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Abstract:  Achieving nonolithic integration of nonreciprocal photonic devices on
semiconductor substrathas beemong soughtby the photonics research society. One way to
achieve this goal is to deposit high quality magogttical oxide thin films on aesniconductor
substrate. In this paper, we review our recent research activity on magtietd oxide
thin films toward the goal of monolithic integration of nonreciprocal photonic devices on
silicon. We demonstrate high Faraday rotatiotelEcommunicabn wavelengths in several
novel magnetooptical oxide thin films including Co substituted £32G0- or Fesubstituted
SITiOs 5, as well agolycrystalline garnetsn silicon Figures of merit of 3~4 deg/dB and
21 deg/dBare achieved inepitaxial Sr(Tip :Ga 4.4 Oz iz and polycrystalline (Ce¥)Fe012
films, respectivelyWe also demonstrate an optical isolator on silit@sed on a racetrack
resonator usingpolycrystalline (CeY;)Fe0;2/silicon striploaded waveguideOur work
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demonstratethat physical vapor deposited magnetical oxide thin films on silicon can
achieve high Faraday rotation, low optical loss and high magmeical figure of merit,
thereforeenablingnovel highperformance nomeciprocal photonic devices monolithity
integraedon semiconductor substrates.

Keywords: monolithic integration magneteoptics magnetic oxidesthin films; optical
isolator, optical resonator

1. Introduction

Nonreciprocal photonic devices, including optical isolators and circujatwes ndispenable
componentsin optical communicatios systems.By breaking the timeeversal symmetry of light
propagation, nonreciprocal photonic devices offer important functionalsietr as optical isolation
and circulation in a photonic 9gsn, whichis used to stabilizéhe laser operation aimplify the
optical system designin fiber optical systemspptical nonreciprocityis achievedby using
magneteoptical (MO) materials in which tmereversal symmetry is broken by applying a magnetic
field acressthe MO materialto achieve macroscopic spin and orbital alignmeamd nonreciprocal
electric dipole transitiondn a discrete optical isolator devidbe magnetic field is applied coaxial
with the light propagation direction, which yields a nonremgal rotation ofthe polarization of
linearly polarized light, namely the Faraday effdatio 45° offset polarizerareused to construghe
isolatordevice as shown iRigure 1 wherethe polarization directiorof the incident lightotates 45°
to pass through the analyzétowever,it rotatesi 45° when propagating backward arglsubject to
isolation by thefirst polarizer. The key material that enables high device performanc&i@ &on
garnet single crystal with both high transparency andigh saturation Faraday rotation at
telecommunication wavelengths (1550 nm and 1310.rModay, most commercial optical isolators
using such materialsatisfy the requiremesstof high isolation ratio (>2@B), low insertion loss
(<1 dB), broadbandoperatimn (several tens of nmpand superiortemperature stability 45~85 C) ,
which meeimostlaser$requirementsn fiber optical systems

With the development of planar lightwagecuits (PLC), optoelectronic integrated circuits (OEIC)
and silicon photonics, there is an increasing demand for integrating discrete optical components on &
singlechip. There are several motivations for integration of such dewieescommorsemicondctor
substrate including cost, footprint and device reliabilitWhile discrete optical isolatorare quite
costly, an integrated device can significantly reduce the cost, thereby reducing the overall budget for
constructing an integrated optical systgEth By integration, a waveguideasel optical isolator can
eliminate the need for large single crystals, magnets, polarizers, reciprocal rotators and prisms, anc
reduce the device footprint tihe submillimeter range. Meanwhile, an integrated opticallasar
solves packaging issues including lens coupling and-cbip alignment of discrete photonic
components to waveguides which are necessary for bulk isolators. These motivations make integratec
nonreciprocal photonic devices highly desirable in an apti@veguide system.

