Magneto-optical Bi:YIG films with high figure of merit for non-reciprocal

photonics

Q.

Takian o /dudemStona Tazlaru, Lukds Beran, Yan Zhang, Martin Veis, Caroline A. Ross’

[

T. Fakhrul@g, Prof. C. A. Ross

Department of Materials Science and Engineering

Massachus ngfitute of Technology

Cambridge, MA, 5139, USA

E-mail: takianfi?mit.edu ; caross(@mit.edu
S. Tazlaru,m, Prof. M. Veis
Faculty of Mat tics and Physics

Charles

ity

Ke Kar

Y. Zhang L

Engineerin, @ h Center of Electromagnetic Radiation Control Materials

116 Prague 2, Czech Republic

University of"BIectronic Science and Technology of China

Chengdu 6!;054, China

-

This is the anuscript accepted for publication and has undergone full peer review but has not
been th copyediting, typesetting, pagination and proofreading process, which may lead to

differences be this version and the Version of Record. Please cite this article as doi:

10.1002/adom.201900056.

This article is protected by copyright. All rights reserved.

") Check for updates


https://doi.org/10.1002/adom.201900056
https://doi.org/10.1002/adom.201900056
https://doi.org/10.1002/adom.201900056
mailto:takianf@mit.edu
mailto:caross@mit.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.201900056&domain=pdf&date_stamp=2019-04-23

Abstract

Thin ﬁlMoptical materials are enablers for integrated non-reciprocal photonic devices such
as isolator: ulators. Films of polycrystalline bismuth-substituted yttrium iron garnet (Bi:YIG)

have been ¢ silicon substrates and waveguide devices in which a YIG seedlayer is placed
either above or below the active Bi:YIG layer to promote crystallization. The films exhibit a high
magnet(!o re of merit of up to 769 *dB™ at 1550 nm wavelength. Growth of single phase
Bi:YIG o idewalls of waveguides is demonstrated, which can be used in non-reciprocal

transverse @TE)—mode devices.
1. Introdu5

Rapid devélopment of optical fiber communication systems has prompted the growing demand for
photonic i
and detectiqaeafaphotons.!"* One key function is optical isolation. Optical isolators play a crucial role

in PICs by[€o @

the circuit an@d p

circuits (PICs) with multiple functions including lasing, modulation, transmission

g the flow of light, reducing unwanted light reflections between different parts of

enting destabilization of the laser source.

Optical 1s as well as circulators are based on non-reciprocal phenomena, most commonly
magnetoopti t break the symmetry between forward and backward propagating light. Discrete
isolator raday rotation, i.e. a non-reciprocal mode conversion, but in PICs the use of

nonreciprocal phase shift (NRPS) in a resonator or interferometer device is preferable to avoid
problems (sused by the birefringence of optical waveguides. The active material in these isolator

devices is y a magneto-optical (MO) iron garnet material, in particular yttrium iron garnet

(YIG, YsFe ith substituents such as Ce or Bi to increase the MO performance.” "
However, t ration of garnets on a Si (or other semiconductor) platform is challenging due to
the incom ttice parameters and the thermal expansion mismatch between garnets and

1% Moreover, crystallization of the garnet phase usually requires

common sdgiconductor substrates.
udget. Garnets formed on semiconductor substrates are polycrystalline and exhibit
higher rption than single crystal films. Furthermore, impurity phases such as YFeO;,
Fe,O5 and mBi n form during the crystallization process,”'”’ which contributes to optical loss.
These factors resulf in inferior optical performance of polycrystalline MO garnet films compared to
the bulk garnet material, and a lower figure of merit (FoM), defined as the ratio of the Faraday

rotation to orption coefficient per length of the material.

