O stabilization

6 Co’* (HS) 2 te'ey J-T or S-O stabilization
Co™ (LS) 0 e, filled ty,

. Co™ (HS) 312 e, J-T or S-O stabilization
Co™" (LS) 12 tyle, pure J-T stabilization

For our STC30 films deposited on LAO substrates, the CoOs octahedron undergoes a highly

tetragonal z-axis expansion induced by in-plane compressive stress as confirmed by X-ray
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RSM measurements. The e, doublet and ¢,, triplet states separated by 10Dq in the main

cubic component of the site crystal field then become split further. The J-T stabilization

process is dominant. The electron energy level configuration of Co**(LS) and Co**(HS) in

this case is shown in figure 4-9. Specifically, under biaxial compressive stress in the x — y
plane, orbital states of the lower ¢, ¢ group are split by 3, into a ground doublet (d,,,d ) and
an excited d,, singlet; the e, doublet splits by & into lower d_, and higher oz’xzny2 singlet

states. Such configurations correspond to the Co*'ty5°e,’(LS) and Co®'ty’e,2(HS) ions that
undergo Jahn-Teller z-axis expansions and show A0 > 0 with an out-of-plane magnetoelastic

anisotropy.
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Fig. 4-9 A schematic diagram of the possible 3d electron energy level configuration of the Co*'(HS) and
Co*"(LS) ions in STC30 films grown on LaAlO; substrates.

For films deposited on STO substrates, the much smaller TP compressive stress due to better
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match of lattice and thermal expansion coefficients between the film and the substrate leads
to much weaker J-T stabilization. Therefore S-O stabilization may become dominant which

allows the tetragonal splittings to invert, thereby reversing the signs of 8, and & to produce a

negative Ao and create ground-state 7,  single. In fact, the strong spin-orbital-lattice

interactions of Co>* (3d’) was reported before which could be used to adjust anisotropy fields
or enhance spin-lattice relaxation rates at radio frequencies. [32] The systematic change of
the magnetoelastic anisotropy for STC on LAO shown in figure 4-8(a)-(c) may also indicate

that the Co valence and spin states are sensitive to fabrication conditions.
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Fig. 4-10 The saturation magnetization versus temperature curve of STC30 on LaAlO; substrate, measured
at applied field of 8000 Oe with out-of-plane configuration. (Red open circles) Also shown is the
theoretical fitting to this curve (black full circles).

As shown in figure 4-5, the M-T curve of Sr(Tip77C0023)03.5 does not follow the Brillouin
function, which may be another evidence of magneto-elastic effects in these systems. The
saturation magnetization M, of both STC samples in figure 4-5 decreases linearly with

increasing temperature, which can be fitted using the model of magnetoelastic spin ordering

Mell], tanh[M] where 2@ _

[33]. The M is described by
M, (0) 2kT J,(0)

® .
tanh(—2) . Using a Debye
an(ZT) g Y

temperature ®p~500K [34] and J-T energy ES[(0)=2500cm'l based on a strain of 3%, the
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equation yields a very good fit to the Ms-T curve as shown in figure 4-10. Consistent with
magnetic anisotropy analysis above, this result further implies that magnetoelastic effect may

be the reason of high temperature ferromagnetism in the STC system.

4.2 Ce and Ga doped Sr(Tio.cFeo.4)0s.5 films

Although a magneto-optical figure of merit of 0.56 deg/dB is achieved in STC films, this
value is still far from application requirements. Consider a magneto-optical isolator using
Faraday Effect, to achieve 45° rotation of the light polarization with 1dB insertion loss, the
magneto-optical material needs to have a figure of merit of at least 45 deg/dB. As a
comparison, Sr(TiosFeo4)O03.5 films fabricated at similar conditions show a figure of merit of
1.1 deg/dB. [37] It is therefore desired to enhance the material figure of merit by controlling
the Faraday rotation and optical absorption using chemical doping. In this section, Ce and Ga
ions are doped into the Sr(TipsFeo4)Os.5 films as donors and acceptors to study the magnetic,
magneto-optical and optical properties of the material for higher figure of merit. For Ce
doping, it has been demonstrated that Ce’* is soluble over the complete range of
(CexSr;x)TiO; solid solution on the Sr site [35][36]. It is well known that Ce®" doping in the
dodecahedral site of Y3FesO;; significantly increases the material’s Faraday rotation at near
infrared wavelengths. Thus it is expected by doping Ce®" in the Sr(TigcFeo4)Os.s thin film,
the Faraday rotation will be enhanced. For Ga doping, it is believed that Ga>* ions (0.62 A)
can substitute for Ti*" ions (0.605 A) with a stable 3+ valence state and as an acceptor. This
may drive Ti and Fe to higher valence, yield different lattice structures and enhance the

material figure of merit.

4.2.1 Structure of Ce and Ga doped Sr(Tio.cFeo.4)03.5 films

(CexSrix)Tio6Fep40s.5 (Ce:STF, x=0, 0.1, 0.2 and 0.3, namely Ce0, Cel0, Ce20 and Ce30
respectively) and Sr(Tio 6.,GayFeo 4)03.5 (Ga:STF, y=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, namely Ga0,
Gal0, Ga20, Ga30, Gad40, Ga50 and Ga60 respectively) thin films were fabricated using

pulsed-laser deposition. Figure 4-11 shows the »-20 X-ray diffraction patterns of the Ce:STF
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and Ga:STF films. F(00/) and S(00/) indicate the diffraction peaks from the (00/) planes of
the film and substrate respectively. All the films crystallized into a perovskite phase and no
secondary phase diffraction peaks were observed, suggesting that Ce and Ga are fully soluble
in the STF lattice within the concentration range we studied. The films are highly (00/)
textured, indicating a “cube-on-cube” orientation relationship between the film and the
substrate lattices. The insets of fig. 4-11 show the magnified (001) diffraction peaks. With
increasing Ce concentration, the film (001) peaks consistently shift to lower 20 angles,
indicating an expansion in the lattice constants; while with increasing Ga concentration, they
shift to lower 20 angles at low Ga concentrations but continues shifting back to higher
20 angles beyond Ga30. The complicated lattice constant variation with Ga doping is
associated with a decrease in epitaxial strain and unit cell tetragonality, which will be
discussed later. We notice that all the Ce:STF and part of the Ga:STF film (00/) diffraction
peaks split into double peaks. This is due to a strain gradient along the thickness direction of
the films, which can be understood by X-ray reciprocal space map (RSM) characterizations.
As shown in figure 4-12, X-ray RSM was measured on the (103) peak diffractions of both the
LSAT substrate and (Ce2Sro g)(TipsFeo4)Os.s film. Both the substrate and the film show spot
like diffraction patterns, demonstrating that the film is epitaxial. The film diffraction pattern
consists of two spots, one of which shows the same in-plane lattice constant compared with
the substrate, and the other shows a broader diffraction spot with a larger in-plane lattice
constant. This kind of diffraction pattern indicates that the film consists of two layers with
different strain states. During deposition, initially the film grew coherently on the substrate
with a fully compressive strained state. When the film thickness exceeded a critical value,
misfit dislocations developed and the strain was partially relaxed. The film became more
defective and the diffraction pattern became broader. For Ga:STF films, the double peaks
feature disappeared at high Ga concentrations. The film shows a homogeneous partially
relaxed strain state. The in-plane and out-of-plane lattice parameters of the
(Ceo2Sro8)(TipsFep4)Os.s film and substrate can be calculated from the RSM peak positions.
The substrate lattice is cubic with a lattice parameter of 3.87 A. The completely strained film
layer shows an out-of-plane lattice parameter of 4.12 A, while the partially strain relaxed

layer shows an in-plane lattice parameter of 3.91 A and out-of-plane lattice parameter of 4.07
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A. Notice that both layers of the film are highly tetragonalized with a large c/a value.
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Fig. 4-12 X-ray reciprocal space map of the (103) diffraction peak of the Ce20 film and the LSAT substrate
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4.2.2 Magnetic, MO and optical properties of Ce:STF and Ga:STF films

Room temperature ferromagnetic properties were observed in all samples with different Ce or
Ga concentrations. Figure 4-13 shows the out-of-plane magnetic hysteresis loops of Ce:STF
and Ga:STF films measured by VSM at room temperature. Similar to STF films fabricated in
vacuum [37], the Ce doped films show out-of-plane magnetization easy axis with an
anisotropy field up to 5000 Oe. The saturation magnetization of the films remains similar for
different Ce doping concentrations, with only a slight increase in M; observed in the Ce30
sample. However the coercivity of the films consistently decreases from 257 Oe in Ce0 to
18.7 Oe in Ce30 with increasing Ce concentrations. The change of saturation magnetization
and coercivity of Ce:STF films are shown in the inset of fig. 4-13 (a). This decrease in
coercivity indicates that the films become magnetically softer by Ce doping. Meanwhile, the
material shows a higher out-of-plane magnetic susceptibility with Ce doping, which can be
seen by observing that the Ce30 magnetic hysteresis loop is steeper than Ce0 around the
origin. For Ga:STF films, the saturation magnetization decreases nonlinearly with increasing
Ga concentration. With increasing Ga concentration up to 30 at.% on the Ti site, the M;
initially slightly decreases from 42 emu/cm® to 38 emu/cm®, then decreases steeply down to
10 emu/cm® for Ga50 and Ga60. This trend coincides with the film strain state change from a
two layer structure to a single relaxed layer structure beyond Ga30. The coercivity of the
films also decreases with increasing the Ga concentration from 500 Oe in Ga0 to ~0Oe in
Ga50 and Ga60. Different from Ce:STF, the magnetic anisotropy field also decreases from
~6000 Oe to ~0 Oe. The Ga50 and Ga60 samples are magnetically isotropic between in-plane

and out-of-plane directions.

119



40 —ceo (@) - - T s 38
- - = -Cel0 ] 250-

E 30-' -- Ce20 . _36
-3 g0 — =0 200-
£ =
1 @ 150 '3‘%
s <} 3
8 T 1001 32 5
: t 3
5 50- L 30~
S

e e — y : . . 28

5 43210123 45 00 0.1 0.2 0.3
Applied Field (kOe) x in (Ce Sr, )Ti, Fe O,

60 . ; : 45
— ©  600- (d) &
E { L
S 40 500
3 35 =
§ 20} 400 0l
= 3 r 2
% 0 Esoo- 253

(1]
8 200 208
) 1001 ™
= -40
0 — L10
o TR R T e 0.0 0.2 0.4 0.6
Applied Field (kOe) y in Sr(Ti, Ga Fe, )O,

Fig. 4-13 Room temperature out-of-plane magnetic hysteresis loops of (a) Ce:STF and (c) Ga:STF films
characterized by VSM. Also shown are the coercivity and remanent magnetization of the out-of-plane
magnetic hysteresis loops of (b) Ce:STF and (d) Ga:STF films as a function of Ce or Ga concentration.

Figure 4-14 shows the room temperature Faraday rotation hysteresis loops of the Ce:STF and
Ga:STF films at 1550nm wavelength. The magneto-optical hysteresis loops resembles the
magnetic ones, although the coercivity is systematically larger in all samples, which is similar
to our previous report in the STF system. [37] Interestingly, the saturation Faraday rotation
does not show obvious variation between Ce0, Cel0 and Ce20 samples, which séems to
faithfully reflect the result that the saturation magnetization of these three samples were
comparable to each other; whereas the Ce30 sample shows a 1.5 fold increase in the
saturation Faraday rotation, in contrast to only a 1.16 fold increase in the saturation
magnetization when compared with other samples. From these results we consider that unlike
in magnetic garnets, Ce is not like]y‘to contribute to the magneto-optical properties of this
material system at 1550nm wavelength. The Faraday rotation enhancement in Ce doped iron
garnets is considered to originate from a Ce”(4f)-Fe**(tetrahedral) charge transfer [38]. This

mechanism may not take place in Ce:STF because Fe ions are all in the octahedral sites. The
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increase of Faraday rotation in the Ce30 sample is possibly due to the higher magnetization in
this sample as well as the valence state change in iron ions due to Ce doping. Note that Fe**
in octahedral site of Y1G(Si) lattice shows a characteristic transition between electronic levels
at 1.20um wavelength, which leads to higher Faraday rotation compared with Fe’* at near
infrared wavelengths. [39] Compared with Ce:STF, Ga:STF films show an almost linear
decrease of the Faraday rotation with increasing Ga concentration as shown in figure 4-14 (b).
This trend agrees with the decrease of the saturation magnetization with Ga doping but differs

in detail, which may also be related to the Fe valence state change with Ga doping.
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Fig. 4-14 Room temperature Faraday rotation of (a) Ce:STF and (b) Ga:STF films. Also shown are the
saturation Faraday rotations of (b) Ce:STF and (d) Ga:STF films as a function of Ce or Ga concentrations.

