Check for
updates

Epitaxial Oxides on Semiconductors: from Fundamentals to New Devices

7

Divine P. Kuﬁ:oseph H. Ngai, Lior Kornblum*
]

. -

Prof. D. P Kugna

Departmen ics, North Carolina State University, Raleigh, NC, 27695 USA

Prof. J. H. :
Departme ics, University of Texas at Arlington, Arlington, TX, 76019 USA

Prof. L. Kornblum

Andrew &GWEr iterbi Deptartment of Electrical Engineering, Technion — lIsrael Institute of

Techno i 2000-03 — Israel
liork@ jon.ac.il

E-mail:

G
@,
e
e
-

This is the author"#anuscript accepted for publication and has undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
10.1002/adfm.201901597.

This article is protected by copyright. All rights reserved.


https://doi.org/10.1002/adfm.201901597
https://doi.org/10.1002/adfm.201901597
https://doi.org/10.1002/adfm.201901597
mailto:liork@technion.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.201901597&domain=pdf&date_stamp=2019-07-22

WILEY-VCH

Keywords: oxide electronics, epitaxial oxides, correlated electrons, oxide interfaces, semiconductor
interfac

{

[ ]
AbS$tract

Hip

Fungfiondl§gxides are an untapped resource for futuristic devices and functionalities. These can range
frofl high t@mperature superconductivity to multiferroicity and novel catalytic schemes. The only route
for t ming these ideas from a single device in the lab to practical technologies is by integration
wit ductors. Moreover, coupling oxides with semiconductors can herald new and unexpected
s that exist in neither of the materials. Therefore, oxide epitaxy on semiconductors

G

provides
pro

materials platform for novel device technologies. As oxides and semiconductors exhibit
at are complementary to one another, epitaxial heterostructures comprised of the two are
uniquel sed to deliver rich functionalities. This review discusses recent advancements in the

gﬂ

of epitaxial oxides on semiconductors, and the electronic and physical structure of their

~Leaning on these fundamentals and practicalities, the material behavior and functionality of
onductor-oxide heterostructures is discussed, their potential as device building blocks is
highlig he culmination of this discussion is a review of recent advances in the development of
pr vices based on semiconductor-oxide heterostructures, in areas ranging from silicon
phaton hotocatalysis. This overview is intended to stimulate ideas for new concepts of functional
devices afld lay the groundwork for their realization.

a
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1. Introduction

1.1. Backﬁiund a'd Motivation
The heteroed between a semiconductor and an oxide is one of the most technologically

importagf wyeadeRs cver developed. Starting with SiO, and now HfO,, the oxide layer acts as an
insulating h that enables the surface potential of the semiconductor to be modulated through

applied elé€tric figlds. This basic functionality in what are known as metal-oxide-semiconductor

C

(MOS) deviges erpins the operation of field-effect transistors (MOSFET) that have revolutionized
informatio 0aB8sing. Despite this success or perhaps because of it, the functionality of the

semiconductor-oxifle heterojunction has remained largely within the MOS paradigm since its

U

inception.

1

In this regard, advances in epitaxial growth have opened pathways to introduce new functionalities to

semicondugtor heterojunctions. Single crystalline oxides can now be grown on semiconductors

d

ranging GaN. Particularly noteworthy is the integration of perovskite structured (ABO3)

oxides on faces of diamond cubic or zincblende structured semiconductors, such as Si and

)

GaAs. Referred to as multifunctional oxides, a wide variety of material behaviors can be realized by

altering th@l composition of the A- and B-site cations within the basic ABO; structure of these

[

materials. perties include piezoelectricity, ferroelectricity, ferromagnetism, metal insulator

O

transitions ated behaviors that stem from strong electron-electron and electron-lattice

correlation§l Yet more intriguing, the common perovskite structure enables compositionally dissimilar

h

oxides to monglithically combined in layered heterostructures. If the properties of oxides and

!

layered he ures can be properly harnessed, the semiconductor-oxide heterojunction could

U

transcend S paradigm and impact applications ranging from energy harvesting to

nanoph

A
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At the most basic level, the epitaxial growth of crystalline oxides on semiconductors provides a
pathway for these materials to be integrated on technologically relevant platforms. Oxides per se
exhibit Mhat are not found in conventional semiconductors, such as multiferroicity, spin-
polarizatio @ al magnetoresistance and metal-insulator transitions. Silicon remains foremost the
ideal physieaimplasform by which oxides can be introduced to device technologies, as cost-effective
approachehuce large scale single crystal oxide substrates are presently not available. In

principle, i‘tegrati} on Si enables the functionality of oxides to be exploited in complementary MOS

technologymroelectromechanical systems (MEMS).

Progressin ext level are functionalities that emerge by coupling the electrical properties of
oxides wit of semiconductors. MOS functionality is the most basic yet essential form of
electrical supling between an oxide and semiconductor. Given the broad range of electronic

properties functional oxides, MOS functionality is just one of several functionalities that
a

could pote merge in semiconductor-oxide heterojunctions. The motivation for electrically
coupling to semiconductors can be understood by examining their respective electronic
properti i xhibit material properties that are not found in conventional semiconductors,

such as the aforementioned behaviors of multifunctional oxides. In comparison, semiconductors

exhibit mahracteristics that are difficult to find in oxides, such as high carrier mobilities at

room temy long spin coherence times, direct band-gaps, and the ability to exhibit bipolar
conductio mplementary relationship in material properties between semiconductors and
oxides Illy stem from their respective covalent and ionic natures. Thus, epitaxial
heterojunc, prised of multifunctional oxides and semiconductors could, in principle, exhibit
the “best- orlds”, namely, properties or functionalities that cannot be realized using either
material his synergistic approach to materials engineering could help address emerging
technological nges in which both ionic and covalent material characteristics are needed.

This article is protected by copyright. All rights reserved.
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Examples include emergent ferroelectricity (with non-ferroelectric oxides), various tunnel junctions,

and most recently, the ability to leverage oxide-semiconductor interface for photoelectrocatalytic

t

P

water splittin

I
1.2. Scopehrview
This revieuanized into three main topic sections covering (i) the growth, physical and

electronic $frugfurglin Section 2; (ii) behavior and functionality in Section 3; and (iii) emerging device
applicatio xial oxides on semiconductors in Section 4. The sections are written in a manner

so as to b

us

self-contained, such that the reader can choose to read a particular topic area

without ne@fing to consult the entire review.

N

For the fir the review discussing the growth, physical and electronic structure of epitaxial

d

oxides on semicofiductors, we will focus our discussion on epitaxial growth on Ge, GaAs and GaN.

We refer t 1 to recent reviews covering the growth of perovskite oxides on Si via molecular

—4]

M

beam e BE). We will also discuss recent advancements that have enabled epitaxial oxides

to be grown on semiconductors using atomic layer deposition (ALD) and so-called hybrid MBE

I

techniques tential for scalability. This section will also discuss the physical structure of
epitaxial osemiconductors, particularly in the ultra-thin limit in which structural distortions
in the oxid induced. We will also review the electronic structure, namely, band alignment
betwee i tors and oxides.

{

In the seco, f the review, we will discuss the behavior and functionality of epitaxial oxides on

U

semicondu ich provide potential “building-blocks" for the creation of device technologies.
We will s functionalities that emerge from electrical coupling between the oxide and

semiconductor; ell as functionalities that involve the oxide only. Examples of the former include

A
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MOS, ferroelectric-semiconductor heterojunctions, and recent advancements in engineering band-
alignments, charge transfer and built-in electric fields across heterojunctions. Examples of the latter
include Wgration of single compound correlated oxides on semiconductors (e.g. metallic
SrRu0;, cad @ agnetoresistive/half metallic doped manganites, superconducting cuprates) as well

as morgl complexm multi-layered heterostructures that exhibit high density electron gases (e.g.

LaAlO;/ Srhi).

In the third

C

he review, we will discuss emerging device applications based on epitaxial oxides

on semicofidyGtors. Here we will begin to see the broad impact that epitaxial oxides on

S

semicondu uld potentially have on technological development. Examples include

U

microelect ical systems (MEMS) for actuation and sensing, ferroelectric-based optical

modulatorsgifor silicon photonics, and heterojunctions for photocatalysis.

N

We conclu view by discussing remaining challenges pertaining to the three topic sections. It

d

should be note at about a half of the references of this review were published in the last five

years, whic ates both our intention to focus on the most recent progress, and further

V]

provid f the momentum this field has gained in recent years. We hope this review will

provide further impetus in addressing remaining challenges so that the full technological potential of

[}

epitaxial oxi semiconductors can be realized.