Considerable has been done on growth of garnet films on semiconductors to enable

demonstrations of isolators and modulators.!*'* The first monolithically integrated optical isolator !
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used 80 nm thick Ce:YIG which was grown by pulsed laser deposition (PLD) on a pre-annealed 20
nm thick YIG seed layer to induce crystallization of the Ce:YIG. A simplified PLD process was
introduced by Sun_et al.'" where the YIG seed layer was placed on top of the MO garnet and both

Hzed simultaneously by rapid thermal annealing (RTA). This top-seedlayer process
pet in direct contact with the underlying Si waveguide, maximizing the coupling of

layers w

places the \O"58

light from ide to the MO cladding, but it has only been applied to Ce:YIG. Recently rare-
earth garnets have been developed that crystallize on Si and quartz without a seed layer, including
sputter—Eep rbium iron garnet (TIG) and Bi-doped TIG (Bi:TIG).!"*"!

Growth of terials on the sidewall of the waveguide can enable a wider range of device designs,
including igblatorsffor TE (transverse electric) polarization. Integrated semiconductor lasers emit TE-
polarized li TE mode isolation using NRPS requires placement of the MO material on the

optical iso have been experimentally demonstrated are made with the MO material on the

sidewall OWguide to break left-right symmetry.'*2°21] However, the NRPS-based integrated
top or bo
polarization.”™

crystallize

face of the waveguide, which isolates only the TM (transverse magnetic)
It is therefore essential to establish deposition conditions that yield well-
rnet on the sidewalls of waveguides to facilitate TE-mode isolation without

requiring ag mode converters.

Ce:YIG is commonly used MO material for integrated optical isolators designed to operate at
1550 nm. E
tail extendihg

# Ce:YIG has an absorption peak from a Ce transition near 1.3 eV with a notable
the IR, leading to a decreasing FoM as the wavelength is reduced below 1550
acks this absorption peak, making it favorable for isolators in the lowest dispersion
h range,'*”"! and bulk Bi:YIG is the material of choice in discrete isolators.
G has been extensively characterized.”>>* Epitaxial Bi:YIG films on Gd;GasO,
substrates exhibited a Faraday rotation angle ®; proportional to the Bi content.*"
Complete substitution of bismuth in YIG can increase the Faraday rotation by as high as two orders of
magnitude at 633 nm wavelength in comparison to YIG.*>*> %) The Bi’" ion has high spin orbit
coupling tHat increases excited state splitting, raising the Faraday rotation.”*! Although polycrystalline
Bi:YIG has
Bi:YIG ang
parameters:

cen grown and characterized,'® 7 ** *** its reported FoM is well below that of bulk

fias been no systematic study of its FoM as a function of composition or deposition

In this pap@r we report the growth and optical properties of epitaxial and polycrystalline thin films of
Bi-substi i iron garnet (Bi, Y;..FesO1,, Bi:YIG) synthesized using PLD on GGG and Si

substrates. frhe opgimum growth conditions for epitaxial films and the effect of growth temperatures
and O, Mhe film stoichiometry was studied. The key results are demonstrations of the
highest regM of polycrystalline Bi:YIG films; the top-down seedlayer process for Bi:YIG;
and the sidewall gfbwth of Bi:YIG. The microstructure and stoichiometry of the films grown on the
top surface and onthe sidewalls of waveguide structures was compared to address the challenges of

developin e optical isolators.

2. Character of Bi:YIG/GGG
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2.1. Structural Characterization

We first describe the PLD growth, structure and properties of single crystal Bi:YIG films grown on

GGG. B“ of thickness 30 to 100 nm grew epitaxially on the substrate according to XRD

ggliigh, crystalline quality of the epitaxial films is evident from the Laue fringes present in

@ tric scans around the Bi:YIG and GGG (400) peaks as shown in Figure la. The

9 patameters of Bi, Y. Fes Op, grown from targets with x = 0.8, 1.2 and 1.5 and at

20mToff oXSFEEAPtessure and substrate temperature of 560°C were 12.41 A, 12.50 A and 12.56 A
respectivelYain agreement with previous reports./**>*%!