The optical transmittance spectrum of Ce:STF and Ga:STF films are shown in figure 4-15,
where the inset shows the magnified spectrum near the optical band gaps. For Ce:STF
samples, as increasing Ce concentration, several variations on the transmission spectrum can

be observed. In the ultraviolet region, the optical band gap consistently enlarges with Ce
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doping, with the optical band gap of Ce0, Cel0, Ce20 and Ce30 films estimated to be 3.69 eV,
3.73 eV, 3.83 eV and 3.90 eV respectively. In the visible region, the optical transmittance
decreases significantly with Ce doping around 600nm wavelength. This absorption peak tails
down to the near infrared region, where the optical transmittance consistently decreases with
increasing Ce concentration. For Ga:STF samples, a different trend was observed. In the
ultraviolet region, Ga doping also opens the optical band gap from 3.67 eV to 3.88 eV. But in
the visible region, the optical transmittance increases dramatically with Ga doping. For Ga50
sample, the film is almost transparent at 750nm wavelength and above. The Ga40 film figure
of merit reaches 3~4 deg/dB at 1550nm wavelength, which will be discussed in detail in

waveguide device characterization of section 4.3.
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Fig. 4-15 Optical transmittance spectrum of (a) Ce:STF and (b) Ga:STF films measured by UV-Vis-NIR
spectrophotometer at room temperature. The inset shows the magnified spectrum near the optical band gap.
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4.2.3 Discussion of the influence of Ce and Ga doping on STF thin film properties

The magnetic properties of Ce:STF and Ga:STF films are related to the lattice structures.
Table 4-2 shows a study of the in-plane lattice constant and tetragonality of several Ce:STF
and Ga:STF films by measuring the X-ray diffraction peak positions of the film (113) peak. It
is clearly observed that the saturation magnetization per Fe and the magnetic anisotropy value
increases and decreases respectively with the lattice tetragonality. We do not have a clear
quantitative correlation between the lattice distortion and the magnetic properties because
several samples show both fully strained and relaxed layers. For partially relaxed Ga30, Ga40
and Ga50 samples, the saturation magnetization decreased almost linearly with decreasing
lattice tetragonality. These observations are consistent with our theory of magnetoelastic
effects discussed in section 4.1.4. The energy level splition of the e, orbitals is proportional to
the tetragonality of the oxygen octahedron. Therefore the higher tetragonality the lattice is,
the stronger the Jahn-Teller effect will be. Two consequences of this process are the stronger
lattice-spin alignment yielding larger M; and the higher out-of-plane magnetic anisotropy.
This is also consistant with films deposited on substrates with larger lattice mismatch, for
example STC deposited on LAO rather than STO. The lattice tetragonality will be higher due
to larger lattice strain in the film which favors the out-of-plane magnetic anisotropy observed
in figure 4-8 (c) and (d). Similar effects of lattice strain induced spin alignment have also
been observed in other transition metal ion doped oxide systems such as TiO;, SnO,, In;O5
and ZnO. [33] Several films such as Ce30 and Ga20 are highly tetragonal which invites the
speculation that these films were tetragonallized following a spontaneous Jahn-Teller
distortion process. Fe*'(HS), Fe*'(HS, LS) or even Ti** may contribute to this process.
Doping STF with Ce or Ga increases or decreases the lattice tetragonality respectively.
Further study on a systematic investigation of the oxygen vacancy concentrations in these
films may help to correlate these observations to a certain ion valence or spin state in the

perovskite lattice.
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Table 4-2 Lattice constant, tetragonality, saturation magnetization and anisotropy field
of several Ce:STF and Ga:STF films

Cel0  Ce20 Ce30 Ga20 Ga30 Ga40 GaS0

c(strained)(A) 4.10 4.12 4.13 4.12 N/A N/A N/A

c(relaxed)(A) 4.05 4.06 4.07 4.09 4.07 4.07 4.06

a(strained)(A)  3.86 3.86 3.86 3.86 N/A N/A N/A
a(relaxed)(A) 3.93 3.88 3.89 3.88 3.86 3.91 3.96
c/a(strained) 1.055 1.065 1.067 1.067 N/A N/A N/A
c/a(relaxed) 1.030  1.048 1.046 1.054 1.054 1.041 1.025

M;(ug/Fe) 0.517  0.520 0.600 0.677 0.643 0.435 0.201

Hy(Oe)

5500 6000 7000 6500 3250 2250 0
(Approx.)

The optical transmittance of the STF films at visible and near infrared wavelengths decreases
or increases with Ce or Ga doping respectively, which can be explained by creation or
elimination of electron intervalence charge transfer (IVCT) absorption bands. Doping STF
with Ce introduces an absorption band at ~600 nm wavelength. This absorption band has
been studied in Ce’* doped SrTiO; and was attributed to an inter-atomic electronic transition
between Ce®* and Ti** ions. [40] In contrast, doping STF with Ga decreases the Ti
concentration and eliminates the electron transition absorption between Ti and Fe ions. The
Ti*'/Fe’* IVCT absorption band was observed to be centered at ~500 nm and extends through

the full visible spectrum. [41]

4.3 Chalcogenide glass/perovskite based strip-loaded waveguides

Several RT-FM perovskite thin films including Sr(TiosFeo4)O3s (STF) and
Sr(Tip2Gag4Fep4)03.5 (Ga:STF) on LSAT substrates were integrated into an As,S;

chalcogenide glass strip-loaded waveguide structure. The fabrication process is shown in
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figure 2-3. Figure 4-11 shows the cross-section SEM image of a 4 um wide As;S3/STF
strip-loaded waveguide. The waveguide consists of a LSAT substrate, 100 nm STF film, an
As;S; layer with 500 nm thick slab and 400 nm thick rib layers, and a 2.5 pm thick SU-8
top-cladding layer. The interface between the As;S; and STF film maintained its integrity
during processing. The As,S; rib shows slanted edges and round corners due to the lift-off
process. [42][43] The sidewall angle measured from the SEM image is 55°~60°, which is
slightly smaller than that of ChG waveguides fabricated on silicon substrates by lift-off
processing. [42][43] The transmission loss of As,S; ridge waveguides, with similar
dimensions but without the STF, on LSAT substrates were characterized, and the coupling
loss and transmission loss of the As,S; waveguide were estimated from these measurements.
Using the measured total transmission loss of the strip-loaded waveguide and simulated
confinement factor of the STF film layer, the optical absorption coefficient of the STF film

can be estimated.

(b) Waveguide on a bare LSAT substrate

i

SU-8 cladding layer (n=1.58)

As.S:(n=2.37)

=10

STFin=2.2)

Optical transmission (dB)

MWMWMW

AR Atatte fesn ) Waveguide on an LSAT substrate with STF

1651 1552 1553 1554 1555
Wavelength (nm)

Fig. 4-16 (a) Cross-sectional SEM image of an As,S3/STF strip-loaded waveguide with an SU-8
top-cladding layer fabricated on an LSAT(001) substrate. (b) Transmission spectra of an As,S; ridge
waveguide and an As,S3/STF strip-loaded waveguide with the same dimensions of the As,S; layer on
LSAT substrates. The inset shows the measured mode profile of the As,S; ridge waveguide.

Optical transmission was observed in the As;S3/STF waveguides at 1550 nm wavelength. The

transmission spectra of both waveguides are shown in figure 4-16(b). The optical absorption
coefficient of the STF film at 1550 nm wavelength is estimated to be (5.0£1.6)x10%cm™".

(o = 4mk/A) Multi-mode beating effects in As,S; ridge waveguides on bare LSAT substrates
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and the consequent uncertainty in insertion loss estimation leads to the measurement error bar.
These absorption values are higher but in the same order compared to our ellipsometry

measurement results on the STF film reported before. [37]

As a comparison, As;S3/Ga:STF waveguide shows higher optical transmittance at near
infrared wavelengths due to the lower loss of the Ga:STF film. Figure 4-12 shows the
cross-sectional SEM image and the transmission spectrum of a 5um wide As;S;/Ga:STF
waveguide. The TM mode optical transmittance is higher compared with the TE mode, which
may originate from the waveguide side wall scattering. An optical absorption coefficient of
23~27 cm™ was estimated from the Ga:STF layer by simulating the confinement factor of the

TM polarized light. Considering the Faraday rotation of this film is ~400 deg/cm, the figure

of merit can be calculated to be 3~4 dB/cm.

o
32
o
€
SU-8 2um g
As.S 400nm E
Ga:STF 120nm E
£
LSAT substrate -

-60 | AsS /Sr(Ti, Ga, Fe, )0, e

1480 1490 1500 1510 1520 1530 1540 1550
(b) Wavelength (nm)

Fig. 4-17 (a) Cross-sectional SEM image of an As,S;/Ga:STF strip-loaded waveguide with an SU-8
top-cladding layer fabricated on an LSAT(001) substrate. (b) Transmission spectra of the As,S;/Ga:STF
waveguide at near infrared wavelengths

The magneto-optical performance, specifically the Nonreciprocal Phase Shift (NRPS) of the
strip-loaded waveguides, is simulated based on ChG/STF strip-loaded waveguides. The
NRPS in a magneto-optical waveguide structure shown in the inset of figure 4-13(a) can be

calculated by perturbation theory, which yields an expression for NRPS to be: [44]

"

. 2™ e K'™M
A™M =2 | Y H 5 H dx
o I
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where ™ is the propagation constant of a TM mode wave, Af,,, = S/ — gratmrd g
the difference between forward and backward propagation constants (NRPS), @ is the

frequency, &, is the vacuum dielectric constant, N =(H ExH" +E xH), dxdy is the
power flow along the z direction, K"M, is the off-diagonal component of the dielectric

constant matrix under an applied field M, along the y direction and H, is the magnetic

field component of the electromagnetic wave along the y direction. The integral is over all the
magneto-optically active regions in the waveguide. To calculate the NRPS in our strip-loaded
waveguide, the TM mode profile is firstly simulated by FIMMWAVE software using a film
mode matching method (FMM). [45] From the mode profile the NRPS can be calculated
using the equation above. The insertion loss of the waveguide can be also simulated by
considering the confinement factor and optical absorption in the STF layer. The results are

shown in figure 4-12(a), (b) and (c).

Firstly we note that for a MZ interferometer isolator using NRPS, +90° NRPS has to be
achieved in its either arm. The result in fig. 4-13(a) indicates that isolator device within
millimetér to low centimeter scales can be fabricated based on most of the proposed WG
structures. Secondly, in figure 4-13(a) and (b) the NRPS and insertion loss of the waveguides
both decrease with increasing ChG layer thickness. This can be easily understood because the
confinement factor in the magneto-optical film decreases with increasing ChG layer thickness.
For the same reason, the NRPS and insertion loss also decrease with increasing refractive
index of the ChG layer. However in figure 4-13(c), the figure of merit (FOM, defined as
NRPS divided by insertion loss) shows a maximum value for a ChG layer thickness of 1.2
pm. This is due to the design trade-off between maximizing the mode asymmetry (NRPS)
and minimizing the optical confinement factor (absorption loss) in the STF layer. Meanwhile,

waveguides with an As;Se; top layer show the highest FoM in all waveguide dimensions.
This result can be interpreted as due tothe 0,H, term in equation (1). Higher index contrast

between the top and bottom cladding yields higher field gradient and NRPS in the STF layer,

therefore the FoM is also enhanced.
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Fig. 4-18 (a) Simulated Nonreciprocal Phase Shift (NRPS) in ChG/STF strip-loaded waveguides. The
inset shows the waveguide dimensions used for mode profile simulation. (b) Simulated waveguide
insertion loss of ChG/STF strip-loaded waveguides. (¢) Figure of merit (FoM) defined as NRPS divided by
insertion loss in ChG/STF strip-loaded waveguides.