O

We focus th lew on epitaxial oxides; the physical properties of amorphous and polycrystalline

complex oXides are in most cases, inferior to their epitaxial crystalline analogues. For example, grain

h

bounda

L

rystalline oxides constitute defects that scatter electrons and smear or degrade

many correlated électron phenomena and other functional properties. Moreover, the sensitivity of

Ul

interface-coupl nctional properties to the composition and crystal orientation at oxide-oxide

and oxi onductor interfaces requires atomically-abrupt crystalline interfaces. Our discussion

A

therefore focuses on well-defined epitaxial interfaces that preserve the maximum degree of

This article is protected by copyright. All rights reserved.
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functional behavior. Future trends into technological commercialization may very well use oriented
polycrystalline structures or amorphous layers, and some trends, such as chemical solution methods
(Section#illbe mentioned briefly.
1.3 Some glor Properties

H I
Some of thperties of the common semiconductors are presented in Table 1, alongside their
relations t@itaxy. The properties of SrTiO; (STO) are listed as well, being the most common

oxide semMr in this field, and one of the most important components of oxide epitaxy on

semicondu ce diamond is considered an interesting wide-bandgap semiconductor, this work

reviews oxide epit;y on it and it is included in the table as well.
Table 1. Smmiconductor parameters. !

Paramete i Ge GaAs GaN Diamond SrTiO4
(crystals)
(at 300 K)
Bandgap indirect | 0.67, indirect 1.42, direct 3.44, direct 5.47 3.2, indirect
Structure Cubic, Cubic, diamond | Cubic, zinc Hexagonal, wurzite Cubic, Cubic,
diamond blende diamond perovskite
Lattice 5.646 5.653 a=3.189 3.569 3.905
constant (A)
c=5.182

3,900 8,000 1,800 ~5
Bulk electi@i
mobility
(csz']s'

1,900 400 1,200
Bulk hole
mobility
Dielectric 16.0 12.9 10.4 5.7 ~300 (low

This article is protected by copyright. All rights reserved.
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constant ﬁeld) [7]
Thermal 156 60 45 2~3 1000 ~12 T
conductivity
(Wm'K™)
Epitaxial (001)¢|(001)g (111)g/I(0001)s (001)g|(001)s
relation
m [110]g/[010]s [1-10]g/[11-20]s [010]¢/I[110]s
STO STO on TiO, EuO
MOSt ‘ (+ .0 ) BTO (-2.3%) (+1 .8%)
common
oxide (lattice (<0.1%), a-axis
mismatch”)
(1.1%), c-axis
STO (-2.2%)
Conduction B) BTO: 0.0 T (-0.7) ™I TiO5: 0.05 [
band offset®
(eV) STO:
(-0.1)-(-0.4) 2
Valence band 7 29(-3.0) | BTO: (-2.6)T0 | 2,513 TiO5: (-0.4) ¥
offset® (eV) E
STO:
(-2.7)-(-3.0) 2

# .. . .
Positive values refer to compressive strain.

& PositiveSalues_refer to the relevant band being higher in the oxide with respect to the
semiconductor, for both types of bands.

2. Growth 1 and Electronic Structure

N

2.1. Grow

{

Since McKee et. . first demonstrated the epitaxial growth of the perovskite SrTiO; (STO) on the

Ll

(001) surface o n 1998 by molecular beam epitaxy'"! (MBE, Figure 1a), an intense research effort

has be d to extending the combination of epitaxial complex oxide materials which can be

A

synthesized in single crystal form on semiconductor substrates. A critical step in integrating

This article is protected by copyright. All rights reserved.
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multifunctional complex oxides with semiconductors involves the development of synthesis
techniques which overcome major challenges related to growth. These challenges include
circumvweoxidation of the semiconductor surface and reducing the thermal budget for the
metal oxid @ , while ensuring the growth of stoichiometric crystalline oxide phases with
minimaldofeetsmiliius, the growth window for the epitaxial growth of oxides on semiconductors must
take into L the thermal, lattice and symmetry mismatch between the film and the
substrate.[l@y to this progress has been the understanding of the chemical interactions between
alkaline e Is and semiconductor surfaces such as Si which has led to the discovery of
0p)

effective t ayers for oxide epitaxy.

Perovskite [100]
® 9 P + & 4 =

. ® THE
t. "
f- -”::.‘:l'-l
L B

nyle
‘e'e o'’
Si[110]

t reports of an epitaxial (a) SrTiO; on Sit" and (b) BaTiO; on Ge,"'”! both grown

gduced with permission.! Copyright 1998, American Physics Society. Reproduced

with pe£ Copyright 2001, The American Association for the Advancement of Science,
respecitv

T
-

MBE remain ost common technique for oxide epitaxy on semiconductors. It provides precise
control 0 tic and thermodynamic conditions needed to achieve high crystalline and interfacial

quality. Complementary techniques, such as atomic layer deposition (ALD), offer considerable

using MBE

This article is protected by copyright. All rights reserved.
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potential for higher throughput and scalability. We will begin this section with MBE growth, and then

describe more recent approaches such as hybrid MBE-ALD, hybrid (organic-inorganic) MBE, and

pulsed lasel Heposnion (PLD).

At the oxi

P

ctor interface, chemical interactions between the semiconductor and the oxide

|
lead to trangfer of electrons from semiconductor to the more electronegative oxygen in the interfacial

[l

oxide layer. 4 camsequence of this charge transfer is the formation of an intrinsic dipole at the oxide-

G

Si interface? fect of this dipole on the atomic-scale structure and the electronic band offsets at

the oxide- on@ductor interface has been investigated theoretically and experimentally, and the

$

major find ummarized below.

U

Finally, the realization of atomically abrupt oxide-semiconductor interfaces has important

implicatio upling the symmetries of reconstructed semiconductor surfaces with structural

)

modes in epilayer. This interfacial interaction has exciting prospects for modulating the

d

physical prope of oxide thin films where a strong coupling of structural degrees of freedom with
technologi ortant electronic and magnetic phases exists. We discuss the BaTiOs/(2x1)Ge

(BTO/ where non-bulk phases are stabilized. First principles calculations predict non-

V]

volatile switching of polarization state of the BTO and the band offset between the BTO and Ge.

[

2.1.1. Molecular Beam Epitaxy of Oxides on Si and Ge

h

McKee - ers first demonstrated that the growth of an alkaline earth template layer on the

{

clean reconstructed semiconductor surface serves as an effect buffer for the commensurate growth of

J

complex o using the molecular beam epitaxy (MBE) technique!'’ (Figure 1a). The key to the
success of roach lies in the relative thermodynamic stability of the alkaline earth silicide that

prevents oX of the underlying Si substrate. Here, a 2 monolayer of the alkaline earth metal is

A

This article is protected by copyright. All rights reserved.
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initially deposited at ~650 °C forming an ordered commensurate stable silicide structure as evidenced

by reflection high energy electron diffraction.

The growmial oxide layers requires low temperatures and oxygen pressures (relative to
typical gr ides) to avoid oxidation of the Si substrate. A variety of steps have been
developed gr the growth of SrTiO; (STO) on Si to achieve this stringent requirement.”! Following

the deposiﬁ % Sr template layer, an additional monolayer of SrO is grown by depositing Sr in

a low oxy ures and low temperature. This step is followed by the growth of an amorphous

STO layermmperatures, which is then recrystallized by a UHV anneal.'"*** This provides a

template lﬁllows for the consequent growth of transition metal oxides over a wide range of

oxygen pr d growth temperatures without the formation of an amorphous SiO, interfacial
layer. Sirr!ar steps have been used to grow BaTiO; (BTO) on Ge using 2 ML Ba or Sr as the Ge

passivation layer'”*"! (Figure 1b). After the initial "4 ML Sr Zintl template is grown on Ge,
m

Fredrickso ow that the initial BTO layers can be grown at 650 °C by progressively increasing
the oxy 122
In gene on thread of growth of oxides on semiconductors is based on separating the steps

requiring oxygen from the steps requiring high temperature, as means for mitigating surface oxidation

of the sen&or surface. This is achieved by the low-temperature deposition of STO on the

Zintl—stabiconductor surface, and then annealing it in UHV. The careful control and limit of
the oxygen during growth is not only about keeping it low; too low oxygen will not only
form a ﬁide, but may cause a silicide reaction between the semiconductor and metallic
atoms, iwre not sufficiently oxidized. This subsection provides a short glimpse of the many
aspects of MBE gkowth, and we refer the readers to a recent book that thoroughly addresses the

manner. (3]

This article is protected by copyright. All rights reserved.
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Following the breakthrough work of McKee at al, additional strategies have been developed to

integrate oxides with semiconductors using MBE, pulsed laser deposition (PLD) and atomic layer

t

deposition , as will be discussed over the next sections.