2.2. Effectf0f Teniperature and Oxygen Pressure on Stoichiometry

The effects of substrate temperature (75) and oxygen pressure (Po,) on film composition are shown in

Figure 1b @ndfFiglire 1c. The cation content of the films was measured by wavelength dispersive
spectroscop aracterized by the Bi:Y ratio and by (Bi+Y)/Fe which is ideally 0.6. Films grown
on Si durilzne deposition run showed the same cation ratios found in films grown on GGG.

High 7; a

Po2 lead to a lower bismuth content whereas low 7 and/or high PO2 result in

bismuth-ri s shown in Figure 1d. This bismuth deficiency at higher 75 is attributed to the
volatility bismuth, and similar behavior has been observed in BiFeO; films."'*?! The pressure
dependence 1s related to scattering of the ablated species by the oxygen in the chamber. Fe is lighter
than Bi an

oxygen pri lowered the ratio of Fe to Y. As a result, for constant temperature the (Bi+Y):Fe
ratio is much less than 0.6 at lower PO2 but increases with PO2 as shown in Figure 1d.

ered more effectively, accounting for the Fe deficiency at higher Po,. Increasing

The (BitY):Fe
at P02

was close to the stoichiometric ratio of 0.6 at growth temperatures of 520-600°C
orr (Figure 1d) and XRD analysis confirms formation of single phase garnet in this

temperature range. While a single phase garnet without secondary phases was formed at all oxygen
pressures between 10-100mTorr, the Bi-rich films at higher oxygen pressures have improved
magneto—osial characteristics (Figure 2d).

Autho
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Figure 1. (; HRXRD w —20 scans around the Bi:YIG (400) and GGG (400) peaks for films grown at
560 °C an orr pressure. Dashed line indicates the (400) peak of bulk GGG. (b) Effect of
composition of films grown from a target composition of BiysYFesO;; at 560 °C,
repetition 7 2 and laser fluence of 2 J/em’. (c) Effect of substrate temperature on composition
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Table 1. Growth conditions and stoichiometry of garnet films on GGG and Si.

Sample Sut

Target Po, Temperature Film Thickness Bi:Y:Fe
(mTorr) (°C) (nm)

150 104 1:1.6:3.6
G2 Bi;, Y gFesOq, 100 520 110 0.9:2:4
G3 20 130 0.65:2.2:4.6
G4 Bi; 5Y; sFesOq, 100 560 126 1.4:1:4.2
G5 3 Bi;, Y sFesOy; 150 560 75 1.1:1.4:4
G6 BipsY,,Fes0y; 100 560 90 0.7:1.9:4
S1 BipsY,,FesOq, 100 560 YIG(37)/BiYIG(88)/Si
S2 Bij, Y, gFesOp; 100 560 YIG(40)/BiYIG(80)/Si
S3 Bi;5Y, sFesOy; 100 640 YIG(50)/BiYIG(90)/Si
S4 Si BiggY,,FesOp; 100 560 BiYIG(85)/YIG(20)/Si
S5 Bi;,Y, gFesOp; 100 560 BiYIG(90)/YIG(25)/Si
S6 Bi;5Y, sFesOp; 100 600 BiYIG(100)/YIG(40)/Si
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Figure 2. (4
targets

ne (IP) and (b) out-of-plane (OP) hysteresis loops for epitaxial films grown from
ismuth content. (c¢) Out-of plane Faraday rotation hysteresis loops at 1550 nm for
films growy at 52¢/C, 1 9J/em’ at various oxygen pressures from a Bi;,Y;sFesO;; target. (d) Out-of
plane tation hysteresis loops at 1550 nm for epitaxial Bi:YIG films made from
BiMYHF%jMFQO” and Bi;sY;sFesO;; targets. (e) Faraday rotation versus Bi/Fe ratio of

epitaxial films. (f) Baraday rotation spectrum of an epitaxial film made from a BiygY, ,FesO;, target.
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2.3. Magnetic and Magneto-optical Characterization