From the waveguide characterization and simulation results above, we can conclude that the
high index of ChG glass is beneficial to the performance of magneto-optical waveguides, and
the lifi-off method allows non-composition-specific rapid prototyping and prevents
etching-induced waveguide sidewall roughness. These analyses indicate that high index ChG
is an ideal material for magneto-optical waveguide fabrication. However the FoM of current
strip-loaded waveguides is still too low for optical isolator fabrication. Improvement of the
FOM may be achieved by either decreasing the Fe?*, Fe** or Co?" concentration in the STF or
STC films to decrease the optical absorption, or doping Ce** or Bi*" into the STF or STC

lattice to enhance the magneto-optical properties, as is done in garnets.
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4.4 Summary

In this chapter, we studied several room temperature ferromagnetic perovskite epitaxial thin
films including Sr(Ti;.xCox)O3s, (CeySrix)TipeFeo403.5 and Sr(Tipe.yGayFep4)03.5. Epitaxial
perovskite thin films were deposited on LaAlO3(001), SrTiO3(001) and LSAT(001) substrates
using PLD. RT-FM with high Curie temperatures and strong magnetic anisotropy were
observed in these films. Secondary ferromagnetic phases such as Co metal clusters were not
observed from our structural analysis. Significant magnetic anisotropy is observed in the
highly tetragonallized epitaxial perovskite thin films. The magnetic anisotropy varies
depending on fabrication conditions, substrate type and ion substitution, which is attributed to
magnetoelastic effects in the strained films, and is related to the valence and spin states of the
Co or Fe ions contributing to the RT-FM property. As,Ss/perovskite strip-loaded waveguides
were fabricated and characterized. Magneto-optical and waveguide transmission
characterization of Sr(Ti¢ ¢.yGayFe4)Os.5 film shows a material figure of merit of 3~4 deg/dB
at 1550 nm wavelength. Consider nonreciprocal mode conversion isolators, to achieve
isolation 45 deg polarization rotationis required. Accounting for 3 dB or 1dB insertion loss,
the material should show a figure of merit larger than 15 deg/dB or 45 deg/dB respectively.
The Ga:STF films show a figure of merit lower than but close to application requirements,
which can be optimized in further studies by better valence state control of the transition
metal ions. A summary of material properties of RTFM perovskites and other materials

studied in this thesis as well as literature reports will be carried out by the end of chapter 5.
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Chapter 5
Polycrystalline Iron Garnet Films and
Waveguides on Silicon

Due to wide application in commercial optical isolators, iron garnets are the most widely
studied materials compared to other magneto-optical material candidates. Because garnets
show cubic lattice structure, the dielectric tensor can be expressed as a scalar and is therefore
homogeneous along different crystallographic orientations. This unique property suggests
that polycrystalline garnet films may also be used for nonreciprocal photonic applications. As
introduced in chapter 1, integration of iron garnet films on silicon is challenged by the large
lattice and thermal mismatch between the film and the substrate, impurity phases, as well as
the high fabrication thermal budget for crystalline garnet films. Although polycrystalline
Y;FesOy; films, BisFesOs; films and Y;FesO;» waveguides have been fabricated on silicon,
several issues have to be investigated before fabricating a practical optical isolator. Firstly,
the microstructure, magnetic and magneto-optical property of polycrystalline garnet has to be
studied and compared to their single crystal counterparts. Secondly, the optical loss needs to
be determined in a waveguide configuration at NIR wavelengths. Thirdly, simple and low

cost integration strategies of nonreciprocal photonic waveguides need to be developed.

In this chapter, we demonstrate the integration of Y3;FesO;; (YIG), (Bi,Y)sFesOy2 (Bi:YIG)
and (Ce,Y);FesOy2 (Ce:YIG) polycrystalline films on silicon platforms. Using a two-step
deposition strategy, we monolithically integrated phase pure polycrystalline Bi:YIG and
Ce:YIG films on silicon. The film structure and magneto-optical properties were studied as a
function of the fabrication conditions. Chalcogenide Glass (ChG)/Garnet, Garnet/SOI
strip-loaded waveguides and planar optical resonators were monolithically integrated on
silicon. The optical transmission loss of the waveguide structures were measured using
cut-back and “paperclip” methods. The optical transmission loss of polycrystalline YIG,
(BipsY22)FesO2 (Bi0.8YIG), BijsYi2FesO2 and (CeY:)FesOp, (CeYIG) films were

determined by simulating the confinement factor of waveguide modes in these layers. The
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nonreciprocal phase shift (NRPS) and device figure of merit (FoM) of As;S3/YIG and
As;S3/CeYIG as a function of the waveguide geometry is simulated using numerical methods.

Possible applications of these devices are discussed based on the simulation results.

5.1 Monolithic integration of iron garnet films on silicon

5.1.1 Integration of polycrystalline YIG films

YIG films with the thickness of 20~80nm were fabricated by PLD using the conditions
described in table 2.1. The as deposited amorphous films were crystallized into the YIG phase
by rapid thermal annealing at 850°C for 5 min. Figure 5-1 (a) shows the 1D ©-20 XRD
spectrum of an 80nm yttrium iron oxide film deposited on an oxidized silicon wafer after
rapid thermal annealing. The diffraction pattern consists of a broad diffraction feature from
the amorphous SiO; layer and well defined diffraction peaks from crystallized YIG. No
secondary phase peaks were observed in the XRD spectrum. From the peak positions, the
lattice constant of the YIG film is calculated to be 12.38 A. Using Scherrer’s equation [1], we
can estimate the average YIG crystal size is about 22 nm. Similar XRD patterns were also
observed on YIG films deposited on SOI substrates. Figure 5-1 (b) shows the atomic force
microscope (AFM) image of a 1 um by 1 um area on the crystallized YIG film. The film
shows a smooth surface with RMS roughness of 0.36 nm. The polycrystal grain size is
comparable with the value calculated from the XRD spectrum. The room temperature
magnetic hysteresis of a crystallized YIG film is shown in figure 5-1 (b). The YIG film shows
a saturation magnetization of 130 emu/cm® with an in-plane magnetic easy axis due to
magnetic shape anisotropy. Comparing with the bulk magnetization value of 139 emu/cm?,
we estimated that ~95 vol.% of the film has crystallized into the YIG phase. (Note that the 9
emu/cm’ difference is within the measurement error range and may be due to measurement
erros.) This film shows a very low in-plane saturation magnetic field of 100 Oe, which is
beneficial for fabricating integrated isolators. We also noticed that the PLD temperature is
critical for the final phase purity of the YIG film after RTA. For YIG films deposited at

higher substrate temperature of 650°C, iron oxide impurity phases formed in the as deposited
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film demonstrated by observing a magnetic hysteresis loop. Although not observed in XRD
spectrum, such impurity phases may act as scattering centers and are undesired for integrated
photonic devices. Figure 5-1 (c) shows the room temperature Faraday rotation spectrum of a
500 nm polycrystalline YIG film grown on an MgO substrate. A Faraday rotation value of
~100 deg/cm is observed, smaller than the value of 160 deg/cm of YIG single crystals at this
wavelength. [2] This is possibly due to the inferior crystal quality of RTA YIG films
compared with single crystals and due to the measurement error for small rotation values.
Notice that the saturation magnetic field of the Faraday rotation hysteresis is around 1600 Oe,

which coincides with the out-of-plane saturation field value determined by VSM.
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Fig. 5-1 (a) 1D 0-20 XRD spectrum of an 80 nm YIG film deposited on a SiO,/Si wafer followed by rapid
thermal annealing at 850°C for 5 min. (b) AFM image of 1 um by 1 um area on the crystallized Y1G film
(c) Room temperature in-plane (IP) and out-of-plane (OP) magnetization hysteresis loops of a crystallized
YIG film on SiO,/Si substrate. (d) Room temperature Faraday rotation hysteresis of a 500 nm Y1G film on

MgO substrate
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5.1.2 Two-step integration of Bi:YIG and Ce:YIG films on silicon

To stabilize the garnet phase and reduce the fabrication thermal budget, a two-step integration
method was carried out for Bi:YIG and Ce:YIG films integration on silicon. A thin YIG film
was firstly deposited by PLD and rapid thermal annealed to crystallize, then the Bi:YIG and
Ce:YIG films were deposited by PLD on the YIG buffer layer. The deposition conditions are
described in table 2-1. Figure 5-2 (a), (b) and (c) show the ®-20 X-ray diffraction spectrum
of Bi0.8YIG, Bil.8YIG and CeYIG on oxidized silicon substrate fabricated using the
two-step method respectively. For comparison, XRD spectra of films deposited without the
YIG buffer layer are also shown. It is clear that two-step grown films show polycrystalline
garnet phases while the reference samples without YIG buffer layers show only amorphous
diffraction patterns at 26=30°. For the first time we demonstrated that both Bi:YIG and
Ce:YIG films can be stabilized by an ultra thin YIG layer using RTA crystallization. The
Bi:YIG and Ce:YIG films can crystallize at lower temperatures and require low fabrication
thermal budget which is important for photonic device design and fabrication. We calculated
the lattice parameter of the garnet films from the XRD patterns. Bi0.8YIG, Bil.8YIG and
CeYIG show lattice constants of 12.40 A, 12.46 A and 12.46 A, which are comparable to
bulk samples [3][4] following the Vegard’s Law. The crystal sizes are calculated by applying
Scherrer’s equation. The buffering YIG layer, Bi0.8YIG, Bil.8YIG and CeYIG films show
crystal sizes of 36 nm, 30 nm, 37 nm and 46 nm respectively. It is observed that the film
lattice parameter is highly dependent on fabrication conditions. A decrease of the deposition
oxygen partial pressure yields smaller or larger lattice parameters of BiYIG or CeYIG films
respectively, which are possibly due to desorption of Bi atoms or reduction of Ce ions from
4+ to 3+ with lower oxygen partial pressure. Meanwhile, oxygen vacancies formed at lower
deposition pressures may also expand the lattice. Such processes significantly influence the
magneto-optical properties of the garnet films, which will be discussed below. Figure 5-2 (d),
() and (f) shows the AFM image of Bi0.8YIG, Bil.8YIG and CeYIG films respectively. The
surface roughness of the BiYIG films varies significantly depending on the Bi concentrations.