P

CFl

2.1.2. Ato Deposition

Atomic la ition (ALD) is a widespread, self-limiting thin film deposition method with high

flexibility, lent coverage of complex 3D structures with high aspect ratio.””’ ALD is a highly

S

scalable te with dozens of large wafers accommodated in commercial systems. While this

U

method is r deposition of amorphous oxides such as Al,O; and HfO,, ALD is suitable for a

wide rang@fol materials ranging from metals to sulfides, nitrides and many other compounds,

1

including perovskite oxides.”™ A key application of ALD is deposition of Hf oxide high-k dielectrics

in advanc lectronics technologies.”*" Since its first days ALD has been used for epitaxy,

d

and lat een applied for oxide epitaxy. More recently, after considerable development by

the commu D has been successfully applied for oxide epitaxy on semiconductors. This

%

approach promises a scalable, low-cost alternative to MBE, which may herald the maturation of

practical d@¥ice applications from the physics that we review in this paper. Carbon contamination

i

from the A ursors remains a significant concern, however, recent reports indicate that post-

O

growth ann effective in reducing carbon-related defects. We present here a few key examples,

and refer tH€ interested reader to a 2015 review by McDaniel et al. that thoroughly covers this exciting

h

{

field.””’

All ALD SrTiO;

Ul

Ideally, an process will be preferable for the scalable integration of functional oxides with

semiconduc nce, the development of ALD-compatible buffer layers which maintain structural

A

integrity of the semiconductor interface is crucial. Zhang et. al have demonstrated the passivation of

This article is protected by copyright. All rights reserved.

12



WILEY-VCH

the Si(001) surface by 2 a monolayer of Sr using HyperSr [bis(triisopropylcyclopentadienyl)Sr, or:
Sr(CsPrsH,),] and H,O as precursors, followed by a high temperature (800-850 °C) anneal.”®! The
consequen!grow!! of high quality films on the ALD-grown Sr-Si templates remains challenging to

[27

date due to @ ies in mitigating the formation of an interfacial SiO, layer.”” To circumvent this

limitatign, imhassbecn shown that ALD growth of STO can be achieved on STO buffer layers grown

by MBE, vharmed hybrid MBE-ALD growth.

Hybrid Mw?rowth of SrTiOs/Si

McDaniel and c;;rkers have demonstrated the homoepitaxial growth of STO films by ALD using

C

HyperSr, tgtraisopropoxide (TTIP), and water as the precursors at moderate 250 °C growth
1

temperatur t-cells of MBE-grown STO templates on Si(001). Carbon contamination from the

ALD cycl@ effectively removed by a vacuum anneal at 250 °C as evidenced by XPS
measur ighout the reduction of the STO."*” This work constitutes a promising start, but owing
to the conside endency of Si for oxidation, it remains unclear whether all-ALD processes could

yield ox1 1taXy on Si in the future.

L

ALD Oxid

An altemage substrate for ALD oxide epitaxy is Ge. Oxides of Ge have a lower oxide stability than

oxides of jBi, hemge, a larger growth window is expected for the realization of metal oxide-

semicondu imger faces with minimal GeO,. McDaniel and coworkers have demonstrated direct
ALD gro stalline STO and SrHfO; (SHO) films, with atomically abrupt interfaces on Ge.
Followi moval of the native oxide from the Ge substrate, the ALD deposition of amorphous

STO and SHO at 225 °C and a subsequent anneal in vacuum or 10 Torr Py, at 585-650 °C for 5

This article is protected by copyright. All rights reserved.
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minutes results in crystalline oxide films®” (Figure 2a) Thicker oxides films (~15nm) were
synthesized using the two-step low temperature deposition and high temperature anneal procedure. X-
ray photoelc!ron spectroscopy (XPS) and transmission electron microscopy measurements confirm

the absencs @ erfacial GeOy layer (Figure 2b).

I
MOS struggures based on the ALD grown STO/Ge possess a high dielectric constant of ~90 but
exhibit highdeal@ge currents (10A/cm” at 0.7 MV/cm) due to the small conduction band offset of
~0.12 eV b TO and Ge. The leakage current can be inhibited by Al-doping. Al-doped STO

films growll offun@oped STO buffer layers by ALD exhibit a two orders of magnitude reduction in

$

the leakag due to the increase in the oxide band gap by Al doping. Section 3.1.2. further

U

discusses t cal properties of these structures as high-k dielectrics.

Author Man

This article is protected by copyright. All rights reserved.
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(a)

Step 1: Two Sr subcycles Step 2: One Ti subcycle

2x1 reconstructed
2 Ge (001) surface

H I
UHY anneal
T ~ 650 °C
B @ o @ @ o @ o @ o @
t19:10:010:0:0¢ Crystalline
® o @ o @ o @ o @ o @ o @ Sl‘TiO;(""Zﬂm)
‘9:0:'0:0:0:0: )
Ge (001)
C substrate
(b) -~ Experimental Ge 3d
| bulk Ge (Ge”)
o = bulk Ge (Ge')
€| interface Ge
= interface Ge
g1 Ge,0 (Ge™')
T — Ge,0 (Ge™)
2 1 - Background
s | o Envelope
!L c
‘q"', 4+
ST e o
o L — — '
34 33 32 31 30 29 28 27
£ Binding Energy [eV]
Figure TIBRSFO/Ge. a) Schematic of the deposition process showing the precursors reaching the

dimerized Ge sur

showing the ab

2014,

LI

H.

e of oxidized Ge near the interface. Reproduced with permission.”
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ALD SrHfO;/Ge

McDaniel Fd cow)rkers further demonstrated that crystalline StHfO; films can be grown on clean

2x1 Ge(OOdwith low leakage currents® (6x107° A/ecm’® at an applied field of 1 MV/cm,
equivalent iekmess of 1.0nm, k=20). SHO has a large bandgap of 6.1 eV with a 2.2 eV
I

conductiongband offset with Ge and a valence band offset of 3.2 eV. More on the electrical

characteris@s system can be found in Section 3.1.2.

Hf doping of ST& forming SrHf,Ti,,O; (SHTO) films on Ge has been used as a route to increase the

band offse gineer the strain states from 2.2% for STO to -1.9% for SHO. Atomically sharp
interfaces P@w obtained with ALD.*? The crystallization temperature is found to increase from
520 °C for 640 °C for SHO. Both 2x1 and 1x1 interfaces are observed in high resolution
scanning tcon electron microscopy (STEM) images for an SHTO (x=0.55) where the 2x1

structures macterized by the presence of % ML Sr compared with 1 ML Sr for the 1x1

interfa i e leakage current increases for x=0.55 to 0.1 A/cm” compared to ~10™ A/cm?, for
SHO the dielect#i nstant increased to 30.

ALD SrZrO;/Ge

with an equivalent SiO, thickness of 0.8 nm and k=30. The ALD SZO films were
grown eith on Ge or on MBE-grown Ba Zintl templates which were transferred in-situ from
the MBgyo the ALD reactor. It was previously found that the Ba-Zintl template forms an
effective batrier to prevent carbon contamination of the Ge surface.”*! Following the deposition of a 3

nm SZO b ealed at 590 °C for crystallization, additional crystalline SZO layers could be
depositeq

This article is protected by copyright. All rights reserved.
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2.1.3. Pulsed Layer Deposition of SrTiO;/Si

Pulsed las‘ deg,ition (PLD) is currently the most common tool for oxide epitaxy on oxide

substrates, mrelaﬁve ease of operation and wide span of possible materials.”>**! While it is

not as scal try-compatible as ALD, and the energertics and typical high growth pressures
I

are challenging for oxide/semiconductor epitaxy, the widespread use of PLD in research, and efforts

.

37,38

to increase jgs scafability,”’* make it potentially attractive for oxide epitaxy on semiconductors.

Spreitzer et al. ¢ looked beyond these hurdles and published their first attempt at PLD growth of

SG

STO/Si in 5#Since then, a continuous improvement in the film quality has been demonstrated.