Figure 2b), similar to previous reports,'*” and Faraday rotation up to 3000°cm™ at

i igure 2c. The Faraday rotation increased linearly with the bismuth content as

reported-previousl .“*' Hence, the Faraday rotation can be increased by using a target with higher Bi

content or Qy depositing at a higher oxygen pressure to enhance Bi incorporation into the films. In

Figure 2f, an rotation versus wavelength for Bi:YIG/GGG is typical of bulk Bi:YIG with

absorption @ible-ultra violet region due to Fe transitions, and an absorption tail extending into
1

the IR [34,35844-46

3. Charactm\ of Bi:YIG/Si
3.1. Struct aracterization, Surface Morphology and Crystal Quality

We now discuss the properties of Bi:YIG films grown on Si substrates by PLD from the same three
targets of composition BiypgY;,,FesO,, Bij,Y;gFesO;, and Bi; 5Y; sFesO,. Annealing of single layer
Bi:YIG fil 1d not produce a garnet phase, but inclusion of a YIG seed layer led to crystallization
into garnet previously for Ce:YIG.'*" Bilayers consisting of Bi:YIG with a YIG seed layer

below or abgye the,Bi:YIG are referred to as bottom-up or top-down, respectively. Layer thicknesses

ntain secondary phases in the form of Bi,O; and Fe,O;. We suggest that in the
tion process the escape of volatile Bi during annealing is limited by the capping
YIG seed layer and the excess Bi forms the secondary Bi,Oj; phases. The introduction of an additional
annealing step in the PLD chamber after the growth of the Bi:YIG layer but before the YIG was
deposited iows Rart of the Bi to escape and prevents the formation of secondary phases as shown in
Figure 3b. The excess Bi in the top-down bilayers was alternatively avoided by co-depositing iron

polycrystalline™ Tilms further confirms the presence of secondary phases only in the top-down
crystallize : films that were not PLD annealed or co-deposited with Fe,O3 as shown in Figure
S1. T d AFM surface morphology of the bilayer films of YIG/Bi:YIG/Si and
Bi:YIG/Y Ii/ Si arzhown in Figure 3¢ and Figure 3d. For the YIG/Bi:YIG/Si, the grain size at the top
surface 1 er of 5 um, whereas in Bi:YIG/YIG/Si the grain size is on the order of 2 pm.

-

Figure 4a the cross-sectional SEM image of top-down crystallized YIG (50nm)/Bi:YIG
(150nm)/substrate grown on a waveguide of a TE mode optical test device. TE-mode optical isolation

This article is protected by copyright. All rights reserved.



requires symmetry breaking that is transverse to the waveguide and therefore sidewall garnet growth
is necessary.””! The garnet covers both the top surface and the sidewalls, but the layer on the sidewall
of the tre;ih is tinner than the layer on the flat surface of the device. Moreover, the sidewall

coverag on either side of the trench is significantly different because the trench was not
placed dire e the plume during deposition. By rotating the substrate during deposition a much
more unif wall coverage on both sides of the trench is obtained as shown in the cross-
sectional mmage of YIG (100nm)/Bi:YIG(100nm)/substrate in Figure 4b. Figure 4a also

confirms t 1:YIG layer shows internal contrast, presumably from grain boundaries, and has a
smaller gr: i an the YIG capping layer.

A bright—ﬁ{d TE ,cross—sectional image of YIG/Bi:YIG film on amorphous SiO, is shown in Figure
4c. The Au ayers were added during sample preparation prior to cutting the sample using the
FIB. A hi ion (HR) TEM image of the interface between the YIG and the Bi:YIG layer is
shown in gw. Figure 4e and Figure 4f show selected area diffraction (SAD) pattern of the

garnet gro
along the [111] zo

patterns show diffraction spots consistent with the garnet structure, and their spacing yielded
interplanarf@pacings of ds;= 3.34 A, dy= 2.55 A, due= 3.10A close to the lattice spacings from
XRD. (d321 d422: 2.52 A, d400: 309A)

flat surface of the device taken along the [011] zone axis and of sidewall garnet

using apertures indicated in Figure 4b in blue and red respectively. The SAD

the scanni

Figure S2 gho elemental mapping of Fe, Y, O, Bi and Au in the top-down YIG/Bi:YIG/Si from
t ission electron microscope sample together with a bright field TEM image. The

distribugi and Y is uniform throughout the YIG and Bi:YIG layers. However, the Fe
distributio e sidewall includes Fe-rich regions as shown in Figure S3. The Bi map suggests
interdiffusi into the YIG layer. The false signal in the Bi map at the top of the Bi:YIG film is
due to the Bi Ma peak with the Au La peak.