In spite of the strong motivation, integrating nonreciprocal photonic devices on semiconductor
substrates has been a long term challenge, and there is no practical solution for a high performanc
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optical isolator on silicon or HV substrates, mostly due to the material ampatbility between
magneteoptical garnets and semiconductors. When integrating iron garnets on a semiconductor
substrate, large lattice mismatch and thermal mismatch exist between the film and substrate. Impurity
phases, film cradhg and filmsubstrate reactions usualtyccur, which result inoptically lossy
materials and prevent the fabrication of high performance optical isolf#prne strategy to
circumvent the thin film integration challenge is to wafendbasingle crystal garnet films on a
semiconductor substratd-or example,Mizumoto et al. demonstrated direct wafer bonding of
Cedoped ¥Fe01, (Ce:YIG) epitaxial filmsgrown on (GdCaj(GaMgZrs01, (SGGG) to InP, SOI

and LINbG; substrate$3]. Optical isolation was demonstrated in Magghnder (MZ) and semileaky
waveguide structurel,5]. Baetset al. demonstrated adhesive benzocyclobutene (BCB) bonding of
garnet on SOI[6,7]. Optical isolators and circulators were fabricated using MZ intanieters with

high isolation ratiosAlthoughwafer bondings a promising methqdhere are disadvantages including

the requirement for large substrate areas for reliable bori@ngise of relatively high cost single
crystal garnet substrates, as welllag throughput for device integration. Therefore, monolithic
integration of magnetoptical oxide thin films is greferredsolution for low cost, compact size and

high yield considerations, if high figure of mef(ffoM) magneteoptical oxide thin films an be
developed on Si or HV substrates.

Figure 1. Sketch of abulk optical isolator operating usirthe magneteoptical Faraday
effect. The Faraday rotator is typically made franBi-substitutedyttrium iron garnet

(BiYIG) crystal
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Besides thenateriak challengs, monolithically integrated eohip isolators also require innovative
device designs different from bulk Faraday rotaténse to structural birefringence between TE and
TM modes of an optical waveguide, the Faraday rotateonbeseveely degraded8i 10]. Novel MO
device designs need to be developed to tackle these issues for device integration.

In this paper, we reew our recent researchctivities toward monolithion-chip integration of
nonreciprocal photonic devices by developihmph FoM magneteoptical oxide thin films. In
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Section2, we provide a brief summary of current research statusamolithic integration oMO thin
films and deviceson semiconductor substrateéhen we introduce sever®lO oxide thin filmsfor
integration on silicon including Co doped Cef3, Co or Fe doped SrTi and YIG buffered CeYIG
thin films in Sectiors 3, 4 and 5 respectively. Finally, vdescribea monolithically integrated optical
isolator on silicon using a garnet/SOI based nonreciprocal racetrack restinat@arorth mentioning
that noaMO solutionsarerapidly emergingasa promising field for integrated nonreciprocal photonics,
such as nonogprocal devices using nonlinear optigsli 14], singlesideband modulatiofl5 and
nonreciprocal interband photonic transitiga$,17]. Giventhe focus of this gaeron magneteoptics
thesenon-MO strategis will not be discussed

2. Progress orM onolithic Integration of MagnetoOptical Oxideson Semiconductors

To evaluate the quality and usefulness of a magogtical material, a figure of meriE¢M) based
on Faraday rotation is defined as:

&1 - = (1)