Bi0.8YIG, Bil.8YIG and CeYIG films show surface RMS roughness of 1.81 nm, 4.50 nm
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and 0.92 nm respectively, compared with a bare YIG polycrystalline film of 0.36 nm shown

in figure 5-1 (b).
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Fig. 5-2 XRD spectrum of (a)Bi0.8YIG, (b)CeYIG and (c)Bil.8YIG polycrystalline films on oxidized
silicon substrates using two-step deposition. Films deposited without the Y1G buffer layer is also shown
for comparison. AFM images of 1um by 1um area of (a)Bi0.8YIG, (b)CeYIG and (c)Bil.8YIG films are

also shown
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Fig. 5-3 Room temperature magnetization hysteresis and Faraday rotation at 1550nm wavelength of (a),(c)
Bil.8YIG films and (b),(d) CeYIG films. The inset of (d) shows Faraday rotation as a function of
fabrication oxygen partial pressure

Figure 5-3 shows the room temperature magnetic and 1550 nm Faraday rotation hysteresis
loops of Bil.8YIG and CeYIG films. Both films show in-plane magnetization easy axis due
to magnetic shape anisotropy. Bil.8YIG shows a higher in-plane saturation field of ~500 Oe
compared to ~200 Oe of the CeYIG film, which may be correlated with the different
microstructure of these films shown in the AFM images. The saturation magnetization of
Bil.8YIG and CeYIG films are 125 emu/cm’ and 120 emu/cm’ respectively. By comparing
with the bulk materials, the volume fraction of crystallized garnet phase in Bil.8YIG and
CeYIG films are estimated to be 91 vol.% and 87 vol.% respectively. Although most of the
film volume crystallized into garnet phase and show comparable lattice constant to their bulk
counterparts, the Faraday rotation of polycrystalline BiYIG and CeYIG films are

considerably lower. Bil.8YIG and CeYIG show saturation Farday rotations of -838 deg/cm
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and -830 deg/cm respectively, compared to >-3000 deg/cm and -3300 deg/cm in sputter

deposited epitaxial films on garnet substrates. [5][6]

The Faraday rotation of CeYIG samples is also strongly dependent on the deposition oxygen
partial pressure. As shown in figure 5-4, the saturation Faraday rotation of CeYIG is
maximized at intermediate oxygen pressure, which is consistent with previous reports on
epitaxial CeYIG films. [7] Higher oxygen partial pressure leads to higher Ce** ion population
compared with Ce*’, which decreases the Faraday rotation. This explanation is also consistent
with the observation of an increase of the lattice constant as decreasing the fabrication

oxygen partial pressure of the CeYIG films.
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Fig. 5-4 Faraday rotation of polycrystalline CeYIG films on silicon substrates as a function of oxygen
partial pressure

5.2 Garnet film based strip-loaded waveguides and resonators

5.2.1 Chalcogenide glass/garnet waveguides and resonators

As2S3/YIG, AsySa/Bi:YIG and As;S3/Ce:YIG were fabricated on oxidized silicon substrate
using the strategies described in section 2.1.2. Figure 5-5 (a) shows the top view optical
microscope image of the waveguides. The cross-sectional SEM image of a 2 um wide
As3S3/YIG strip-loaded waveguide is shown in figure 5-5 (b). The waveguide consists of a 3

pum SiO; bottom cladding layer (n=1.44), an 80 nm YIG slab (n=2.2), a 360 nm thick As,S;
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(n=2.37) channel and a 2 um thick SU-8 top cladding layer (n=1.58). Notice that the
sidewalls of the As,S; layer are slanted to 60°, which is due to the lift-off fabrication process.
[8][9] The TM mode optical transmission spectrum of a 13 mm long waveguide with this
structure is shown in figure 5-5 (c), also shown for comparison is the transmission spectrum
of a 19 mm long bare As;S; channel waveguide on SiO,/Si substrate with the same As,S;
channel thickness. Although shorter in length, the strip-loaded waveguide showed higher
insertion loss compared with the bare As;S; channel waveguide, which is due to the
incorporation of the YIG slab. A small insertion loss variation versus wavelength is observed

in both waveguides, which is due to the multimode beating effect.
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Fig. 5-5 (a) Cross-sectional SEM image of a 2 um wide As,S;/YIG strip-loaded waveguide. (b) TM
polarization optical transmission versus wavelength of a 2 pm wide bare As,S; channel waveguide and a 2
pm wide As,S;/YI1G strip-loaded waveguide
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Fig. 5-6 Optical propagation loss of the TM mode incident light at 1550nm for (a) a 2 um wide As,S;
channel waveguide (b) a 2 pm wide As,S;/YIG waveguide and (c) a 4 um wide As;S3+/Y1G waveguide
determined by cut-back method

In order to accurately determine the optical loss of the strip-loaded waveguides and the garnet
films, cut-back method was carried out to measure the insertion loss of a 2 um wide As,;S;
channel waveguide, a 4 pum wide As;S;/YIG strip-loaded waveguide, a 4 um wide
As;S3/Bi0.8YIG waveguide and a 4 um wide As;S;/CeYIG waveguide. We did not
characterize the propagation loss of wider waveguides due to the stronger multi-mode beating
effect. The results are shown in figure 5-6. The full square dots are the experimental data and
the lines are linear fit to these values. The bare As;S; channel waveguide showed optical loss
of 5.6+0.2dB/cm at 1550nm wavelength, which is slightly larger but consistent with the
optical loss of waveguides fabricated by this method.[8][9] The 4 um wide As;Sy/YIG,
As;S3:/Bi0.8YIG and As;S;/CeYIG waveguides showed transmission loss at 1550 nm

141



wavelength of 9.7+0.4dB/cm, 32.15+£3.9dB/cm and 5.25+0.82dB/cm respectively.
The transmission loss of As,;S3/Bil.8YIG waveguides are even higher than As,S3/Bi0.8YIG
waveguides which cannot be accurately measured using this method. We note that the
As;83/CeYIG waveguide shows similar loss level compared to the 2 um wide As,S;
waveguides fabricated under similar conditions, indicating the CeYIG layer showing low
transmission loss at near infrared wavelengths; whereas As;S3/Bi0.8Y1G waveguides showed
much higher loss originated from the garnet layer. Considering the confinement factor in the
YIG layer and the Bi0.8YIG layer are about 11% and 10% respectively, the optical
transmission loss is estimated to be ~50 dB/cm (a=11.5 cm™) for polycrystalline YIG and
~150 dB/cm (0=34.5 cm™) for polycrystalline Bi0.8YIG respectively. These values are
higher than the YIG or Bi:YIG single crystals. In single crystal YIG and BiYb:YIG materials,
the propagation loss was reported to be 25.8 dB/cm and 15.4 dB/cm respectively,
corresponding to figure of merits of 9.1 deg/dB and 25.8 deg/dB respectively. [10] It is
considered that although not observed in X-ray diffraction patterns, a small amount of
amorphous or secondary phases may cause scattering in the polycrystalline YIG film,
therefore increase the material loss at near infrared wavelengths. Compared to literature
reported loss value of 15.5 dB/cm of YIG polycrystalline film on SiO; buffered silicon [12],
our YIG films shows higher but same order of loss values. For Bi0.8YIG, the optical loss
may be partially related to the large film roughness. Also different from epitaxial BiYIG films,
in polycrystalline BiYIG, Bi may segregate at grain boundaries which causes index variation

and leads to much stronger scattering loss. [11]

In order to determine the transmission loss of polycrystalline CeYIG films, “paperclip” type
As:S3/CeYIG waveguides were fabricated. As a control sample, bare As,S; channel
waveguides with the same structures are fabricated at the same time. Figure 5-7 (a) shows the
optical microscope image of one of such waveguides. By measuring paperclip pattern with
different straight part length, we were able to measure the transmission loss as a function of
waveguide length. As shown in figure 5-7 (b) and 5-7 (c), the transmission loss of a 4 um
wide As;S; and As;S3/CeYIG waveguide are determined as 2.99+1.88dB/cm and

6.67+2.26dB/cm respectively. Therefore the optical transmission loss of the CeYIG layer is
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estimated to be ~40 dB/cm by considering the confinement factor of the waveguide structure.
For comparision, CeYIG single crystals show loss values of 2.7 dB/cm and Faraday rotation
value of 1250 deg/cm. [13] CeYIG epitaxial film based waveguides on garnet substrates
show propagation loss value of 5~10 dB/cm for TM modes and Faraday rotation value of
-3300~-3800 deg/cm at 1550 nm wavelength.[5][6] The loss value of our polycrystalline
CeYIG is higher than epitaxial CeYIG films and comparable to the polycrystalline YIG films.

3
[
o

(b)

Q

N

N
1
=

Transmittance (dB)
N
F-

-26 -
4um SU-8/As S, = .38 . 4um SU.B/As S /Ce1YIG
Wavelength 1550nm Wavelength 1550nm =
.28 Transmission Loss: 2.99+1.88dB/cm 40 Transmission Loss: 6.67+2.26dBlcm
10 12 14 16 18 20 10 12 14 16 18 20
Waveguide Length (mm) Waveguide Length (mm)

Fig. 5-7 (a) Top view of an As,S;/CeYIG paperclip waveguide. The transmission loss measured by
paperclip method of a 4 um wide bare As,S; waveguide and As,S;/CeYIG waveguide are shown in (b) and
(c) respectively
GeSy/garnet optical resonators were also fabricated using the waveguide fabrication strategies.
Figure 5-8 (a) shows a top view image of a GeSy/Bi0.8YIG racetrack resonator. The
waveguides are 2 um wide, and the gap size between the bus waveguide and the racetrack

resonator is 1 pm. In order to have good coupling between the resonator and the bus
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waveguide, we deposit a ridge structured GeS; layer on the Bi0.8YIG film. The overall GeS;
layer thickness is 400 nm with a ridge height of 286 nm, while the Bi0.8YIG layer is 127 nm
thick as measured by SEM. The transmission spectrum of such a resonator is shown in figure
5-8 (b). Well defined resonance peak with free spectral range (FSR) of 0.33 nm is observed in
the TE mode transmission. The resonance spectrum behaves from under-coupling to
over-coupling in a spectrum range of 1529 nm to 1537 nm. The quality factor Q is around
17,000 at critical coupling wavelength, which is calculated by applying a Lorentzian fitting to
the resonant peaks. We did not observe resonance in the TM mode transmission spectrum.
This is possibly due to higher bending loss of TM mode in the ridge waveguide structure,

which leads to under-coupling within the tested wavelength range.
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Fig. 5-8 (a)Top view of a GeS,/Bi0.8YIG racetrack resonator (b) the transmission spectrum of the
GeS,/Bi0.8YIG resonator at NIR

5.2.2 Garnet/SOI waveguides and resonators

We also integrated polycrystalline YIG films in YIG/SOI waveguide and resonator structures
using the strategies described in figure 2-4. The top-view SEM image of a 450 nm wide
Y1G/SOI waveguide is shown in figure 5-9 (a). One can notice that a crack generated even in
an 80 nm YIG film after crystallization. However the crack did not propagate through the
YIG/SOI waveguide, which can be explained by the reduced surface area of the YIG film on
the SOI waveguide compared to a continuous film. The small film area leads to small
expansion area and less cracks. [14] The TM mode transmission spectra of a 6 mm long SOI

and a 6 mm long YIG/SOI waveguide are shown in figure 5-9 (b). Both waveguides show
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single mode propagation characteristics, while the strip-loaded waveguide shows much

higher insertion loss due to the incorporation of the YIG layer.
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Fig. 5-9 (a) Plane-view SEM image of a 450nm wide Y1G/SOI waveguide. (b) TM polarization
transmission spectrum of a bare SOI channel waveguide and a YIG/SOI waveguide

To characterize the propagation loss of the YIG/SOI waveguides, a pulley-type silicon ring
resonator with a diameter of 40 um is fabricated as shown in figure 5-10 (a). A 450 nm wide
bus waveguide was designed to surround half of the circumference of the ring resonator,
which provides stronger coupling between the waveguide and the resonator. The gap between
the bus waveguide and the ring resonator was 300 nm. After coating the device with an 80 nm
YIG layer, the transmission spectrum was measured as shown in figure 5-10 (b). Evenly
spaced resonant peaks were observed in the TM polarization transmission spectrum, while
the TE mode signals are too lossy to be measured. The resonator showed a under coupling to
over coupling transition with increasing incident light wavelength, and near critical coupling
was achieved around 1515 nm. The quality factor Q of this resonator was calculated to be
~10,000. We can calculate the propagation loss of the YIG/SOI waveguide from the
following formula [15].