3.2 Magni:’c and Magneto-optical Characterization

alline films grown with both top and bottom seed layers on planar Si substrates had

bulk-like ny oment (Figure 5a and Figure 5b) and Faraday rotation up to 2000°cm™ at 1550
nm was ac or top-down crystallized films grown from the Bi; Y, sFesOq; target (Figure Sc).
The high F tation of the films S3 and S6 is attributed to the increased Bi content from the

243435431 For all the polycrystalline films the Faraday rotation was averaged over

Bi; 5Y sFefO,, target.
ickness, i.e. including the YIG contribution, and was comparable for both top-
down ar“p films grown from the same target composition as shown in the inset in Figure

5d.
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(422)
* (400)

Figures 4(q Wn show the cross-sectional SEM and TEM images of top-down crystallized Bi:YIG
film groWme Weveguide of an optical test device. In (a) the waveguide cross-section is highlighted
inred. (c) B Id TEM cross-sectional images of bilayer film. (d) High resolution TEM images of
the interface betw@en the YIG and Bi:YIG layer. (e) Selected area diffraction (SAD) pattern taken
along the zong axis of the planar surface of the device with the aperture placed at the location
indicatedds ge in (b). (f) SAD pattern taken along the [111] zone axis at the location indicated in
red in (D).
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Figure 5. In-plane (IP) and Out-of-plane (OP) hysteresis loops of films on Si after RTA (a) bottom-up
'm from Bi,,Y; sFesO, target (b) top-down crystallized film from Bi; ;Y sFe;O, target.
ay rotation hysteresis loops at 1550 nm wavelength of (c) top-down YIG/Bi:YIG
and (d) bottom-up YIG/Bi:YIG films grown from target compositions of BiysY;,FesO;,, Bi; Y, sFes0;;
and Bi, ! Inset in (d) shows Faraday rotation versus nominal target composition for

bottom-itp ﬁown films.
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4. Optical Characterization

easured by spectroscopic ellipsometer were fitted using a model structure of (a)

; GG substrate, or (b) YIG/Bi:YIG layer on oxidized Si substrate. The optical
parame®@sMEEEE and YIG were obtained from separate measurements on bare GGG substrate and
on a 90 n% thick YIG layer on GGG substrate. Kramers-Kronig consistency of the results was

ensured by the ersion model used.
Spectral dms of the real, n, and imaginary, k, part of the complex refractive index are shown

in Figure 6a_a b. The spectral behavior is typical for ferrimagnetic garnets.!>****% Eigure 6b
rease in the absorption below the absorption edge with increasing Bi content, as
rted.”* Using the results in Figure 6b we have calculated spectral dependence of

the absorpjcient of the samples grown on Si substrates. The resulting spectra are displayed

in Figure 6¢

absorption €dge. The films exhibit the highest values of FoM at 1550 nm reported for polycrystalline
B1:YIG fil e, as shown in Table 2. The lower bound of the FoOM was 397 and 769° dB! at

1550 nm mV) for sample S1 and S6 from Table 1 respectively. These FoM values are more

The absorgfﬁcient falls dramatically in the IR region on moving away from the optical

than an ordgr nitude higher than previous reports for polycrystalline Ce:YIG films.!*'?!