whereU andUare the Faraday rotation and absorption coeffigiespectively. Considering a Faraday
rotatorbased optical isolator, for achieving 45°Faraday rotation while maintaining less tit 1
insertion loss, the material Foshould be largathan 45 deg/dB18]. This is a generahaterial selection
criterion for monolithically integrated magnetiptical oxides for nonreciprocal photonic applications.
On-chip depositionof various magnetoptical oxides heibeen explored by differemgfroupsin the
past decades-or magnetic garnet thin filmghe major integration challenges atarge lattice
mismatch (Y1G:12.376 A, & 5.43 A, GaAs: 5.65 AInP5.87 A), thermalmismatch(linear thermal
expansion coefficient YIG10.4 x 10 %°C, St 2.33 x 10°°C, GaAs 5.73 x 10 %°C) and a high
fabrication thermal budgebf garnet films. Various deposition methods including pulsed laser
deposition(PLD) [2,19 23], sputtering24i 33], ion beam sputtering34] andMOCVD [35] have been
explored for YIG, Bi:YIG and Ce:YIG filmsProgressincluding lowering the thermal budget,
increasing the phase purity, stabilig of rareearth substitutedgarnet films andreducing
thermaly-inducedcracks have been demonstrated in the past decade. &uslgdemonstrated rapid
thermal anndang (RTA) crystallization of polycrystalline YIG on silicon, which significantly reduced
the crystallization thermal budget to ats/50€C [27]. By patterning the YIG waveguide before RTA
crystallization, Sungpt al. also demonstrated a crack free YIG waveguide on/SiGubstrat¢31].
Koneret al.demonstratedtabilization oBisFe012 growth bya 100 nmYIG seed layepn SiQ, with
a strong Faraday rotatioobservedn the btlayer film stack[17]. Meanwhile, nonreciprocal photonic
devices based on polycrystalline garnet materials have bleemonstrated on semiconductor
substrates, including waveguide Faraday rotati@g], quasi phase matchedagneteoptical
waveguides[361 39] and magnetmptical hotonic crystals[40i47]. Novel devices including
unidirectional Bloch oscillatord48], photonic crystal magnetoptical circulators[49i52] and
nonreciprocal optical resonatd&s3i 55] have also been proposéd.spite ofthis progressthe optcal
loss of doped YIG films hasot been systematically studieeblycrystalline garnet films with high
enoughFoM on silicon and novel waveguidébased nonreciprocal photonic devices such as optical
isolatorson a semiconductor substragee still challengingoals
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Exploring othersilicon or IlI-V compatible magnetoptical oxideswith high FoM is another route
takenby researchers. Spinels, including Cgbg 2-Fe,03; and MgFeOy,, etc.show better lattice match
with silicon. Epitaxialgrowth of MgALO, on Si has been demonstrated using MOCVD, sugge#sng
integrability with silicon [56]. However the performancdéimiting factor is the strong absorption of
these materials caad by theintra-atomic electricdipole transition, intervalence charge transfer
(IVCT) and intersublattice charge transfdSCT) mechanismg[57]. Tepper et al. successfully
integrated epitaxiab-Fe&O; on MgO substrate using pulsed laser depositidb8i 61]. The film
showed both high Faraday rotation of°2eBn and high absorption loss of 3510° dB/cmat 1550 nm
wavelength.The high absorptiowas attributed tahe high concentration of F&ions. Suzukiet al.
deposited Zn and Al doped CokEx films on fused quartz substrgté?2]. The magnetepptical FOM
was characterizedn the visible to near infrared wavelength rangéh the highesFoM observed to
be ~0.6 deg/dB at 1550 nm, which is mostly limited by th&" @bsorption. In MgF£,, although Fe
is mostly in the 3 valence statethe ISCT mechanism can caussptical absorptionas high
as ~600cm' ! at around 1550 nm wavelengi61,63]. Reducing the material absorption is therefore
highly desired to increase the magnefptical FOM.

One way to reduce the absorption loss in the spingdnmmaés is to use their nanocrystals. Motivated
by the discovery of abowuine orderof magnitudehigheroptical transparency inFe;O3 hanocrystals
compared to their bulk counterpaf64], nanocrystalspinel ferrite compositeg65,66] and optical
waveguideg467,68] have been developed by various researchers and characterized in the near infrared
wavelength rangeGuerreroet al. demonstrated a Verdet constant of 0.23¢& in 2-Fe0s/SIO,
nanocomposite$66]. Choueikaniet al. integrated a magnetaptical waveguide on silicon using
CoFeO4 nanoparticle embedded im SiO,/ZrO, matrix [67]. Faraday rotation of 32cm and aFoM
of 2.3/dB was observed at 1550n wavelength whichis higher tharthat ofa CoFeQ, thin film or
bulk materials.However, the reduced oscillator strengthttud electric dipole transition also caused
lower Faraday rotation of these materiddespiteimproved performance, the relatively low Faraday
rotation, superparamagnetic behaviand low FoM still need to be addressed for practical
nonreciprocal device applications.