The PLD chambef§has been equipped with a vacuum system enabling a base pressure of ~10™® Torr,

U

which is lo typical oxide PLD processes. A metallic Sr target has been employed for the

initial 1/2 r of Sr passivation of the Si surface. Similarly to growth on Si, it was shown that

N

the unders d precise control of the structure and reconstructions of this initial Sr Zintl phase,

4042

d

and its evolutioM, are critical for obtaining STO epitaxy.”****! This critical surface passivation,
together w imized annealing schemes, have significantly promoted higher crystalline

qualitie ing considerable progress. Even the highest quality PLD films still contain an

N

amorphous interface layer. Yet, for quite a few of the applications described in this paper — several nm

I

of interfac rm even with MBE films that started the best initial interface quality, due to

subsequent @ g.

Further prdgress in PLD oxide epitaxy on Si is expected to drive the field forward by opening it to

glo

many reseagch grogps that can only grow on oxide substrates today. In addition, other semiconductors

¢

such as G ewhat less challenging for oxide epitaxy, and we call upon the community to

U

explore th ilities further.

A
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2.1.4. Hybrid MBE SrTiO5/Si

Zhang an* co—w’kers have explored the hybrid MBE (hMBE) growth method to fabricate

stoichiomems on Si with scalable growth rates on the order of 1 nm/min."*”! The hMBE

technique roughly detailed in a recent review.*” Sr is evaporated from an elemental

I
thermal so@irce and Ti and O are obtained from an alkaloid precursor titanium tetraisopropoxide

(TTIP). Thﬂis self-regulated, leading to an expansion of the growth window for the synthesis

of stoichio stalline STO films on Si. Films are grown by co-deposition of the Sr and TTIP on

a %2 ML Wuffer layer. When employing metal-organic precursors such as TTIP, carbon
contamina:ing the hot Si surface forms carbides, which even as submonolayer is detrimental
i 1

to STO ep s challenge was addressed by long deposition of Sr on the chamber walls prior to

growth, W!Ch serves as a getter by reacting with the residual contamination. The TTIP is then

introducemr the Sr-Zintl buffer layer has been formed, at which point the surface is much

ual carbon.

The cr@lity of hybrid MBE STO/Si was subsequently improved by the development of a
two-st heme and further optimization of the growth details.*”! Additional insights on
the growth mechanism with this method has led to the development of a technique to
continuousyche epitaxial strain of STO layers grown on Si, using the thermal mismatch
between tials via the growth temperature.”® This achievement is potentially promising
as a sub strain engineering of other oxides, a prominent route for tuning their

propertiesI '

-

2.1.5. anm
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GaAs is the second most common semiconductors after silicon, and the most common when
optoelectronics are involved. GaAs is characterized by a direct band gap and high electron mobility
(Table Mn be readily integrated with its relatives of the III-V family, providing excellent
tunability ¢ @ d structure. This is routinely performed using mature and robust technology™”
that enablcsmsymthesizing some of the highest structural and interfacial qualities of any crystalline
interfaces. L furthermore readily integrated with group IV semiconductors, further extending

their functi@nality @nd technical maturity. As such, GaAs is an attractive candidate for integration of

C

epitaxial omwever, this turned out to be a rather challenging task.

One of thejhallenges of oxide epitaxy on GaAs revolves around surface preparation. As a

compound ductor, GaAs exhibits multiple native oxide moieties, with a wealth of structural

and electro!w defects and compensation mechanisms, several of which are detrimental for electronic
devices. While for Si and Ge the native oxide readily desorbs by heating in UHV"! (Section 2.1.1),

this approa€h i practical for III-V semiconductors. In GaAs and most III-Vs, As, or the column-V
elemen porates from the crystal at intermediate temperatures. In plain words, attempting
to perfc§ desorption of the GaAs native oxide would result in As desorption, which may
even result in Ga droplets on the surface. Alternative approaches must therefore be applied.

In GaAs t&', clean GaAs surfaces are obtained by homoepitaxial growth of GaAs films on

GaAs Waf native oxide on the wafer is first reduced by annealing under As flux, thus
preventing of As from the substrate. The homoepitaxial GaAs is used to keep the
electroni ive areas of devices away from residual defects at the original surface of the GaAs

wafer. Wategy is used as the preliminary step for growing epitaxial oxides.

Upon completi f the homoepitaxial GaAs layer, the most straightforward approach for oxide
epitaxy is er the wafer under UHV to a second growth chamber, dedicated for oxide epitaxy.
To our kno the Droopad group operates the single active dual-chamber system in the world

that performs these growths,”'”? due to technical complexity and cost. An alternative to a dual
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chamber system is to deposit amorphous arsenic on the surface of the homoepitaxial GaAs layer,
during the last stage of the post-growth cooling. Several tens of nm of arsenic cap can protect the
pristine Wayerfrom ambient oxidation, allowing the wafers to be transported in air. This tactic is
well-knowt @ I-V community well before oxide epitaxy has been considered.”*** The samples
can them bemleaded onto an oxide epitaxy system, where the arsenic cap can be desorbed at low
temperatur&éloo °C, which is enough to desorb the amorphous As layer on the surface, but not
enough to elease> from the GaAs crystal. Reflectance high-energy electron diffraction (RHEED)
monitoring tep allows precise control and minimal heating, since the emergence of crystalline

GaAs is imMediaf€ at the desorption temperature.”!

Motorola : considerable efforts in the early 2000’s growing STO/Si and STO/GaAs, in an

attempt to fise STO as a template for integrating these two semiconductors."® Liang et al., applied Ti

submonolayer for passivating the GaAs surface as the first step of MBE growth of STO,"”" resulting

in an ato brupt interface.”” First-principle total energy calculations have subsequently
explore tomic interfacial configuration and verified that interfacial Ti stabilizes the
interface, ituting a surface Ga atom by Ti ([Ti]g,) stabilize the surface for both SrO/Ga and

TiO/As interface terminations.”™ The opposite GaAs/STO interface has also been recently addressed

by experin&ts and theory."”

Later on, iwn that in the absence of the submonolayer Ti passivation step, a polycrystalline
TiGa comp is formed at the interface, preventing the possibility of high-quality oxide epitaxy.[”
Some a ow STO on GaAs using PLD have been reported,’*! but the crystalline quality
was sigwort of that of MBE films, and they will thus not be discussed further.

Leveragin r expertise, high-quality STO/GaAs was demonstrated using 1/2 ML Ti for
surface ion, with detailed RHEED and XPS analysis of the structure and interface.® This
work further red the unconventional use of oxygen plasma instead of molecular oxygen. It
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was found that using oxygen plasma with the first few oxide layers is detrimental to the growth;
however, after completing 2 nm of STO using molecular oxygen, the use of oxygen plasma for the
subsequhyielded some improvement in the crystalline quality as determined by the
rocking cu less, the initial 2 nm of STO did not prevent the oxidation of the underlying
GaAs su‘rfasﬁand photolominescence have shown considerable degradation of the chemical
and electronic pgoperties. We therefore conclude that when the interface electronic properties are
of significau, for coupled oxide-semiconductor applications, plasma is not recommended.
However, w did not address oxygen vacancies, whose presence is expected to decrease

considera plasma is included; therefore, oxygen plasma might be worth examining for

oxide-sem or applications where no coupling with the semiconductor is necessary

2DEGs"™” (Se Section 3.5).
216G N
GaN a Nitrides are attracting considerable attention in recent years, most notably for

[64-66

power electronics I and optoelectronics. This family of materials includes the Al,Ga, N/GaN

structures, ﬁ 2D electron gases'®” (2DEGs) which are particularly interesting for power and

radio freq@) applications."

Hexagonalgurtzne GaN is a direct wide bandgap (3.4 eV) semiconductor (Table 1). The direct

bandgap ikes ibattractive for optoelectronics, whereas high breakdown fields, high saturation

currents a ermal conductivity make GaN attractive for high power devices.”! Compared to
Si, Ge and GaN has considerably higher thermal and chemical stability. This stability allows
some epi xides to preserve their properties on GaN at temperatures as high as 800°C,["! an
important asp device fabrication process flow and for practical integration schemes. Moreover,
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this stability is a useful feature for some elevated temperature electronics. The stability of GaN makes
MBE alternatives, such as PLD and sputtering, possible for oxide epitaxy (Tables 3, 4). However,

these alte*lves often result in domain structure and an overall lower crystalline quality. From an

2

oxide epitd @ of view, despite the chemical and thermal stability advantages, ultimately the

oxide cmystallimities reported on GaN fall behind most of those reported for other semiconductors.