27A,

r

a=—"
FSR-Q, -L (5-1)

where X, is the resonance wavelength, FSR is the free spectrum range of the resonance, Qj, is
the intrinsic quality factor of the resonator (Qiy~2Qyy at critical coupling wavelength), L is the

cavity length and a is the optical absorption coefficient. The effective index of the YIG/SOI
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waveguide is simulated to be 1.98 at 1515 nm wavelength, therefore the optical loss of the
waveguide is calculated to be 34 dB/cm. Comparing with the optical transmission spectrum
of the straight waveguides shown in figure 5-10 (b) and considering a simulated confinement
factor of 28% in the YIG films, the optical loss of the YIG film is estimated to be 60~70
dB/cm. This value is larger than the As;S3/YIG case, which is possibly due to increased

silicon waveguide side wall roughness during deposition and crystallization of the YIG layer.
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Fig. 5-10 (a) Plane view SEM image of a pulley-type silicon ring resonator. (b) Measured transmission
spectrum of TM polarized light in a YIG/SOI pulley type resonator

5.3 NRPS and figure of merit simulation of garnet based waveguides

The magneto-optical performance, specifically the NRPS of these waveguides can be
simulated by perturbation theory using the following equation as we discussed in chapter 4.
™ "
AB™ = —i—fw I} %AOTJ-)’- H 0 H dxdy

We firstly simulated the fundamental TM mode profile in the As;S3/YIG and YIG/SOI
waveguides by FIMMWAVE software using a film mode matching method (FMM) [16].
From the mode profile and the experimentally measured Faraday rotation of the YIG film, we
calculated the NRPS of both waveguide structures as a function of the As;S; and SOI layer
thickness. Also from the measured waveguide propagation loss, we calculated the device
figure of merit as a function of the As,S; and SOI layer thickness, which is defined as NRPS

divided by optical loss per length. The results are shown in figure 5-11 (a) and (b) for
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As3S3/YIG and YIG/SOI waveguides respectively. The insets are the schematic plot of the
waveguide structures used in the simulations. First of all, we notice that the highest NRPS
can be achieved at a certain thickness of the As,S; or the SOI layer. This can be explained as

follows: when the As;S; or SOI layer is thin, the guided mode is highly confined in the YIG
layer. The O ,H , term can be positive or negative and cancels out when integrated, which
yields low NRPS; when the As;S; or SOI layer is thick, the guided mode is weakly confined
in the YIG layer. The H y term is small, which also yields lbw NRPS. In the AsySs/YIG

waveguide structure, the highest FoM of 3.12 can be achieved at an As,S; layer thickness of
320 nm. Whereas in the YIG/SOI structure, the FoOM shows smaller values and more complex
variation with SOI layer thickness. This is because the propagation loss of this waveguide is
higher as measured by experiments, and part of the NRPS is canceled by the YIG film on the
SiO; surface in this structure. An improved device design may be achieved by etching into
the SiO cladding layer to decrease the optical confinement in the YIG films on the SiO,

surface, which may lead to higher device NRPS and FoM.
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Fig. 5-11 Simulated Nonreciprocal Phase Shift (NRPS) and Figure of Merit (FoM) (NRPS divided by
transmission loss per length of the waveguide) in (a) As;S;/Y1G and (b) YIG/SOI strip-loaded waveguides.
Also shown are the waveguide dimensions used for mode profile simulation in (c) As;S3/Y1G and (d)
Y1G/SOI strip-loaded waveguides.
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The NRPS and FoM of As;S3/CeYIG waveguides were also simulated using the same
strategies. The results are shown in figure 5-12. The NRPS and FoM maximize at similar
As;S3 layer thickness compared to As;S3/Y1G waveguides, suggesting that both properties are
mainly controlled by the confinement factor in the garnet layers. Comparing with As,Ss/YIG
waveguides, As;S3/CeYIG waveguides show a much higher FOM up to 32.6 deg/dB by
simulation, which is due to higher Faraday rotation in the CeYIG films. Considering using
such waveguides in a Mach-Zehnder structure which requires 90° NRPS to achieve optical
isolation, the device size should be at least 5 mm long and the excess loss due to the garnet
layer will be 3 dB. These values are promising, but further improvements on materials and
devices are necessary to reduce the excess loss for optical isolation applications. The device
footprint is another important issue. A 5 mm long device with Mach-Zehnder interferometer
structure is too large compared to other integrated photonic devices, and is also incompatible
for high density monolithic integration. We consider that rather than creating a m phase
difference using NRPS, integrating such waveguides in a resonator structure such as shown in
figure 5-8 will significantly reduce the device footprint. The nonreciprocity can be achieved
by different TM mode propagation constants between clockwise and counter-clockwise
resonance modes, leading to a non-degeneracy of the resonance frequency of forward and
backward propagating light. With the material and waveguide studies in this chapter, we have
a platform to realize the nonreciprocal optical resonator devices on silicon, which will be

discussed in detail in chapter 6.
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Fig. 5-12 Simulation of NRPS and device FoM (NRPS divided by transmission loss per length of the
waveguide) of As,S;/CeY1G waveguides on oxidized Si
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5.4 Summary

In this chapter, we studied the integration of polycrystalline YIG, Bi:YIG and Ce:YIG on
silicon. YIG films were deposited on oxidized silicon substrates and RTA to form the garnet
phase. Using a two-step deposition strategy, we integrated phase pure Bi0.8YI1G, Bil.8YIG
and CeYIG films on silicon. The structure, magnetic and magneto-optical properties of the
polycrystalline films were characterized. Waveguide and resonator devices based on
ChG/Garnet and Garnet/SOI structures were demonstrated and characterized. For the first
time we measured the optical transmission loss of polycrystalline Bi and Ce doped Y1G films
by cutback, paperclip and optical resonator methods. Using the measured Faraday rotation
and optical loss of the garnet films, we simulated the NRPS and figure of merit these
waveguides at 1550 nm wavelength. CeY1G films show a material FoM of ~20 deg/dB, while
As;S3/CeYIG waveguides show a simulated FoM up to 32.5 deg/dB (NRPS), which are

promising for integrated optical isolator applications.

In chapter 4 and 5, we discussed several material candidates for integrated nonreciprocal
photonic devices. Here we summarize these materials’ performance in table 5-1. Ga:STF and

polycrystalline Ce:YIG shows the highest figure of merits among the materials we studied.

Table 5-1 Faraday rotation, optical absorption and figure of merit of several
magneto-optical materials studied in this thesis and in literature

Materials FR (deg/dB) Loss (dB/cm) FoM (deg/dB)
Sr(Tig 77C0023)0s.5 -200~-500 300~400 0.57
Sr(TigeFeo.4)O0s.5 -780 700 1.1
Sr(Tip2Gap 4Fep4)05.5 -400 100~120 3~4
Y;FesO,; (polycrystal) +100 ~50 ~2
CeY2FesOyz (polycrystal) -830 ~40 ~21
Y;FesO; (single crystal) [10] 216 23.8 9.1

Ce Y,FesO,; (epi. film) [6] -3300 5.8 (TM mode) 569
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Chapter 6
An On-chip Nonreciprocal Optical Resonator

In the previous chapters, we focused on monolithic integration of magneto-optical materials
and waveguide devices on silicon. These studies provide thin film materials and basic
waveguide device structures for nonreciprocal photonic device integration. As we discussed
in chapter 1, monolithic integration and small footprints of nonreciprocal photonic devices
are critical for its application. Integrated semiconductor photonic devices such as lasers [1],
modulators [2] and detectors [3] were reported with device footprint of tens or hundreds of
um. Although optical isolators based on mode conversion waveguides [4] or Mach-Zehnder
interferometers [5S] were demonstrated experimentally on garnet substrates, these device
structures show large footprint in the scale level of millimeters to centimeters, which is
incompatible with other semiconductor devices. Fundamentally the large device footprint is
caused by the relatively weak magneto-optical effect of most materials. For example,
considering our polycrystalline CeYIG film described in chapter 6 with a saturation Faraday
rotation of -830deg/cm, to achieve optical isolation in Mach-Zehnder structures the device
need to be at least Smm long by simulation. Using mode conversion between TE and TM
modes, the device need to achieve 45 deg polarization rotation, which corresponds to a 542
um long waveguide. Taking account of birefringence and integrated polarizer components,

the optical isolator can easily scale up to millimeter level.

Opﬁcal ring, disk and racetrack resonators are a class of travelling wave resonator devices, in
which light couples from the guided modes in a bus waveguide to the circulating modes in
the resonators. Due to the strong optical field enhancement and long optical path in the
resonators, these devices are used in optical filters [6], an all optical switch [7], nonlinear
photonics [8] and biochemical sensor applications [9]. We consider that by incorporating the
nonreciprocal photonic component in such resonator structures, the device footprint will be
significantly reduced. Although optical resonance based nonreciprocal photonic devices

including photonic crystals and optical disk resonators have been proposed very recently, due
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to the difficulty of patterning the magneto-optical materials, magnetic domain structures or
nonhomogenous magnetic fields, there are no experimental devices demonstrated so far. In
this chapter, we demonstrate a monolithically integrated ultra compact nonreciprocal optical
racetrack resonator on silicon. Using a “patterned resonator” structure, we experimentally
6bserved the device nonreciprocity of TM polarized mode using a homogenous applied
magnetic field. To the best of our knowledge, this device is the world’s first monolithically
integrated optical isolator on silicon. The device structure, operation principle, fabrication
process, simulated and experimental performance are discussed in this chapter. As a basic
component of nonreciprocal photonic devices, nonreciprocal optical resonators can be used in
a variety of photonic devices including full optical isolators, optical circulators, optical
switchs and optical modulators, therefore opening a new dimension of functionalities for

integrated photonics.

6.1 Operation principle, device design, and fabrication process

Simply put, the operation principle of a magneto-optical nonreciprocal optical resonator is to
lift the degeneracy of the resonance frequencies between forward and backward propagating
light in an optical resonator using magneto-optical effect. In a common optical resonator with
no magneto-optical effects, the resonant frequencies are identical between forward and
backward propagating light. However when magneto-optical effect, specifically, the
nonreciprocal phase shift (NRPS) effect is incorporated in the resonator, the resonance
wavelengths are nonreciprocal. To understand this, consider figure 6-1 (a). A straight optical
waveguide comprised with magneto-optical materials will see NRPS in the TM polarized
modes when an external magnetic field is applied perpendicular to the light propagation
direction. This effect is proportional to the Faraday rotation of the magneto-optical material
and the field gradient across the magneto-optical layer described by equation (1-12). The
NRPS effect leads to non-degenerate effective indices for forward and backward propagating
TM polarized modes. If this effect takes place in a ring resonator structure shown in figure

6-1 (b), the resonant wavelengths will be non-degenerate between clockwise (CW)
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(corresponding to forward propagating light, denoted by +) and counter-clockwise (CCW)
(corresponding to backward propagating light, denoted by -) TM resonating modes, which are

related to the effective indices by:

Ly, (3)

A (2) = — (6-1)

where L is the resonator cavity length and N is an integer. This resonance non-degeneracy
serves as the fundamental device characteristics for the functionalities such as optical

isolation and circulation that we discuss hereafter.

k-

p——

| gy MO Waveguide
X Z

k- CCW

Fig. 6-1 Schematic plot of (a) a nonreciprocal magneto-optical waveguide showing non-degenerate
effective indices between forward and backward propagating TM polarized light (b) a nonreciprocal
magneto-optical resonator showing non-degenerate resonant frequencies between clockwise and
counter-clockwise resonating wavelengths of TM polarized light

The transmission spectrum of a nonreciprocal optical resonator near resonance is shown in
figure 6-2. The red and green curves correspond to forward and backward transmittance
spectrum respectively. Optical transmission nonreciprocity is achieved for wavelengths near
resonance. Consider incident light with the wavelength denoted by the perpendicular line.
The forward propagating light is far from resonance and is weakly coupled to the resonator.

The transmittance determined by the red curve is high. The backward propagating light is on
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resonance and is critically coupled to the resonator. The transmittance determined by the
green curve is low. When this device functions as an optical isolator, the maximum isolation
ratio and the corresponding insertion loss is determined by the transmittance levels shown by
the blue line and red line respectively. Strong optical isolation can be achieved in a

wavelength range as shown by shaded regions in the figure.

rtion Loss

|solation Ratio

Transmission

Operating
# wavelength

I

Wavelength

Fig. 6-2 Theoretical transmission spectrum of a nonreciprocal optical resonator. Red and green curves
correspond to forward and backward propagating light respectively. The shaded regions show the
wavelength range in which high optical isolation ratio can be achieved for the forward propagating light

Although the operation principles are theoretically sound, careful device design is required
for experimental realization of device performance. In traveling wave optical resonators, light
is circulating in the resonator structure. For a ring resonator consisting of magneto-optical
waveguides with TM mode NRPS shown in figure 6-1 (b), if a homogenous external
magnetic field is applied across the device, the overall magneto-optical effect will be trivial
due to the circulating propagation of the resonant modes. To overcome this issue, recently
proposed resonance based integrated nonreciprocal photonic devices require either patterning
of the magneto-optical material, or controlling the magnetic domain structure or designing a
non-homogenous magnetic field across the resonator, which are not simple to fabricate and
hard to realize. Instead of using non-homogenous magneto-optical films or magnetic field, we

use a device design shown in figure 6-3. A silicon racetrack resonator is patterned by optical
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lithography so that only part of the resonator is covered by magneto-optical thin films. The
lengths of the resonator in the covered and uncovered regions are L, and Ly respectively. A
homogenous magnetic field H is applied across the device. Because the resonance mode only
couples to the magneto-optical material in the L, region, the NRPS shows the same sign

when light circulates in the resonator, and a macroscopic nonreciprocal effect is observed.