Other room temperature ferromagnetic materials include manganites ((La,Sy)Ma@a)MnQ,
etc) and orthoferrites (LaFeQBiFeQ; etc). For manganites, the metallicity caused by*WMe? i Mn**
double exchange results in strong absorption and limits the magpktal FoM [69]. For
orthoferrites, thin films usually show low magnetizatigi9], multi-orientation of crystal$71] and
strong birefringencgr2], therefore limiting theiapplication inintegrated mgneto-optical devices.

Table 1 summarizes severahagneteoptical oxide® saturation Faradayotation, extinction
coefficient FoM, andther challenges for application in echip nonreciprocal photonic devices
general, diferent challenges need to be overcdoredifferent oxideso achievea FoM sufficiently
high for device applicationrNovel magnetepptical thin film materialsarethereforehighly desirable to
resolve thesehallengs. In the following sections, we willeview our recentresearch omeveloping
high FoM magneteoptical oxidethin films toward monolithic integration of nonreciprocal photonic
devices on silicon.
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Table 1. Magneteoptical properties of several magnetic oxides and challenges for
applicationan on-chip nonreciprocal photonic devices

U(dB/cm)at  FoM(°/dB)

Magnetic Oxides U (°/cm) at 1550 nm Challenges
1550 nm at 1550 nm
Garnets(Y 3Fe;01,, B Lattice and thermal mismatch; Impurity
. 13300 ([CEY 58[73 570
(Bi,Y)sF&s012 (Ce, Y3FesOr) phass; Thermal budget
Spinel/Hexaferrite$Fe;0,,
P 0. Absorption due to &, Cd**, IVCT,
2-Fe,0;, CoFe0,, MgFeO,,  2.5x 10*(o-Fe0;) [58] 3.5 10°[60] 0.07
ISCT etc.
BaFg0i9)
Manganiteq(La,Sr)MnG;, ~2000 (LSMO at 8 x 10'[69 i Metallic and optically absorbent due tc
~8 x I
(La,Ca)MnQ) 2.6eV)[69] Mn*i Mn** double exchange
Orthoferrites(YFeG;, LaFeQ, Low magnetization in thin films;
) ~500(74] <2[75 250 o
BiFeG;) Birefringence; Thermal budget
Nanocrystalgo-Fe0s, Relatively low Faraday rotation,
ystalgo-FeOs 310[67] 130[67] 2.4 yow v
CoFe0Q,4 nanocrystals) superparamagnetism, relatively low Fo

3. CoSubstituted CeOy;  Films

One of the most closely lattice matched oxide with silicon isCedh a fluorite lattice structure
and a cubic lattice constant®#11A. CeQ shows only 0.35% lattice mismatch with silicon along the
(100) crystal orientation, therefore it can be epitaxigtiywn on either (100) or (111) oriented silicon
substrates. Cefalso shows a low optical absorption in the visible to near infrarectlemgth
range[76]. Room temperature ferromagnetic properties of Co or Fe dopegl@®€been repded by
a number of group$77i 79]. However their magneteoptical properties havearely been studied.

Using PLD, we deposid room temperaturderromagnett Co doped Ce&y films on MgO and
SrTiO; substrates up to 2&om % Co substitutior{80]. The film thicknesses range from 260 nm to
950 nm, with less craakg observed in the thinner fiimshe films showed increasing saturation
magnetization and coercivity with Gubstitution with an out-of-planemagnetic anisotropgs shown

in Figure 2a Strong room temperature Faraday rotation fid200 deg/cm up td 6900 deg/cm at
1550 nm wavelengthhas beerobservedn these films as shown inFigure 2b, which is among the
highest Faraday rotatisrat this wavelength rang@1i 84]. No obvious magnetoptical dispersion
was observed in the near infrared wavelength raAgehe Co content increaseahsorptiom increase
andFoM decreasedA FoM of 0.07 deg/dBwvas obtained ir2 atom %Co doped Ce@ g films.