This appeah'le result of crystallographic and strain limitations.

O

It is interemnote that the hexagonal GaN structure can be used to epitaxially stabilize non-
equilibrium oxidefghases at room temperature, such as hexagonal LalLuO; ") and monoclinic Y,0;

7% (Table 3).

C

This sectiomcus on the growth of perovskites on GaN, based on STO/TiO, templates. Other
oxides n GaN will be briefly mentioned in a Section 3.1.3. The growth of perovskites on GaN
starts wi pioneering 2005 work of Hansen et al., who conducted a thorough investigation of

epitaxial rutile-TiO, on GaN using MBE.'*! This work combines a description of the growth,

[

structure a ffsets with the performance of heterojunction field effect transistor (HFET). Due

to the devi t, growth was conducted on AlGaN/GaN substrate, where an interfacial 2DEG

serves as the“channel and AlGaN acts as another insulator in series (see Section 3.1.3 for more

informatio!on the device aspects). The integration is done with the relations of (100)ri02/[(0001)gan
and [00 MO>GaN, resulting in three in-plane rotational domain variants of the oxide (Figure
3a). The 2 interface is shown to be atomically abrupt by TEM (Figure 3b), and the

morphology appeags to be 3D from RHEED.
These res ¢ been leveraged by the authors as a template layer for the subsequent growth of

perovskites. Tian et al. used a 30 nm rutile-TiO, template layer on GaN to subsequently grow 20 nm
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of (111) STO, both by MBE!"? (Figure 3c). The overall orientation relations of this structure were

determined as:

T

(1lmK100)[001]Tioz||(0001)<11-20>GaN (1)

This sh“cwhen used as a template for growing multiferroic BiFeO; (BFO) by metal organic
chemical osition (MOCVD). While none of the oxides in this structure were single

crystallinefand th@ir morphology and orientation are deteriorating with each additional layer — this

CE

overall structurg_still exhibits useful functional properties, as will be discussed in Section 3.2.3
dealing Wimectrics on GaN. In a parallel effort to integrate BFO using MBE-grown oxide

templates, Yang cfal. have scaled the TiO, buffer down to 0.6 nm, followed by just 2 nm of (111)

Ul

STO (Figure 3d) This was followed by MOCVD BFO growth similarly to the previous work.

-

Author Ma
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resolution dark fidld conditions, showing the various TiO, domains in different contrast, and b) at
higher res showing an atomically-abrupt interface.''”! ¢) (111) STO grown on top of a TiO,
buffer, s D features and rough surface, also evident by RHEED (not shown). Despite these
erctions, epitaxial BiFeO; grown on top of this STO exhibit useful functionality. d)
tes of ~2 nm STO on 0.6 nm TiO,.” Reproduced with permission.'*"*"!
Copyright 2005, 2007 American Institute of Physics.

Figure 3.;uctural properties of oxide/GaN interfaces. TiO,/GaN interfaces a) at low
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Growthm also been attempted using PLD by Luo et al.,”" who considered two possible in-

plane orierientation A [1-10]s10l[1-100]gan there’s a -0.1% mismatch, and in Orientation

B the imsplamemmetations are [1-10]s7ol[1-200]g,n With a huge -13.3% mismatch. From an elastic
energy perh one would have expected orientation B to be completely sidelined by A, as

observed With MBE grown films"’?! [Equation (1)]. However, additional energetic factors, namely

G

chemical e sed by dangling bonds, may also play a role. And indeed, it was shown that when
directly demTO on GaN the elastically-unfavorable Orientation B appears to dominate, with
strain relaxation o@eurring via domain formation and 3D growth. The authors therefore used a 2 nm

epitaxial la i0, to direct the growth into the elastically-favorable Orientation A. This has still

resulted in structure, but it was argued to improve the structure, by starting with 2D growth

and then tfan to 3D (Stranski-Krastanov mode). While the exact mechanisms remain to be
clarified, this work nonetheless has further demonstrated the advantage of using TiO, as a template for
STO epitaxy E:}, which was already been employed by MBE work."">”! It should be noted that
the gro re very different between these two methods.

In summar! it was shown that a rutile-TiO, layer facilitates or improves subsequent growth of (111)

perovskites 1) GaN. No single crystalline oxides were achieved, but well-ordered and textured

domain st were observed, all of which with some 3D morphology. Nonetheless, from a
functional !oint of view, these imperfect-crystallinity templates have facilitated the growth of other

oxide overglayers gvhich showed useful functional behavior in devices, as will be described in the

following :

2.1.7 Cfﬁﬁon Methods
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Chemical solution methods provide a route for low cost and highly scalable epitaxy for a wide range
of materials, which can be particularly useful when large thicknesses (>100 nm) are required. One
such prmmod is polymer-assisted deposition”® (PAD). In one example, PAD was used to
deposit Ba 3MnO; over MBE-grown STO/Si.”® In another example, Gatabi et al. have
used thE sﬁethod to deposit Pb(Zr,Ti)O; over MBE-grown STO/GaAs and STO/Si."" Similar
work on GaAs was further extended and analyzed by Meunier et al.’78 These examples have shown
columnar ignted structures rather than epitaxial growth, and the oxide semiconductor
interfaces edlllarge interface layers. Nonetheless, such properties may be useful for some

applicatio ndeed, the films in some of these examples have shown some functional

Us

properties erroelectricity.

1

2.2. Physic ctronic Structure of Semiconductor-Crystalline Oxide Interfaces

Structural

a

ns at oxide/semiconductor interfaces driven by strain, symmetry mismatch and
electro ry conditions have important implications on device performance. For example,

the detai e band offsets are related to the specific atomic-scale structures of the

M

oxide/semiconductor interface and a significant research focus has involved both experimental and

theoretical §tudies of these interfaces. Additionally, defects/dislocations arising from the differences

F

in symmet cubic oxide and diamond/zincblende semiconductor and their potential effects on

O

the physica ies of the oxide/semiconductor system have to be understood. A common defect is

the anti-ph@se boundary observed by high-resolution electron microscopy in SrTiOs/Ge, SrTiO,/Si

h

12,79]

and SrZ o the step height mismatch between the semiconductor and the oxide.!

;

Initial work focusefl on understanding the atomic and electronic structure of the STO/Si interface. Due

Gl

to the high di ic constants of complex oxides such as SrTiO; (k=300), their integration with

semicon as gate dielectrics has been investigated for potentially replacing oxides such as SiO,

A

in MOS devices. The gate dielectric is also required to have significant (> 1eV) band offsets”® with
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the semiconductor for both the conduction and valence band to prevent charge leakage. The details of
the band offsets are related to the specific atomic-scale structures of the oxide/semiconductor interface

and a stron! research focus has involved both experimental and theoretical studies of these interfaces.

P

Other pote @ tionalities may require low offsets for easy charge transport."**"! For the STO/Si

interfacey speetm@seppic measurements show a negligible conduction band offsets for both n and p-

type Simuhnent with first principles calculations.

Advances 1 esolution electron microscopy, synchrotron-based X-ray diffraction measurements

which utiliwystal truncation rod analysis technique, and EXAFS measurements have enabled

the atomicjracterization of the oxide/semiconductor interface.

2.2.1. Physical Structure of the Semiconductor-Crystalline Oxide Interface

SrTiO;s on gﬁ Formation of a Built-in Polarization

A good stamt for understanding the interfacial structure of oxides on Si is based on the growth
sequen ally employed experimentally. Zhang and coworkers consider two interfacial structures
with ei 10sO layer between the first TiO, layer or a full SrO interfacial layer.” For both
interfaces, a dimerization of the top Si surface is observed giving rise to a 2x1 symmetry. For the full
SrO layer, wms above the Si dimers are displaced by 0.24 nm in the vertical direction relative
to the Sr at; een the dimer rows. A similar rumpling of the Ba atoms at the dimerized BTO/Ge
interface. Fo interfaces considered by Zhang et al., a net polarization of the interfacial Sr,O
layer is obSrved and characterized by a net displacement of the oxygen sublattice relative to the Sr
layers bMZ%S nm. Kolpak et al. compare many possible interfacial structures of STO/Si
films and n interface dipole characterized by oxygen-cation displacements within the oxide

planes adjacent to the interface for all interface structures studies.™®! This work has shown that cation

the first STO layer can vary from 0.010 nm to 0.067 nm, and the conduction band

offset can vary from negative 0.2 eV to positive 1.5 eV — as a result of the interfacial atomic structure.
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The theoretically predicted polar structures have been confirmed experimentally by synchrotron
diffraction measurements. Aguirre-Tostado and coworkers investigated the STO/Si interface by
EXAF Sm-edge revealing an absence of inversion symmetry of Ti close to the STO/Si
interface. 'l @ ization, which decays away from the interface, leads to an anomalous expansion
of the SilOmmimesi for film thicknesses below 10 nm.™*! The polarization at the STO/Si interface was
further stuhumah et al,""® using the crystal truncation rod analysis technique and was found to

be pinned il agreement with first principles density functional theory predications.**™!