5. Conclusi

In conclusion, polycrystalline YIG/Bi:YIG films were grown on Si in both bottom-up and top-down
configuratign using a single-step PLD method in which the YIG layer provides a template for Bi:YIG
crystallizath-down YIG/Bi:YIG was demonstrated for the first time, crystallizing on both

and on sidewall features, and its Faraday rotation was as high as 2000° cm™ at 1500

nm. The t @) process allows the MO Bi:YIG layer to be placed in direct contact with an
underlying ¥ fide which is expected to increase optical coupling into the Bi:YIG and improve the
performan mmtegrated optical isolators. The FoM reported for both the top down and bottom-up
crystallized§films at 1550 nm are more than one order of magnitude higher than previous reported
FoM valu lycrystalline MO garnets suggesting Bi:YIG as a material for non-reciprocal
integrat with enhanced performance.

-
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Table 2. Comparison of MO Figure-of-merit values for polycrystalline garnets on non-garnet
substrates, single crystalline garnets on garnet substrates and bulk garnets at A = 1550 nm.

MO ma MO FoM Growth Method Optical Loss Reference
[°dB™'] [dB.cm™]
Y2.82Ce0.18F€s012 1420 Traveling solvent 0.52 22

(no substfte,

crystal) floating zone

943 PLD 6 13

38 PLD 29 12
21.8 PLD 58 6

397 PLD 1.26 This work
769 PLD 2.6 This work

6. Exp ction

The Bi:YIG and YIG films were deposited by PLD on double-side polished silicon (100) and
GGG(100)Wgubstrates using a 248nm wavelength KrF excimer laser (Coherent, COMPex Pro 205).
The Bi,Y;.,F¢s01,(x = 0.8, 1.2, 1.5) and Y,Fe,O,, targets were prepared by sintering of mixed oxide
powders.!"! Ramber was pumped to 5 x 10 Torr base pressure prior to introducing oxygen and
depositing the . The laser repetition rate was 10 Hz, the laser fluence was ~2 J/cm®, and the
target-subs istance was 6 cm. A range of different substrate temperatures (480-650°C) and O,
pressures (8-100mTorr) were used. The films grown on Si consisted of YIG 30 nm/Bi:YIG 100 nm/Si
and Bi: YIG 80 nm/Si, and underwent rapid thermal annealing (RTA, Modular Process
Tech, R 800 °C for 5 min. Crystallization of the Bi:YIG during RTA is facilitated by the
YIG layer or at the bottom of the stack as shown in Figure 3a.

Phase analﬁattice parameters of the epitaxial films were characterized by Bruker D8 Discover

lycrystalline films, 6—2w diffraction data were collected on a PANalytical X’ pert

tometer. The thickness was measured by surface profilometry on a KLA-Tencor P-
having measurement error of less than 5%. Atomic force microscopy was carried
out using Veeco Metrology Nanoscope IV Scanned Probe Microscope Controller with Dimension
3100 SPM. The epitaxial film compositions were measured by wavelength dispersive spectroscopy

This article is protected by copyright. All rights reserved.
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(WDS) using a JEOL-JXA-8200 Superprobe. Cross-section samples for TEM were prepared using
focused ion beam (FEI- 600) and then imaged on a JEOL 2010F field-emission TEM. STEM EDX
was used tq carry qut the elemental mapping in the films. Room temperature magnetic properties were
characteH)rating sample magnetometry (VSM) using an ADE Technologies VSM Model
ic cllipsometry was performed on a J.A. Woollam RC2 ellipsometer for three light

ing from 55° to 65°. The experimental data were processed using proprietary

software ase by J.A. Woollam. Faraday rotation hysteresis loops were measured at 1550

omp
nm w1tﬁn@eld and light propagation perpendicular to the films.
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This articlw developments in the integration of magneto-optical (MO) materials into photonic

integrated gikcuitse The first successful demonstration of top-down crystallized polycrystalline
Bi:YIG/YIG films¥n silicon is shown. The figures of merit of the films at 1550 nm are more than one
order of higher than previous reported values for polycrystalline MO garnets. Sidewall

growth of Cssential for TE-mode isolators, is also demonstrated.

Keywords@o-optical, optical isolator, figure of merit, sidewall growth
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