The ferromagnetic properties of the films were discussed in terms of a magnetoelastic spin
alignment as observed in other dilute magnetic oxide sys{&%js The linear dependence of
magnetizatiorversustemperature of the @dilm was also observed in other DMS syst€i®s. Co**
ions (lowspin) may beresponsible for the high temperature magnetism and magpétal
properties. Theplitting of thetyg triplet provides the magnetoelastic stabilization to extend the linear
MsT slope to high temperatureshile the spirorbit interaction also satisfies the selection rule and
provides high temperature Faraday rotafi®€. Meanwhile,Ce** may alsoprovide strong electronic
dipole transitions in the near infrared wavelength range, which may be partly responsible for the large
negative Faraday rotation. However, with increasing Co concentration, the optical absorption quickly
increases and results decreased magnetptical FOM. The strong absorption may lsaused by
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defect band§87] or impurity phases when Co concentration is hgf). The contributions of multiple
valence state Co ions and Ce ions to electric dipole transitions create uncattaintyhe source of
the Faraday rotation and magnetic coercivity, which coulg be unraveledby further studying the
material microstructure and cation valence states.

Figure 2. (a) Room temperature owlf-plane magnetic hysteresis of SobstitutedCeOy;
films, with Co2, Co6, Col5 and Co25 standing fat@m % 6 atom % 15 atom %and

25 atom % Co substituted CeQy; respectively. The inset shows the temperature
dependene of saturation magnetizatiofMs) normalized toMs at 300 K; (b) Room
temperature oubf-plane magnetoptical hysteresis of Co doped Cg&Xilms. The inset
shows the saturation magnetization as a functiom@fient photon energy for the Co2
samplg[80]. (Reprinted with permission from [80]. Copyright 20@8° Publishing LLQ.
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4. Fe or CoSubstituted SrTiO 5 5 Films

Another material showing good silicaompatibilityis SrTiO;. Excellent optical transparency has
been demonstrated in SrTi@hin films at communication wavelengtf89]. Moreover, ly adopting a
45° rotation growth mode[90Q], it can also be epitaxially grown on silicon (100) swddss. Room
temperature ferromagnetism has been observed in transition metal ion doped perovskites such a
Co doped (La,Sr)Tigf91i1 93] and Fe doped BaTi]94]. The highsolubility of transiion metal ions
on the Ti site as well as the tunability dérgerions on the Srsite qualify SrTiO; asan idealstarting
pointfor developing new MO materials faonreciprocal photonic applications.

Fe or CosubstitutedSrTiOg  thin films (namely STF and STC respectivelyere depositedby
PLD with thickness ranging from 200 nm to 300 nm on SgJiDa S /AlITaOs (LSAT) and
CeQ/YSZ huffered silicon substrates. No obvious ceaskre observed in all filmg95i 97]. For thin
films on all substratestrsictural analysisincluding XRD, TEM, XPS an&XANES on STF and STC
films, showed no impurity phase$95,96]. The lattice constdas of STF and STC films increade
monotonically with transition metal ion doping, which asreverse trend copared to their bulk
counterpartThis is a result of the oxygen deficiency in the film andrdsaltinglower valence state
and larger radiusf Fe and Cdons Both STF and STGilms grown on SrTiQ substrates lsowed
in-plane compresge strainand a tetragonal unit cell with ¢ axis oriented along theobptane
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direction With increasing Fe or Co concentratioagjaramagnetic to ferromagnetic to antiferromagnetic
transitionwasobservedFigure &b shows the room temperatuveH hysteresis of Fe or Gaubstituted
SrTiOg  films. For thin films on LSAT substratesatsiration moments of Og€x/Feand 0.5¢g/Co were
observedn Sr(Tiy.ede.3503 (STF395 and Sr(Tiy.77C00.29 03 (STC23 films respectivelywhich suggest
some antiferromagnetic couplingSuch films also shosd a strong oubf-plane anisotropy with
anisotropy field up t®0000e at room temperature and preferential magnetization directionptane.
Based on the magnetic moment and mageéstic effects, thpopulations of different valence state
Fe ionswere calculatedas Sf[TigsFel; Felh]02.65 for a sample ofSTF35[97]. Similar magnetic
moments and magnetic anisotropgs observed in films on silico® sauration Faraday rotation of
1780 deg/cm and500deg/cm at 155@m wavelendt wasdemonstrated in STF35 and STC23 films
on LSAT asshown inFigure &,d. Different from garnet films, the magnetptical hysteresis of these
materials shoed an outof-planeanisotropy(like the magnetic hysteresisyhich may bebeneficial for
developing TE mode nonreciprocal phase shift devices, where the magheabthin film needs to be
magnetized oubf-plane[98]. The optical constanisf STF40 and STC23 filmwere characteried by
ellipsometry. At 1550 nm, for STF40 and STC23 the optical consteatesn = 2.2 andk = 2 x 103
andn = 2.34 andk = 1.1 x 10, The FoM of STF40 and STC28ere therefore determinei be
1.1 deg/dB and 0.57 deg/dB respectivelyhis experiment