1

Fig. 6-3 A schematic layout of the nonreciprocal optical resonator using a homogeneous applied magnetic
field and a patterned racetrack resonator structure

6.2 Theory of the patterned nonreciprocal optical resonator

To evaluate the performance of the patterned nonreciprocal optical resonator, we consider the
resonator structure shown in figure 6-3. Here we focus on the figure of merit (FoM) and the
operation bandwidth of the device. For FoM analysis, we introduce three FoMs, the material
FoM (Fpa), the waveguide FoM (F,..) and the resonator FoM (F,s) in the following

discussions.

Material FoM (Fa)

®
The material FoM is simply defined by FoM =-—— as we discussed in chapter 1. Note that
a

mat.

the material optical 10ss oma corresponds to the integrated thin film materials rather than

their bulk counterparts.

Waveguide FoM(F\.,)
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We define the waveguide FoM as the NRPS divided by the optical loss per length of light
propagation in the waveguide. As we discussed in chapter 4 and 5, the NRPS is dependent on

the waveguide structure and can be expressed by:
m__ 2B™ (1 ©
A I} o Ho0H sy (6-2)

The optical loss can be expressed by:

+a

sidewall

04 +a

tor = I-M()aM() + 1—‘( Tuide a( Tuide +T clad aclad + asurface substrate (6-3)

where I stands for the confinement factor in each layer and « is the optical loss coefficient
with the units of cm™. The first three terms on the right side of the equation describes the loss
contributions of the magneto-optical layer, the guiding layer (silicon or chalcogenide glasses)
and the cladding layer (SiO,, air or SU-8 resist) respectively. uymce is the absorption and
scattering loss of light propagating at the surface of the waveguides, yigewar is the sidewall
scattering loss and dussiraee is the optical leakage loss into the substrate. Considering the high
index contrast of the waveguide structure, leakage 10ss Qsupsirare is small. For waveguides we
characterized, the TE mode always show lower transmittance than the TM modes, therefore
Osurface 1 comparatively small as well, because the TM mode has a much stronger modal
intensity at the waveguide surface according to boundary conditions. The cladding materials
show much lower loss compared to other terms. Therefore the optical loss can be simplified

as:
atol = 1-‘MOG!M() + r( iuidea(r'uide + axidewall (6'4)
For SOI waveguides, the guiding layer material is single crystalline silicon, so the second

term on the right may also be neglected.

The waveguide FoM can be expressed by:

F B A ﬁTM _ @ 2 ﬁTM
wav. — - :
127 oo + Teuae®cuide + Csidenan €N

Il ’:—gHyaxHydxdy (6-5)

uide s

If the loss from the magneto-optical material is dominating, the equation is simplified as:

F,, =-

wav.

© 287 (1L komday=-F,, 2L oo (e
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Note that the integral term on the right side of the equation is solely determined by the index
of refraction of the different layers in the waveguide, which has a determined maximum value
for a certain waveguide structure, achieved by designing the thickness of each layer. For
instance, this maxium value is shown in the simulation results of figure 4-13, 5-10 and 5-11.
Therefore in the magneto-optical material loss dominant regime F,,. is simply linearly

proportional to the Fiu.

If the loss from the guiding material or the sidewall scattering is comparable to the
magneto-optical materials, Fy,4. will be smaller than the value in equation (6-6). In this case
equation (6-6) can be considered as a maximum possible waveguide FoM for a certain

magneto-optical material used in NRPS waveguides if device fabrication is optimized.

Resonator FoM (Fes)

The resonator FoM may be defined from figure 6-2 as the ratio between optical isolation ratio
and insertion loss. However this term is not well defined because the extinction ratio of an
optical resonator is highly dependent on the fabrication process. ldeally, the extinction ratio is
infinite if critical coupling condition is exactly met. In practical devices the light can only be
close to critical coupling, and the resonator extinction ratio can reach 30 dB or higher. Rather

than using this definition, we use the following equation to define resonator FoM.

w oA (6-7)

where A1 is the nonreciprocal resonant wavelength shift between forward and backward
propagating light, w is the full width at half maximum (FWHM) of the resonance peak, Q;, is

the intrinsic quality factor of the resonator and 4, is the resonance wavelength.

We first consider A4, the resonance wavelength of forward (4) and backward (4,)

propagating light satisfies:

Lyn

A

L, i
=—=N 6-8
7 (6-8)

g
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on, on,
Ly(n, + wgfﬂ “AA) ) Li(ng + 'gf"' - AA+ An) .
A, A, (6-9)

A= A, AL, (6-10)
27

where N is an integer, nem and ngg are the effective refractive index of TM polarized light
corresponding to resonator section Ly and L, respectively. 4n and ABry, are the TM mode
effective index and propagation constant difference between forward and backward
propagation light respectively. Using equation (6-8) and (6-10) to substitute N and An in
equation (6-9), consider A~A,~A,, we obtain:

- j’rz Ll AﬁTl\/l
27(Lyngy +Liny,) (6-11)

where ngg and ng, are the group index of resonator section Ly and L, respectively, which are

defined as:

n,=n,-—=L.4 (6-12)

We can also express 44 as a function of the free spectral range (FSR) near the resonance
wavelength. The FSR is defined as the wavelength difference between neighboring

résonances:

Popozlo * Py Peguabo Mgl oo vy 1 6a3)
N, N,

FSR=14,,-4,, =

Using the group index definition in equation (6-12) and considering N; ~No~N>>1, we have:

/1 2
Longo + L,ng,
Therefore we have:
Ad= FSR-LAB,, (6-15)
2z

The quality factor Q of the resonator is defined as the resonance wavelength divided by the
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full width of half maximum (FWHM) of the resonant peak. It can be derived using a phasor
summation of the electric field circulating in the cavity. Following a similar derivation of Ref.

[10], we obtain the following equation for the quality factor Q at critical coupling condition:

_ 7r(L0ng0 + Llngl)
Aol

(6-16)

where « is the loss per unit length of the resonator including light coupling back to
transmission in the bus waveguide. At critical coupling wavelength, the loss coefficient can
be expressed by:

a=(a,L,+a,L, +2¢ ) L (6-17)

where the 3 terms on the right are the loss from L, region, L, region and junctions between Ly

and L, regions respectively.

From equations (6-11), (6-16) and (6-17) we can obtain the expression of resonator FoM:

_204 AL _LAB, (6-18)

F, ===
res. w j’r Ql” aL

This simple expression suggests that the resonator FoM is linearly proportional to the
magneto-optical nonreciprocal phase shift, the length of the magneto-optical waveguide
section and inversely proportional to the roundtrip loss of the resonator. From equation (6-17),
we speculate that the loss factors ay and juuion can both be minimized by fabrication
optimization and index design between the Ly and L, regions, whereas o; is related to the
intrinsic loss of the magneto-optical material. When the ;L; term is dominant in equation

(6-17), the resonator FoM can be expressed as:

_ LAB,, _ AB
a,L, «,

(6-19)

res.

This is exactly the same equation as (6-5), and is a maximum resonator FoM value by using a
magneto-optical waveguide with loss coefficient of ;. Other loss contributions from oy or
Qjuction can both lower the FoM in (6-19). Note that equation (6-19) is independent of the
magneto-optical waveguide length L,, therefore the patterned resonator structure maintains

the maximum possible F, the same as the F,,.. This FoM is further related to F.. by
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equation (6-6) and can be maximized by proper design of the guiding layers.

After understanding the resonator parameters as a function of the physical properties of the
magneto-optical material and waveguides, we can evaluate the device performance as an

optical isolator by approximating the resonant peaks using Lorentzian equations:

a

=]-—22
Y T 2oriny

(6-20)

where 0<a<1 is related to the extinction ratio of the resonance. a=1 corresponding to the
critical coupling condition where the extinction ratio is infinity. 54 is the wavelength
detuning from the resonance, 7 is the FWHM of the resonance peak, which is related to the
quality factor Q. Equation (6-20) describes the insertion loss due to the resonator structure

when the detuning is far from the resonance. The isolation ratio can be expressed as:

a
1+ 4(AA-8A) /r?

y=1 (6-21)

where A4 is the resonance nondegeneracy due to magneto-optical effect, which is
expressed in equation (6-11). Assuming the critical coupling wavelength is at 1550nm, we
can investigate the influence of @, Q and A4 on the device performance, as shown in figure

6-5 below.

Figure 6-5 (a), (b) show the influence of extinction ratio on the isolation ratio and insertion
loss of the device as a function of frequency detuning from resonance. We set the extinction
ratios as infinity and -30 dB to -20 dB in 2 dB intervals. Q and AA are fixed to be 20,000
and 40 pm respectively. From the figure it is noted that the extinction ratio mainly influences
the isolation ratio, and also shows a slight influence on the isolation bandwidth and insertion
loss. For extinction ratio increasing from -20 dB to infinity, the 10 dB isolation bandwidth
increases from 2.1 GHz to 2.3 GHz and the critical coupling wavelength insertion loss
changes less than 0.1 dB. This result shows that the operation bandwidth and insertion loss
are stable to the variation of fabrication sensitive extinction ratio. Figure 6-5 (c), (d) show the
influence of quality factor O on the isolation ratio and insertion loss. We fixed the extinction

ratio and A4 to be -30 dB and 40 pm respectively and varied Q from 5,000 to 50,000 in
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increments of 5,000. It is observed that the quality factor influences the isolation ratio,
isolation bandwidth and insertion loss significantly. Increasing O from 5000 to 50,000
increases the peak isolation ratio from 18 dB to ~30 dB, decreases the 10 dB isolation
bandwidth from 3.1 GHz to 1.1 GHz and decreases the insertion loss from 12 dB to 0.7 dB at
the critical coupling wavelength. This is reasonable by considering narrowing of the
resonance peaks as increasing the value of Q. Finally the influence of AA on the isolation
ratio and insertion loss is shown in figure 6-5 () and (f). We fixed the extinction ratio and @]
to be -30 dB and 20,000 respectively and varied A4 from 20 pm to 120 pm by an interval
of 10 pm. Similar to the effect of increasing Q, the insertion loss of the device decreases
monotonically with increasing A4, whereas different from increasing Q both the isolation
bandwidth and the peak isolation ratio increases with increasing AA. The 10 dB isolation
bandwidth increases from 1.5 GHz to larger than 3 GHz by increasing A4 from 20 pm to 70

pm and is saturated to the FWHM of the resonance peak by further increasing AA .
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Fig. 6-4 Influence of the extinction ratio on the isolation ratio and insertion loss as a function of frequency

detuning from resonance

From the discussic‘)ns above, we can conclude that to obtain an optical resonator based
isolator with high isolation ratio, relatively large operation bandwidth and low insertion loss,
we need a resonator device shown in figure 6-3 with large extinction ratio, high
nonreciprocity A4 and high quality factor Q. (Although the influence of Q is complicated,
considering decreasing Q both lowers the peak isolation ratio and the increases the insertion
loss, a high Q resonator is still desired for such devices.) Considering equation (6-11) and
(6-16), these conclusions point to a device with long magneto-optical section L;, high NRPS
waveguide, high group velocity, low waveguide loss, junction loss and operating at critical
coupling conditions. The fabrication sensitive extinction ratio is not important to the device
performance as long as the extinction ratio is much higher than the desired isolation ratio.
From figure 6-5 (a), with an extinction ratio ~10 dB higher than the desired isolation ratio,

the operation bandwidth and insertion loss will not be sensitive to the extinction ratios.