¢

Similar p@lagidistortions have been observed on STO and SrZrTi; O3 (SZTO) interfaces

$

with Ge.[} and co-workers studied the SZTO/Ge interface as a function of Zr content

u

using syn n x-ray surface diffraction and observed a positive polarization in the

interfacialfgxide layers. The effect of the interface structure on the SZTO/Ge band offset is

)

further in d theoretically, with calculations showing that the VBO for the polar

d

structures are consistent with photoemission measurements. Conversely, the calculated VBO

for structure out polar distortions are found to be ~2 eV less than the polar structures.

\Y{

BaTiO; on &e: Realizing Non-Bulk Structures

[

The coupl ctural symmetries at the semiconductor-oxide interface can be used to impose

O

local change e structure of oxide films to enable new functionality not found in the bulk oxide

material. e we discuss the BTO/(2x1) Ge interface where the 2x1 symmetry of the reconstructed

q

Ge surf: ilizes a BTO structure at the interface whose polarization and band alignment are

{

predicted nciples calculations to be tunable.

u

Under growt itions which favor a stable 2x1 Ge interface, the epitaxial constraint is found to

couple t modes in the BTO with a 2x1 symmetry. The atomic structure of a 2.5 unit cell thick

A

2x1 BTO/Ge interface was studied using a combination of synchrotron X-ray diffraction and first-
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principles density functional theory. The films were grown by MBE. Superstructure reflections were
observed for the sample indicative of a 2x1 symmetry of both the interfacial Ge layers and the BTO
film whWonﬁrmed by high angle annular dark field imaging. The layer-resolved atomic
structure d by analyzing the superstructure reflections and the integer-order crystal
truncatien sedssmiihe interface comprises of a dimerized Ge layer adjacent to a rumpled 1 monolayer
(ML) BaOhsplacements of the Ba and O along the BTO [101] direction. The interfacial
displacem@und to extend to TiO, layer with in-plane Ti displacements found along the [100]
direction. Ado e [100] direction, a breathing mode distortion is observed with the TiOg
alternativeﬂting and expanding. The observed distortions are not present in the bulk BTO
phase diagram anSare related to stiff and unstable (soft) elastic modes associated with bulk cubic
BTO with etry. Force constant matrix eigenmodes dispersion curves were calculated for
bulk cubic e measured distortions relative to the bulk high-symmetry cubic lattice positions
were projagted w o0 the static eigenmodes of the force constant matrix. As expected, the largest
projections are for soft modes along the X-point, related to anti-parallel Ti and O. The next leading
mode is a s oustic mode which involves parallel Ti displacements and anti-parallel O
displac e center displacements results in a non-zero polarization along the x and z

directions 2gith an estimated spontaneous ionic polarization of the interfacial BTO determined to be

54 mC/cm” which 1s larger than the bulk room temperature BTO value of 36 mC/cm’.

The directQ to the symmetry-stabilized distortions in the oxide film and force constant
dispersi@hich can be obtained from first principles calculations allows for the design of
materials 'ith sgciﬁc structures related to technologically relevant functional properties. For
example, mode distortions which are related to charge ordering and metal-insulator

transitions, tabilized by coupling the surface reconstruction of the semiconductor surface with
soft eigﬂl. The 2x1 Zintl interface with 2 ML of the alkaline earth metal can also serve as
templates for stab#izing non-bulklike phases in complex oxide thin films.
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Dogan and Ismail-Beigi have performed further theoretical studies of the BTO/Ge interface to
investigate the stable phases, interfacial chemistry and the related electronic structures and band
alignmewlowest energy structures with a full interfacial BaO possess either symmetric or
asymmetriwith the symmetric structure being 0.39 eV per dimer high in energy than the
asymmeatricastmuetmre (Figure 4). Breathing mode distortions of the TiO4 octahedra are found in the
asymmetriLes while the TiO4 octahedra in the symmetric 2x1 structure have identical volume.
Two asym@uctures related by symmetric reflection about the yz plane reverses the buckling
resulting inghe@Mitching of the direction of the in-plane polarization of the BTO. Dynamic switching
between tlm

etric and the two asymmetric states is desirable since the states possess different

spontaneous polariations and band alignments. For the stoichiometric uncapped films, the energy

barrier bet symmetric and asymetric states is computed to be 0.57 eV per cell. A top
electrode ork function of 3.82 eV is found to break the degeneracy of the two states,
permitting volatile switching of the polarization by the application of an external bias.
Additionally, the band alignment of the asymmetric structure favors holes while the symmetric

structure favo trons, hence, switching between the polarization states simultaneously switches

e interface.’®”)

Author

This article is protected by copyright. All rights reserved.

30



WILEY-VCH

|
¥lasym - right

Energy (eV)

0.57 eV TO-SQ ev

Reaction Coordinate

J

Figure 4. ition path from the asymmetric structure (“asym - left”) to the reflected structure
(“asym - 1gght”). The transition passes through the symmetric structure ("sim*), which is a local

energy mi BSvith barriers of 0.57 and 0.22 eV for entering and leaving this local minimum,
respectivel ygili ows point at the polarization direction for each structure. The two asymmetric
structures fgat a‘ pposite in-plane polarizations, and identical out-of-plane polarization. Reproduced

with permisston =" Copyright 2017, American Physics Society.

2.2.2. Band Alignments at Semiconductor-Oxide Interfaces

Much proMs been made in understanding and manipulating the band offsets at the
oxide/semi r interface. For example, coupling of dielectric or ferroelectric polarization to a
semiconduct ically requires a type-I (straddling) arrangement, in which the conduction (valence)
band of thépxide is above (below) the conduction (valence) band of the semiconductor,®*”! allowing
the oxiMle as a capacitor. Conversly, for photoelectrocatalysis schemes, a type-II

arrangemeﬁireable.m] Though epitaxial STO is an excellent platform for the subsequent

growth of multifunctional oxides on semiconductors, the type-II band alignment of STO on Si, Ge,

and Ga/ «[@ its use as an insulator.’*"*"!
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Posadas et al. found that doping STO with Al enhanced the band-gap, which reduces the leakage
currents due to the type-II arrangement”! (staggered). In particular, the band-gap in STO was
enhanced & 0> e!/ for Al content between 10-20%, as revealed by photoelectron energy loss and

spectroscoetry. DFT calculations revealed that Al doping increases the effective band-gap

by decregasimgathesbnndwidth of the conduction band. In essence, Al acts as a Ti vacancy that disrupts

itinerant hhtween adjacent Ti sites.

Given the olubility of Al in STO and relatively modest change in band alignment, another

approach inger band offsets is to form a solid-solution between SrZrO; and SrTiO;. This

$C

method is to band-gap engineering at III-V heterojunctions, e.g. Al,Ga; As. The band-gap

U

of StZr,Ti TO) can be continuously tuned between the band-gaps of SrTiO; (3.2 eV) and

SrZrO; (5.8/eV) through control of Zr content x. Moghadam et al., demonstrated this approach for

[92

epitaxial SrZr,Ti;,O; grown on Ge (Figure 5). X-ray photoemission spectroscopy (XPS)

ah

measuremefts ated that a type-1 band offset of ~1 eV could be achieved for x=0.7. More
import e-] offset manifests in electrical characteristics of SZTO/Ge gate stacks. The

leakage cu ough the gate stack dropped by as much as ~9 orders of magnitude between x=0

V]

and x=0.7 (Figure 5a). Capacitance-voltage measurements also demonstrated that inversion could be

achieved if{the x=0.7 heterojunctions on p-type Ge (Figure 5b), which would not be possible if a

i

type-II arra were present.