To further improve the materi&oM, donor or acceptor doping in the STF material was carried out
by partially substituting $f with Ce** and Tf* with G&®* respectively. For films grown on silicon or
LSAT substrates, a systematic increase or decrefshe saturation magnetization and Faraday
rotation was observed upon €er G&* substitution respectively as shown in Figure 4, indicating the
strong dependence of the material magnetization on cation valence states. On the other hand, th
optical transprency followed a reverse trend compared to the Faraday rotation, indicating-aftrade
between Faraday rotation and optical transparency. Thisafadan be mitigated by choosing proper
dopants and concentrations; therefore, a higher magpéital FoM can be achieved99,100]
Figure 5 shows the optical transparenuly Gadoped STFfilms and a stridoaded waveguide
fabricated on an LSAT substrate. The thin film optical loss was estimated by simulating the modal
profile and confinement factor. For(Sio :Gay 4/€.4) O3 1, the materi al showed
rotation and 100~120 dB/cm optical loss at 1550 nm, suggestirgVaof 3~4 dB/cm.Further
improvemenbf the materiaFoM may be achieved by enhancing Faraday rotation by Bi atopag
on the Sr site, or better control of the Fe valence stateser the optical loss.

The origins of ferromagnetic and magneiatical properties in these films were further studied.
The saturation magnetizatioMls of the STF and STC films showed lmear dependence with
temperature, as shown in Figurel§awhich is very different from a conventional exchange coupled
ferromagnetic system, where tMy-T curve follows the Brillouin function showing a characteristic
nonlinear convex contour. Thesesebvations suggest that exchange coupling is not the dominant
mechanism for the observed ferromagnetism. Compared to dilute magnetic semiconductor (DMS)
systems[85], a similarMsT dependence was observed, which is attributed to the effects of lattice
strain. Unlike a DMS, when the cation concentrations are high, exchange coupling, for example double
exchange of F&i O?iFe** and superexchange E&O?iFe*, becomes important. This introdwce
more spin alignment mechanisf®6], making the system more complicated. However, when Fe and
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Co concentrations are substantially increased, antiferromagnetic superexchange dominates, and bot
films became antiferromagnetic.

Figure 3. Room temperature owtf-plane magnetization hysteresis(a) STF and i) STC
films with different Fe or Co concentrationslso shownis the RT outof-plane Faraday
rotation hysteresis at 1550n wavelength ford) STF and ¢) STC respectively95,96].
(Reprinted with permission fronj95,96] Copyright 201010P Publishing Ltd and
Deutsche Physikalische Gesellschaft
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Figure 4. Room temperature saturation magnetization and cograf (a) Ce substituted
STF and lf) GasubstitutedSTF filmson LSAT substratesAlso shown are the Faraday