6.3 Garnet/SOI resonator based nonreciprocal optical resonator

To demonstrate the performance of the device structure shown in figure 6-3, we fabricated
polycrystalline garnet/SOI patterned optical resonators. The fabrication process flow of the
nonreciprocal racetrack resonator on an SOI substrate is shown in figure 6-5. The bare silicon
racetrack resonator was firstly fabricated using the process shown in figure 2-4. The bus

waveguide and the racetrack consisted of 450 nm wide and 220 nm thick silicon channel

162



waveguides. The radius of the ring region of the racetrack was 45 um and the length for the
straight region was 200 pm. The overall cavity length was 682.7 um. The gap between the
resonator and the bus waveguide was 200 nm. A | um thick flowable oxide (Fox-25, Dow
Corning) was spin-coated on the resonator and rapid thermal annealed to form a SiO, top
cladding layer. [11] Optical lithography was then carried out on an OAI mask aligner to
define the window region on the racetrack resonator using the NR9-1000PY photoresist
(Futurrex). An RIE step was carried out using CHFj; to etch the SiO, layer for 600 nm in the
window region, which is followed by an HF (1:100) etch process. After the HF etch, AFM
measurements were carried out to confirm the exposure of the silicon resonator surface. The
devices were then transferred to the PLD chamber for magneto-optical thin film deposition.
We used polycrystalline garnet films discussed in chapter 5 to demonstrate the device
performance. Bi:YIG or Ce:YIG films were deposited on the device using two-step
deposition methods. The crystal phases were then confirmed by XRD analysis. The devices
were cleaved on both sides of the bus waveguide to form end facets. Infrared incident light
was end-coupled into the device using lens tipped fibers. The transmission spectra in the near

infrared wavelengths were measured for magnetic field applied along opposite directions.

end facets
gd magnetic field

Cleave an
Test with

YIG film, RTA
Bi:YIG orfLe:YIG

Fig. 6-5 Fabrication process flow of a nonreciprocal racetrack resonator on SOI
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A schematic plot of the final device layout is shown in figure 6-6. In order to obtain a clean
silicon waveguide surface after RIE and HF etch at the window region, we measured the
waveguide surface profile using AFM for different etch period shown in figure 6-7. It is
observed that RIE reduced the surface height difference but HF etch increased both the
surface height difference and the surface roughness. After exposing the silicon waveguide
surface, trenches also formed on both sides of the waveguide and the waveguide sidewalls
were also exposed. The surface of the silicon waveguide also became rougher with an RMS
roughness of ~1 nm. SiO; residues were found to scatter on the silicon waveguide, as shown
in the phase contrast image of figure 6-7 (e). These residues were effectively removed after
ultrasonicating the sample in IPA for 5 min shown in figure 6-7 (f). The silicon surface also

seemed to form a surface oxide layer during this process.

Siresonator

MO Oxide

Fig. 6-6 A schematic plot of the patterned nonreciprocal racetrack resonator
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Fig. 6-7 AFM image of the Si waveguides (a) before etch (b) after CHF; etch for 15 min (c) after CHF;

etch for 15 min and HF(100:1) etch for 5 min and (d) after CHF; etch for 15min and HF(100:1) etch for 12
min. Also shown are the phase contrast image (e) before and (f) after ultrasonicating in IPA for 5 min

Figure 6-8 shows the transmission spectrum of a reference bare silicon racetrack resonator
with SiO; top cladding layers. Several resonance bands were observed for both TM and TE
polarized light. The quality factor for TM and TE polarizations were Q7~120,000 and
0O7:~5,3000. Following equation (5-1) in chapter 5, we calculated the propagation losses of
the bare silicon resonator to be 2.52 dB/cm and 7.29 dB/cm respectively at ~1530 nm
wavelength. The higher propagation loss of the TE mode was considered to be due to the
scattering loss at the silicon waveguide sidewalls. Note that multiple resonating bands were
observed due to the long coupling length between the bus waveguide and the racetrack

resonator.
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Fig. 6-8 Transmission spectrum of a bare silicon racetrack resonator

Figure 6-9 (a) and (b) show the transmission spectrum of a silicon racetrack resonator coated
with Bil.8YIG(80 nm)/YIG(20 nm) (namely BiYIG sample) and CeYIG(80 nm)/YIG(20 nm)
thin films (namely CeYIG sample) respectively. The resonance peak became broader due to
the higher loss of the resonator structure. The BiYIG and CeYIG samples show TM mode
quality factors of 0~4,200 at 1549 nm wavelength and 0~5,500 at 1541 nm wavelength
respectively. The CeYIG sample also shows TE mode resonance with a quality factor of
0~4,800 at 1515 nm wavelength, whereas the TE mode transmittance of the BiYIG sample is
close to the detectable signal floor level and no resonance was observed. The optical loss & of
BiYIG and CeYIG coated racetrack resonators defined by equation (6-17) can be calculated
using equation (5-1) to be 83 dB/cm and 58 dB/cm respectively. The CeYIG sample showed
lower loss compared to the BiYIG sample, but both values were much larger than the bare

silicon waveguides.
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Fig. 6-9 Near infrared transmission spectra of (a) Bil.8 Y1G and (b) CeYIG coated silicon racetrack
resonators

An in-plane magnetic field of £1500 Oe was applied perpendicular to the light propagation
direction over the garnet coated resonators as shown in figure 2-10 (b). Rather than fixing the
applied magnetic field direction and changing the light propagation direction, we fixed the
light propagation direction and changed the applied magnetic field direction to detect the

device nonreciprocity. These two processes are equivalent because they both change the

permittivity tensor of the magneto-optical material from £ to £’ defined by equation
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(1-11). Figure 6-10 (a) (c) shows the TM mode transmission spectra of the BiYIG and CeYIG
sample near resonance with opposite applied magnetic field directions respectively. A clear
resonance peak shift with respect to the applied magnetic field direction was observed for
both samples. The resonant peak positions were plotted as a function of measurement times
in figure 6-10 (b) (d) for the BiYIG and CeYIG samples respectively, which indicate that the
resonance shift was due to magneto-optical NRPS of the garnet/Si waveguide sections and
could be reversibly measured. (The time interval between measurements is about 30 sec.) The
drift of the resonant peak positions was considered to be due to the thermo-optical effect of
the silicon waveguide. To confirm these conclusions, the TE mode resonance spectrum was
also measured for the CeYIG sample as shown in figure 6-10 (e) and (f). There was hardly
any nonreciprocal resonance peak shift observed for the TE mode, which agreed with the
theoretical expectation of no TE mode magneto-optical NRPS taking place in our device
structure; whereas the TE mode resonance peak drifted for almost the same amount compared
to the TM mode. These results confirmed that the TM mode resonance peak shift was due to
magneto-optical NRPS, and the peak drift was due to the thermo-optical effect of the silicon

waveguide.

From figure 6-10, we can estimate the isolation ratio and insertion loss of both resonator
devices using the definition of figure 6-2. The BiYIG sample showed a resonance peak shift
of 14.8+4.6 pm, a small isolation ration of only ~1.7 dB and insertion loss larger than 20 dB,
while the CeYIG sample showed a resonance peak shift of 18.2+1.6 pm, maximum isolation
ratio of 19.5£2.9 dB with an insertion loss of 18.8+1.1 dB and a 10 dB isolation bandwidth of
1.6 GHz. Following our theoretical analysis above, this is mainly due to the higher quality
factor and extinction ratio of the CeYIG sample compared with the BiYIG sample.
Considering our waveguide measurement results in chapter 5, the lower material loss of the
polycrystalline CeYIG film compared to Bil.8YIG is an important factor for higher device

quality factor and better optical isolation performance.

168



.35
o
z
E -‘o |
E
2
£ -45 -
=
—-H
s0{(a) ——+H
T T T T
1648.30 1648.45 1548.60 1548.75 1548.90
Wavelength (nm)
-20
__ 304
o
=
@
S 40+
E
2 .50
£
-60 4
—-H
(c) +H
=70 T T T
1641.4 1541.5 1641.6 1541.7 1541.8
Wavelength (nm)
-20
-30 4
g -40 4
g
50 -
£
E
2 50-
i
(=
.70
—-H
0e) +H
T ¥ T T T Lt T
1514.8 1515.0 1515.2 15616.4 1616.6

Wavelength (nm)

1548.620

1548.616 -
_1548.612
< 1548.608 -

1548.604

1648.600

Peak Position (nm

1548.596

1548.592 -

N

Measurement #

1541,635 -

1641.630
_‘1541.525:
£1541.620 ]
1641615
1641610 ]

4

1541.605 -

Wavelength (nm

1
1541.600 -

1541595 4(d)

Measurement (#)

1516.200 4
1515.196 -

E1515.192 -

=

E‘H 515.188 -

8

[ 4

H

£1515.184 -

1615.180 -

1615.176 (ﬂ

-

Measurement(#)

o -

Fig. 6-10 The transmission spectra near resonance wavelengths as a function of applied magnetic field for
(a) TM mode of the BiY1G sample (c) TM mode of the CeY1G sample and (e) TE mode of the CeYIG
sample. Also shown are the reproducibility of the measured resonance peak shift for (b) TM mode of the
BiY1G sample (d) TM mode of the CeYIG sample and (f) TE mode of the CeYIG sample

6.4 Discussion

To evaluate the device performance with the theory discussed in section 6.2, we simulated the

magneto-optical resonance shift and the transmission spectrum of the CeYIG sample to

compare with the experimental results. We first investigated the resonator device structure.

The optical microscope image of figure 6-11 (a) shows that the CeYIG film covers part of the
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ring regions of the resonator. Because NRPS only takes place in waveguide sections with
magnetic field perpendicular to the waveguide direction, we use an effective magneto-optical
section length L, instead of L, to calculate A1 in equation (6-15). The cross-sectional SEM
image at the patterned region is shown in figure 6-11 (b). The garnet layer was observed to
cover around the silicon waveguide, consistent with our AFM observations in figure 6-8. A
similar waveguide cross-section structure was constructed using FIMMWAVE simulation
tool and the TM mode profile was obtained shown in figure 6-12. Similar to our discussions
in chapter 4 and 5, using equation (6-2) the NRPS of this waveguide at 1541 nm wavelength
was simulated to be -231.97 deg/cm from the measured material Faraday rotation value
(-1263 deg/cm). Substituting the NRPS value in (6-15) and using the experimentally
measured FSR of 0.9009 nm near the resonance wavelength, we obtained a wavelength shift
AZ of 15.9 pm. This value is comparable but smaller than our experimentally measured value
of 18.2£1.6 pm. The error may be originated from several reasons, such as using a
rectangular rather than slanted waveguide cross section for simulation, error in the
magneto-optical film thicknesses etc.. For instance, taking a value for the thickness of the
the YIG buffer layer of 10 nm instead of 20 nm thick, we obtained a simulated AA value of

19.4 pm, due to stronger mode overlap into the CeYIG layer.
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Fig. 6-11 (a) The optical microscope image of the CeY1G sample (b) The cross-sectional SEM image of
this sample at the patterned resonator regions.

Fig. 6-12 The simulated TM mode intensity profile in a garnet coated silicon waveguide

We also simulated the resonance spectrum by applying a Lorentzian line shape approximation
to equation (6-21). Using an experimentally measured quality factor Q of 5500, extinction
ratio of 42.5 dB and 44 of 19.6 pm in figure 6-8 (c), we compared the simulated and
experimentally measured spectrum shown in figure 6-13. A very good match between the
Lorentzian line shape approximation and the measured spectrum is observed, with a
transmittance difference within 3 dB for all wavelengths between experimental and

theoretical spectra.
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Fig. 6-13 The experimentally measured and simulated TM mode resonance spectrum using Lorentzian line
shape approximation of the CeYIG sample

Finally we would like to investigate the origin of losses in the resonator structure. From the
simulation results shown in figure 6-4, the major reason for high insertion loss in the current
isolator device is the low quality factor value in the resonator. According to equation (6-16)
and (6-17), at critical coupling, the quality factor is dominated by three loss terms. Loss from
the silicon waveguide was low as demonstrated in bare silicon resonators shown in figure 6-6.
We estimated the junction loss by eigenmode expansion method using FIMMPROP software
to be 0.15 dB/junction. [12] Using equation (6-17), we calculated the junction loss
contribution to the overall loss due to both facets to be 4.4 dB/cm. Comparing with the
measured CeYIG sample overall loss coefficient of 58 dB/cm, the CeYIG/SOI waveguide
showed ~52.6 dB/cm loss contribution to the total loss, corresponding to ~126 dB/cm of the
CeYIG/SOI waveguide. These results show that both the junction loss and the
magneto-optical waveguide loss contribute significantly to the overall loss. Therefore the
waveguide and the magneto-optical material optimization processes are required for better
isolation performances. The future optimization process may include magneto-optical
material exploration for higher figure of merit and magneto-optical waveguide fabrication

optimization for better waveguide structure etc..