O

Auth
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Figure 5. Properties of SZTO/Ge structures. a) Current density versus voltage, showing a dramatic
reduction ¢ leakage currents as a function of Zr content (x), owing to the transition from type-II at
low x to t igh x. b) Capacitance-voltage analysis of a type-I (x=0.7) structure showing the
inversion of the Ge,surface at positive voltge. c) Cross section TEM image of the SZTO/Ge interface

(x=0.7). d band alignment (x=0.65) as measured by XPS. Reproduced with permission.”!
Copyright ley-VCH.
In addi rolling band-alignment through composition, the interface between crystalline

oxides and_semiconductors potentially provides another setting in which band alignment could be
altered. Inhcon rast to the isostructural interfaces formed at interfaces between conventional

. zinc-blende on zinc-blende), semiconductor-crystalline oxide interfaces are

heterostruc ., perovskite on diamond-cubic). The interface between the two types of crystal

structu le allows for some variation in cation and anion composition and configuration

{

that can sh¥ft band alignment, according to DFT calculations.® We discuss two examples of these

studies. Zhang andieo-workers compared the 2x1 STO/Si interfacial structures with %2 ML of Sr at the

d

interface an Sr at the interface® (for both interfaces, a clear 2x1 dimerization of the

interfacia bserved). For the /2 ML Sr structure, localized states are observed in the interfacial

A

layers which are absent for the 1 ML interface. For the /2 ML interface, conduction band offset and
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valence band offset are 0.87 eV and 1.30 eV respectively, compared with 0.23 eV and 1.9 eV for the 1
ML Sr interface. The calculations of Kolpak et al. predicted that adding oxygen or removing Sr

cations a! ie m!erface between STO and Si can decrease the valence band offset between the two

[83]

materials, @ ively modulating the strength of the interface dipole created from bonding.
These valuesmamemdetermined from the analysis of the calculated density of states of structurally
relaxed ZXLtﬁce slabs. Whether interface structures with variable oxygen and/or Sr content

can be exp€rimentdlly stabilized remains to be seen. If achieved though, engineering the interfacial

C

structure ¢ ve to be a very elegant approach to adjust band-alignment. Preliminary success

S

with this appfoacWis described at the end of Section 3.5.

U

Experimen| s indicate that oxygen content in the film does affect band alignment. The relation

between g@wth conditions and the interfacial structure on the band offsets have been studied using

N

ultra-violet and x-ray photoemission spectroscopy (XPS). A strong dependence of the interfacial

a

chemistry and growth treatment on the valence band offsets was found by Amy and coworkers
for the (001)Si and BTO/p-type (001)Si interfaces grown with a BaSr silicide with

valence ba mum shifts as large as 2 eV.”” In particular, Amy et al. found that a UV ozone

\%

treatment of the oxide surface leads to changes in the reduction in the density of oxygen vacancies and

a shift in oxide band minimum towards the Fermi level. An in-situ anneal at 550 °C in 2x10-5

[

Torr Oxyg ward shift in the STO valence band minimum which is correlated with a change

O

in the oxid state of the interfacial BaSr silicide buffer layer. SiO, formation is observed for

vacuum areals at 650 °C for STO/Si and 550 °C for BTO/Si. The corresponding valence band

I

minimum_ghifts after the high temperature anneal are on the order of 1 eV compared to the as-

{

received cleaned BTO/Si and STO/Si samples.

U

We conclude thiggection on band-alignment by discussing developments in x-ray photoemission

spectro t not only allow band-alignment to be measured, but also built-in electric fields, e.g.

A

band bending. Prior studies of band alignment at semiconductor-crystalline oxide interfaces were
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performed using conventional XPS, which has a probe depth of only a few nanometers due to the
energy of the x-rays generated from a lab source (e.g. Al Ka)). Hard x-ray photoelectron spectroscopy
(HAXPJMnerging technique in which x-rays generated from a synchrotron source are utilized
in photoe @ udies. The synchrotron x-ray energies typically range from 6 to 8 keV, which
allow the pmebemdepth of the photoemission process to be much deeper. Consequently core-level
photoelecngnating from deep below the sample surface or below a buried interface can be

measure. Built-in Mfields manifest as asymmetries in the measured core-level line-shape. The

C

asymmetrymom cumulative shifts in binding energy that a built-in electric field imposes on
photoemitted®le®trons. By analyzing this asymmetry, built-in electric fields can be quantitatively

extracted and spafiially mapped across a heterojunction. For example, Du and coworkers utilized

U

HAXPES ¢ jtatively resolve band bending at a STO/p-Ge interface.''” They found a space-

[

charge re i e Ge due to electron transfer from the n-SrTiO;. The ability to probe both

alignment -in fields provides a powerful new tool to understand the electronic structure of

a

semiconductor-crystalline oxide interfaces.

M

Author
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3. Materials and Functional Properties

In the follxing sition we discuss the various oxide materials that have been epitaxially integrated
on semico and the functional behavior they enable. Such behavior can serve as building-
blocks for ent of functional devices and technologies. Our discussion is divided largely
along the garious classes of oxide materials, namely, insulating dielectrics, ferroelectrics, oxide

semiconductgrs, gierromagnets, superconductors, layered heterostructures, and finally self-organized

nanocompo €ms.

Some of wctionalities that we discuss emerge from electrical coupling between the
semicondu@ oxide. Examples include MOS, ferroelectric-semiconductor capacitors, oxide
semiconductors_on conventional semiconductors in which charge transfer and built-in fields are
engineeredmunctionalities we discuss stem principally from the oxide alone, in which the

semicondumtially serves as a physical platform for integration. Examples of the latter include

ferromagne trongly correlated oxides integrated on semiconductors, and high temperature

Superco§

3.1. Insulah High-k Dielectrics

Since the ¢ @ he microelectronics industry, the revolution in information technology has been

driven E scaling of field-effect transistors, which allows more transistors to be fabricated

per uni hip. Since the number of transistors per chip is correlated to performance and the
chip area 1s*roughly correlated to chip price, we have witnessed an exponential increase in computing

power without sigdificant increase in cost for decades.
Howev{y:js the late 90’s, continued scaling has led to devices in which leakage currents
through the na le gate insulator became unacceptably high. At the heart of the problem lies a
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leaky metal oxide semiconductor (MOS) capacitor, which constitutes the gate stack of an MOS field
effect transistor (MOSFET), the most basic logic building block.””! Up to 2007, this capacitor
compristwagenerately doped polycrystalline Si gate, an amorphous SiO, insulator, and doped Si
as the cha @ capacitance per unit area (C/A) of the capacitor determines the effectiveness of
the switchimgmefimthe transistor, and is therefore of critical importance to performance.”*¥

Traditionalh lateral dimensions of the capacitor have been scaled down, the thickness of the

Si0; (tsio2 @would Be scaled as well.”™) However, as tso» reaches nanometric length scales, tunneling

€

gives rise m%e currents that lead to off-state power consumption and a multitude of
performance®stabtlity, and reliability issues. Leakage currents can be minimized by using a thicker

gate oxide that is d@mprised of a material with a higher k, which allows C/A to be maintained despite

L]

[

6]

the higher t

In general, the idea] gate dielectric must meet five key requirements.***"! First, the gate material must

exhibit a sW@ffi y high dielectric constant, k, to enable scaling. Second, the oxide must exhibit

el

signific on and valence band offsets with the semiconductor to minimize leakage currents

(>1eV). Thi gate oxide must form a stable interface with the semiconductor. Interfacial layers

)Y

between the oxide and semiconductor have lower k values and will result in series capacitance that

reduces thefeffective capacitance of the gate stack. Fourth, the interface between the dielectric and

g

semicondu 1d exhibit a low density of interface states that trap charge. Such trap states are

O

inevitable a ces between amorphous oxides and semiconductors due to the difference in cation

6,97

coordinatidli, which gives rise to dangling bonds.!*”" Fifth, the ability to integrate the gate oxide on

g

the semicomductorf@sing scalable, industry-compatible techniques.

t

In this regard, epiaxial oxides grown on semiconductors can, in principle, satisfy many of these

G

requirements. xial oxides can exhibit near-ideal abrupt interfaces with the semiconductor,

thereby g the formation of an interfacial layer that reduces the overall capacitance. Finally,

A

the ordered placement of atoms associated with epitaxy also minimizes dangling bonds that behave as

This article is protected by copyright. All rights reserved.

37



WILEY-VCH

trap states. Given such possibilities, epitaxial oxides have been investigated as candidate gate

dielectric materials for Si, Ge and GaN. We review these efforts below.