rotatiors as a function of dopant concentration foj Ce substitutedSTF and ) Ga

substitutedSTF films [99,100 on LSAT. (Reprinted with permission from [99,100].
Copyright 2011 AIP Publishing LLC)
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Figure 6. Ms-T curve of @) STF35 andlf) STC23 films and the theoretical fitting using
Equation (2) or the Brillouin functiom (a); (c) Thecrystalfield energylevel diagranof a
3d ion in anoxygen octahedrosubject toin-plane biaxial compressive strgg®ducing a
tetragonal (Jahiieller type) distortion, where 1Dq, U; and U, stand for the crystal field
splitting energy betweery and tyy orbitals, the splitting energy dby orbitals due to
spinorbital coupling (SO stabilization), and the splitting energy &f orbitals due to
JahnTeller effect (JT stabilization) (d) Computed M-T curves for a series of Neel
temperatures witlr = 0.53using the generic model describedEyuation (3) whereMy,

F, Tn stands for momentf fisolated ions, population ofiisolated ions and the Neel
temperature respectivel96,97,101] (Reprinted with permission from [%57,101]).
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A generic model considering strain and superexchange coupling p@vic®re comprehensive
understanding of the magnetic behavior in these filime ferromagnetisnis believed to originate
from magnetoelastic spin orderij§5]. For atransition metalion in anoxygen octahedron under
biaxial compressive stress am@xis expansionthe 3d orbital crystalfield energylevel diagramis
shown inFigure &. Consideing a single ion subject ta pure JahiTeller singlet stabilization, the
occupation probability of electronsi the upper and loweey orbitals follows the Boltzmann
distribution Thereforethe magnetoelastic effegh the saturation magnetizatioan be describelly:

M. (T)
M. (0)

° tanh[dJT

(Q)tanhQ; /2T),

KT 2)
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where thelahnTeller splittinguty«(T) of the ey statesn thefirst tanhfunctionis decreasedy the onset
of vibronic modes of the oxygen ligand coordinatisT approacksthe Debye temperaturgp and is
expressed in terms @f bandnarrowing second tanh functiowhen the magnetic iononcentration
increasesthe generalmodel for magnetization temperature dependerace bedescribed asollows
based on the presence aitiferromagnetic superexchangethe oxide wheret least two ions are
neighbos[101]:

M +(0) @anh@Q,, / 2T). ,
M_O_tanh[d i 12 {F + (- F)[1- By(a)]} 3)

whereF and (1 F) describes the populations i@§olatea andfiexchange coupl@dons in the lattice,
andBsg(a) is the temperaturdependent Brillouin function. The resultifMo vs. T curves are shown
in Figure &l. Using this model, th®l-T curves are wellfitted to experimentalmeasurement resules
STF and STC films as shownkigure @&,b.

For magnetepptical properties, the electric dipole transiiarontributing to theMO properties
need to follow the selection reAlthough several ions such as ‘Cor FE" may contribute to the
magnetizatiorfollowing the magnetoelastic spin orderisgenario only Fé* and C4" in low-spin
state can satisfy the selection rul&serefore they are the only possible contributors to the Faraday
rotation [86]. This finding indicates that by driving the ions toward a higher valence state (while
maintaining the materié& magnetization), one may further improve BaM. Further study on th®1O
spectroscopy of these films may provide mexperimentalnsighsto improve thesexide thin films

5. Polycrystalline BiYIG and CeYIG Films

As we discussed iSection2, integration of magnetic garnet thin films on semiconductor substrates
has beemwidely studied for monolithically integrated nonreciprocal photonic devieesuse garnets
have excellenEoM. Despitethis, an integratednagnetic garnet film witlinigh Faraday rotation and
high FoM remains a challengdo achieve this goal, we introduta thin (~20 nm) crystalline YIG
seedayer for BiYIG and CeYIG growthThe YIG layer not only stabilizéthe garnet phase of BiYIG
and CeYIG but also significantly decreasdéhe thermal budget of BiYIG or CeYIG growth. By using
a rapid thermal annegakocess to crystallize the Yl&eed layef102), the overall thermal budgébr
the garnet film stek can be significantly reducedhich isbeneficial to reduce crarig in the garnet
films and degradation of other parts of the device