Comparing our isolator device with conventional integrated optical isolators using Faraday or

Mach-Zehnder configurations, significant device footprint reduction is achieved.
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Conventional optical isolators reported in literatures show device length of 4.1 mm [13], 3.5
mm [14], 7.5 mm (estimated for 90° NRPS) [15] and 4 mm [16] respectively. Therefore our
current device shows at least one order of magnitude of footprint reduction, which may be
further reduced by reducing the resonator cavity size. The isolation ratio achieve up to -19.5
dB at resonance, which is comparable to most of the other reported optical isolators. This
high isolation ratio is due to the design of using a resonator cavity to achieve optical isolation.
In mode conversion or Mach-Zehnder isolators, fabrication error can significantly deteriorate
the extinction ratio due to either polarization off from ideal or power imbalance between
Mach-Zehnder arms. In resonator based optical isolator, the extinction ratio of the backward
propagation light is only determined by the extinction ratio of the resonator, therefore relaxes
the fabrication requirement. Our current device showed about 2 times of the insertion loss
compared to single crystal garnet or epitaxial garnet film based devices on garnet substrates
[15][16] due to the higher loss of the magneto-optical waveguide, the loss value can be
significantly reduced by optimizing the magneto-optical material and fabricated device
structure. Note that the As,S3/CeYIG waveguides in chapter 5 shows much lower loss
compared to the CeYIG/SOl waveguides. The comparison of the device performance
between the resonator based optical isolator and other devices reported in literature is

summaried in table 6-1. Note that the coupling loss at the device end facets is excluded.

Table 6-1 Comparison of the isolator performance between resonator based optical

isolator and epitaxial garnet film based isolators reported in literature

Devices Isolation Ratio (dB)  Insertion Loss (dB)  Device Length (um)
NRMC [13] 27 8~11 4100
NRMC [14] 24 4.6 3150
NRMC [17] ' 13.3 6.3~8.1 4500
Mach-Zehnder NRPS [15] 19 13 8000
Mach-Zehnder NRPS [16] 21 8 4000
Resonator NRPS 19.5 18.2 290
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6.5 Summary

In this chapter, we studied a nonreciprocal optical resonator on silicon. Using a patterned
racetrack resonator structure with magneto-optical waveguides showing nonreciprocal phase
shift, we demonstrate optical nonreciprocity and optical isolation in this device structure. A
rigorous derivation of the resonator performance and isolation behavior as a function of the
magneto-optical material properties are derived in analytical expressions. BiYIG/SOI and
CeYIG/SOI waveguides based nonreciprocal racetrack optical resonator were rﬁonolithically
integrated on an SOI platform. As the world’s first prototype monolithic integrated
ultra-compact optical isolator on silicon, the CeYIG sample shows an isolation ratio of
19.5+2.9 dB, an insertion loss of 18.8+1.1 dB and a 10 dB isolation bandwidth of 1.6 GHz at
1541 nm wavelength for TM polarized light. The simulated resonance spectrum using
Lorentzian line shape approximation agrees with experimental results very well. The
relatively high insertion loss of the current device was caused by the low quality factor of the
resonator structure. The high loss value was attributed to the magneto-optical material losses
and the non-ideal CeYIG/SOI waveguide structure of the current sample. Further
optimization of the device structure and exploration of better magneto-optical materials will
lead to improved device performance for a variety of on-chip nonreciprocal photonic

applications.
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Chapter 7
Conclusions and Future Work

7.1 Conclusions

Integration of nonreciprocal optical components in planar photonic circuits on a
semiconductor platform has been challenging for long time. To engage in this quest, this
thesis focuses on the exploration of novel magneto-optical thin film materials and on-chip
nonreciprocal photonic device structures. The two major contributions of this work are: 1)
Discovery of a novel room temperature ferromagnetic perovskite system with high
magneto-optical figure of merit. 2) Demonstration of a monolithic integrated ultra-compact
optical isolator on silicon. This work provides both material and device candidates for future
planar nonreciprocal photonic devices, and also opens new territories for fundamental and

applied material and device research based on these new materials and device structures.
1) Room temperature ferromagnetic perovskite thin films

We demonstrated room temperature ferromagnetism in a perovskite thin film material system
including Fe or Co doped SrTiOs. By further doping these materials with Ce or Ga, we
systematically controlled the saturation magnetization, magnetic anisotropy, Faraday rotation
and optical absorption of the films. A high figure of merit of 3~4 deg/dB at 1550nm
wavelength was measured in the Ga and Fe co-doped Srl1iO; film. Significant magnetic
anisotropy and non-Brillouin-shape thermal magnetization curve was observed in these
materials systems, which is considered to originate from magneto-elastic effects of Fe and Co
ions under lattice distortion. Experimental demonstration of magneto-optical strip-loaded
waveguides with chalcogenide glass/ferromagnetic perovskite structures were successfully

carried out on single crystal perovskite substrates.

2) A monolithically integrated nonreciprocal optical resonator on silicon
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We proposed, simulated and experimentally demonstrated a monolithically integrated
nonreciprocal optical resonator on silicon. As a fundamental component, this ultra-compact,
non-material-selective device structure offers opportunities to develop a variety of planar
nonreciprocal photonic devices including optical isolators and circulators. Using a patterned
resonator structure, we experimentally demonstrated optical isolation up to 19.5+2.9 dB with
10 dB isolation bandwidth of 1.6 GHz in a CeYIG/SOI racetrack resonator with 0.018 mm?
device footprint. The resonator propertics and nonreciprocal performance were analytically
expressed in material parameters. Magneto-optical waveguide loss and waveguide junction

scattering loss are both considered to be important factors for performance optimization.

During the exploration of novel magneto-optical material and devices, we also contributed to
the material understanding for several oxide thin film systems. These contributions included
experimental and theoretical investigation of the B-site disorder behavior of Bi;FeMnQg
films, experimental control and characterization of self-assembled nanostructures in epitaxial
LaFeOs; films, and phase stabilization, characterization and waveguide integration of
polycrystalline iron garnet films on silicon. These systematic studies on ferrite thin films
provide material structure and property insights for not only magneto-optical but also other
applications, such as materials used in integrated multiferroic, exchange biasing and

microwave frequency devices.

7.2 Future Work

There are several interesting future works that could be carried out on the ferromagnctic
perovskite materials and the planar nonreciprocal photonic devices. I summarize them as

following:

1) In-depth understanding of the RTFM properties in peroskite thin films
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An in-depth understanding of the RTFM properties of perovskite thin films using more
detailed experimental characterization methods and first-principle simulations is required.
Although a variety of characterization processes have been made on these thin film materials,
a systematic experimental study on the local atomic structure, influence of defects, valence
states and oxygen vacancies in these films has not been carried out. Characterization methods
including high resolution TEM analysis, Rutherford back scattering spectrum, and extended
X-ray absorption fine structure spectrum are needed for detailed structure analysis for
transition metal ions in the perovskite lattice. We established a theory to correlate the
magneto-elastic effect to the RTFM properties. This theory needs to be more systematically
and quantitatively studied based on samples with different cations, valence states and strain
states. First principles simulation on the material electronic structures may also provide
insight on the influence of strain, valence states and oxygen vacancies of the magnetic

properties.

2) Exploration of multiferroic applications using transition metal ion doped perovskites

Another application of the transition metal ion doped perovskites is in multiferroic devices.
Due to the RTFM property, tetragonalized lattice structure and high resistivity of the Fe and
Co doped SrTiO; films, these materials are very promising as intrinsic ferromagnetic and
ferroelectric multiferroic material candidates. Preliminary piezoelectric force microscopy
measurements already showed that these films had room temperature ferroelectric domains.
[1] Polarization-voltage hysteresis curve measurements need to be carried out to verify the
ferroelectric properties in these materials. Another interesting property of these materials is
the electrocoloration process under applied voltage due to oxygen vacancy diffusion. [2] This
process may also influence the ferromagnetic property of these materials due to valence state
change of the transition metal ions after redistribution of oxygen vacancies under applied
voltages. The possibility of oxygen vacancy population control may also be used to tune the
ferromagnetic property of an adjacent ferromagnetic oxide material, such as La(Co,Mn)O;
[3], therefore resulting in a voltage controlled room temperature ferromagnetic material.

Thanks to their compatibility with silicon substrates, these perovskite materials can also be
179



casily integrated for on-chip device applications.
3) Controlling of the self-assembled nanostructures in epitaxial oxide films

Several interesting self-assembled nanostructures have been discovered in our studies. We
introduced the nanb-pyramid structure of epitaxial LaFeO; films in chapter 3. Another
structure is a [110] cone in [100] matrix structure of Fe doped SrTiO; epitaxial films. [4]
These structures enable possibility of tuning the crystal orientation dependent properties in
the thin film oxides. Therefore controlling the self-assembled nanostructures to be long range
ordered will be interesting for such applications. Long range ordering may be achieved by
using patterned substrates during the film growth process. Novel nanoscale ferromagnetic or

ferroelectric devices can be developed based on these ordered nanostructures.
4) Exploration of planar nonreciprocal photonic devices

The study of a planar nonreciprocal optical resonator in chapter 6 provides us the possibility
of introducing optical nonreciprocity in planar integrated optical circuits. Using the
nonreciprocal optical resonator as a basic device structure, we can develop a variety of novel
planar nonreciprocal photonic devices. Figure 7-1 summarizes several of the proposed
devices. Figure 7-1 (a) shows the design of a conﬁplete optical isolator. Different from the
isolator structure discussed in chapter 6, this device uses a drop port waveguide for laser
output. Due to the nonreciprocity of the resonator, back reflected light will have a different
resonant wavelength. Using a frequency dependent filter on the input bus waveguide, back
reflected light with any wavelength will be isolated by the device, therefore achieving
complete optical isolation in the frequency space. Figure 7-1 (b) shows the design of a four
port optical circulator. This device can be simply constructed using two bus waveguides
coupling to the nonreciprocal resonator. Light near resonant wavelengths undergoes a
circulating path of A-B-C-D-A with the magnetic field configuration shown in the figure. By
flipping the in-plane magnetic field by 180°, the circulating path will be reversed as

A-D-C-B-A. Figure 7-1 (c) shows the schematic plot of a magneto-optical switch. By
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applying magnetic field in different directions, light near resonant wavelengths may travel
through the through port or the drop port, therefore the device acts as a two port optical
switch. A multiport switch can be achieved by cascading of these devices. Figure 7-1 (d)
shows the schematic plot of a magneto-optical modulator, using an AC magnetic field which
may be generated by an AC current, the output light can be modulated from the through port
or the drop port of the nonreciprocal resonator, therefore achieving an ultra-compact optical

modulator structure.

MO switch
hv CW

Fig. 7-1 Schematic plot of planar nonreciprocal photonic devices using nonreciprocal optical resonators

To realize these devices, optimization on the resonator performance is required with a focus
on reducing the resonator cavity loss, which can be achieved by better material and device
design as discussed.in chapter 6. Temperature stability of these devices is also required for
stable performance, which can be achieved by using athermal resonator designs [5][6] or
using microheaters to control the resonant frequency [7]. Another strategy is incorporating
the light source in the same resonator with the isolator structure, and therefore no frequency
alignment is needed. To allow polarization independent performance, exploration of TE mode
nonreciprocal optical structures is also desired for future studies. These devices may be

realized by similar strategies used for TM mode resonators with different mode profile
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distribution designs in the magneto-optical resonator structure.
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