High phase purity doped garnet thin films can be deposited using this méttpaick 7a shows e
XRD comparisonof 80 nm (Ce Y,)Fe0,. film (CeYIG) deposited withor without a 20 nm thick
crystallizedYIG seedlayer on a SiO,/Si substrate usin@LD. These film thicknesss are chosen to
reduce thermal mismatch induced cradkst the same deposition condition, GeYIG on theYIG
seed layecrystallized agpure garnet phaseithout other phases accordingXeray diffraction while
acontrol sample without YIGvas amorphousThe CeYIGfilm hada lattice constant of 12.4%, very
close toto that of a single crystal[102. Thanks tothe lower processg temperature and film
thickness the thermal stress between the CeYIG film and Si subseatainedbelow the threshold
for thermal crack generation, and the film showed a low suRRMS8 roughness of 0.92 nm with few
cracks A similar processvas alsoapplicableto Biy gY 1 Fe012 films (Bil.8YIG). TheBil.8YIG/YIG
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and CeYIG/YIG bilayer films shoved room temperatursaturatim magnetizatiosiof 125 emu/cm
and 120 emu/cni respectively, suggestintat 91 vol % and 87vol % of the films were crystallized
into the garnet phase. Room temperatsaéurationFaraday rotation at 1550m wavelengthwas
1838 deg/cmfor Bil.8YIG and 1830 deg/cmfor CeYIG, compared taver 13000 deg/cm and
1 3300deg/cmreported forsputterdeposited epitaxial films on garnet substrafesa comparison, the
polycrystalline YIG only showed +160 deg/cm Faraday rotation at 1550Then.lower Faraday
rotaion in bothBiYIG and CeYIGfilms may result from incomplete incorporation 8i or Ce iors
into the lattice or off-stoichiometry leading to rare earth or Fe ions with unwanted valence Stiages
latter assumptions supported by observation afhigher Faraday rotation in CeYIG filmsipon
decreasing the oxygen partial pressure during deposAidraraday rotation of 1263 deg/cmwas
achieved in CeYIG films depositéa anoxygen pressure of 5 mTowms shown ifFigure .

Another important concern is the optical loss of the polycrystalline garnet films. Due to the small film
thickness and low optical absorption, spectroscopy or ellipsometry methadsudiieiently accurate for
loss characterization. To resolve this issue useda chalcogenide glas¢ChG)/garnet thin film
striploaded waveguide for evaluatiohabsorptior{102. The ChG materials are highly transparent in the
near infrared wavelength rang&f/aveguidesased on ChGaereformed by a simple lifoff process for
fast prototypind103. A crosssection SEM image of such a waveguide is showfigare &. Using the
cutback andipaperclip methodq 102, the total waveguide loss can be accurately measured as shown in
Figure &i d. By comparing the loss value with a baseline waveguide loss of pure ChG strip waveguides, as
well as the simulated confinement factor in the CeYIG layer, the thin garnet filcolasisbedetermine.
Another advantage of using this method iprevent etching and patternimgduced lossn the garnet thin
films, therefore capturing the matesialated intrinsic loss of the films. From thaseasurementsve
demonstraig that losses of YIG, Bi0.8YIG and CeYIG filmgere around 50 dB/cm, 150 dBicand
40 dB/cm respectively. The loss from Bil.8Y¥&s too high to perform a valid eback orfipaperclip
measurement, which is possibly due dotendencyfor bismuth segregation at polycrystal grain
boundarieg104. From both the Faraday rotation reeg@ement and the loss characterization R of
polycrystalline YIG and CeYIG films were determined as 2 deg/dB and 21 deg/dB respectively

Figure 7. (a) XRD spectrum of CeYIG films deposited on i€ substrates with and
without the YIG seed layg(b) Room temperature ouff-plane Faraday rotation spectrum of
a 500 nm thick polycrystalline CeYIG film deposited on silida®2. (Reprinted with
permission from [102]Copyright 2009 Society of Photo Optical Instrumentation Engiheers