T

3.1.1. Insudxial Oxides on Si

The ﬁrsﬁdwion of an epitaxial oxide on a semiconductor, SrTiOs/Si, was proposed as a high-k

dielectric s 1998, in the pioneering work of McKee et al.!'*! (Figure 1a). A capacitance-

3

equivalentc lowe>than 1 nm of SiO, was demonstrated, using a 15 nm thick SrTiO; (STO) film.

Merely elwms after the publication of the seminal STO/Si paper.!"’ Eisenbeiser and co-

workers from Motorola have realized transistors based on epitaxial STO/Si.”® Using an 11 nm
epitaxial STO 1a;; they obtained an equivalent SiO, thickness of 1.0 nm, which included a ~0.7 nm
thick amo yer at the interface (Figure 6a). This lower-k interface layer dominated the
capacitance. - and p-MOSFETs with 1.2 pm channel length were demonstrated, showing

nominal transfer characteristics (Figure 6b). These devices exhibited subthreshold slopes on

the ord V/decade. However, due to the type-II band arrangement between STO and Si,
high leakage ts of 3-140 mA/cm® at a gate voltage of £1 V were reported. LaAlO; with a
bandga , grown on ultra-thin STO/Si was considered as a possible solution for reducing
[99,100]

leakage cugnts.

Using ano @ g with a larger band-gap, Rossel and co-workers from IBM demonstrated working

transistors based on ~4 nm epitaxial MBE-grown SrHfO; (SHO).!"”"! SHO has a bandgap of ~6.5 eV,
about twis of that for STO, with high band offsets of 3.1 and 2.1 eV holes and electrons,
respectiWh the band offsets are favorable, SHO has a large lattice mismatch of ~6% relative
to Si, WhicEin mosaic oriented structure, as evidenced by a 4° rocking curve width around the

(002) reflection of the oxide. TEM and XPS confirm the presence of an interface layer, which the

authors to be ~9A (Figure 6c). Nonetheless, the authors report an effective capacitance

equivalent of 0.69 m SiO,, which is among the lowest reported for transistors, even to this day with
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ultra-scaled high-k technology. Table 2 shortly compares some of the transistor performance (Figure
6d) to the previous work, showing dramatic improvement in the performance as a capacitor (first three
lines of errsus considerable shortfalls in the performance as a transistor (last three lines).
The autho @ ut that some of these low performance characteristics are generic to ultra-scaled

devicesmandmdemitmindicate specific problems the SHO/Si structure.

L

Despite th@s made in integrating epitaxial high-k oxides on Si, the challenges appear to

exceed the , particularly in comparison to the integration of amorphous HfO,, which has been
successful%uented by industry. However, the transition from Si towards Ge and interest in

finding die i r GaN may open new opportunities for epitaxial oxide gate dielectrics.

oxide insul

Table 2. Com:arison of the performance characteristics of transistor examples based on epitaxial

Motorola™! 2000 IBM!" 2006

SrTiO;/Si SrHfO,/Si

11 4

1.0 0.69
Equivalentgpacitance Si0, thickness (nm)

3-140 <2
Range of e currents at
Ve=+1, -1 cm?)

95-103 307-365

Subthres slope (mV/decade)

(for 10 pm channes)

Electron mobili m>VisD 221 7.5-28
Hole mo m°V's") 62 2.4-59
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Figure 6. %ct transistors fabricated using epitaxial oxides as a high-k gate insulator on Si.The
first such ffansisi@ based on STO/Si"™ (a) Cross sectional TEM micrograph showing a ~0.7 nm
amorphous nterface layer below nominally 11 nm STO, resulting in a total capacitance
effective Sj ickness of 1.0 nm, which is dominated by the interface layer. (b) Transfer

characterisfics - and n-MOSFET transistors with an effective channel length of 1.2 pym. In
101]

comparison, Microstructure and (d) Transfer characteristics of a more advanced generation!
based on 3 Table 2 compares the performance of the devices. Reproduced with
[98,101]

permission pyright 2000, 2006, Amerian Institute of Physics.

3.1.2. Insuﬁtaxial Oxides on Ge

102]

Si technolo radually transitioning to Si;.,Ge, with increasing x,' and to all-Ge channels,

owing to the ior mobility of Ge for both electrons and holes. The epitaxial oxide/Ge interface is
le than its Si counterpart, owing to the lower tendency of Ge to oxidize and reduce

the epitaxizl oxide. This makes Ge a more feasible candidate for epitaxial high-k oxides compared to

Si, though allenges remain. The conduction band of STO (BTO) is below (aligned with) the

conductiof Ge.'"'?l The absence of a barrier for electron transport facilitates some

applicatt Section 4.4), but is detrimental for gate insulators.

To increasithe co'duction band offsets, Jahangir-Moghadam et al. alloyed the B-site Ti cations with
Zr, forminjﬁ-solution StTi;,Zr, 05, or SZTO."™ This work was subsequently extended to x=1,

[104

or SrZr0O;, ] up to 5.6 eV for

x=1, w%es the conduction band of the oxide above the conduction band of Ge, forming a
barrier for elec ransport. X-ray photoemission spectroscopy determined that the conduction band
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offset is 0.91 eV for x=0.65, and current-voltage measurements showed a decrease in leakage currents
by as much as 7 orders of magnitude from x =0 to x = 0.65. A relative dielectric constant of ~29 was
obtainemmance analysis, which is higher than HfO,. In the follow up work with x=1,
despite a lof 1.4 eV for electrons, the leakage currents were not improved by much (since
the layem wassabemt 1/4 of the thickness in the original work, this comparison is based on currents
under the htric field rather than the same voltage). The larger lattice mismatch between Ge

and SZO l¢ely re’:lts in a greater number of defects, which may also contribute to greater current

leakage. w

Another i hrust towards epitaxial insulating high-k oxides on Ge has been led by McDaniel
et al. in t:ering work of growing epitaxial STO on Ge exclusively using ALDP" (Section
2.1.2). Impgessively, no oxidized Ge has been detected by XPS, which is critical for preserving high

capacitance density, However, preventing the oxidation of Ge during and after growth requires strict

limits on tlg o pressure; this results in oxygen vacancies in the film that enhance conductivity
throug ing (see discussion in Section 3.5). This trade-off is likely a key contributor to
leakage c P Beyond oxygen vacancies, the absence of barriers for electron transport at the

STO/Ge interface also contributes to leakage currents. However, the authors showed that by alloying

Al (to subsSute Ti, <18%) these leakage currents can be reduced.

In a follo w , McDaniel et al. used ALD to grow crystalline StHfO; (SHO) on Ge, which
similar to S ures a larger bandgap and lattice constant.”"! The authors measured a conduction
band o eV with XPS, which is the largest reported to date with epitaxial oxides on Ge,
and a rwitﬁvity of ~18. Likely due to the oxygen deficiency described in the previous

paragraph, @ge currents through a 4 nm SHO/Ge structure remained high. Attempts to further
reduce leakage oxygen anneals provided some success, but at the cost of degradation of the
SHO/G{quality, manifested by an increase in the density of interface states and a small
reduction of the total capacitance. More progress was made in this and in a follow up work!'®”! with
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bilayer insulators. This was done by employing an overlayer of amorphous Al,O; grown by ALD!

on top of crystalline SHO/Ge. Careful analysis of the electrical properties have resulted in
considera@mwction of the leakage currents. The lowest leakage was shown to be with 2 nm Al,O3
over 4 nmn the order of 107 A/cm” at a £1 V range, while maintaining a capacitance
density mf imémpilifern’. For comparison, the same structure without the 2 nm Al,O; layer showed
almost twhwr capacitance density, but at the cost of leakage currents that were more than

three order§l of maghitude higher at £1 V. Altogether this effort has shown considerable improvement

C

in the propgsti these materials to the point where they are useful for device purposes, and most

S

importantly;¥#is Was achieved using ALD, a scalable, microelectronics-compatible growth method.

U

3.1.3. Insulati ides on GaN

[

Several epitax ides have been grown on GaN, with the aim of forming an epitaxial high-k

a

dielectrj Some examples are listed in Table 3. As described in Section 3.1, ordered

epitaxial inter re attractive for their potential to inimize dangling bonds that act as interface trap

states. evices are based on AlGaN-GaN 2DEG as a channel, where AlGaN also serves as

Y
the insulats. However, it was shown that growth of an additional insulating layer on top further

reduces gate e currents, and may further improve device performance by passivating states at

the AlGaN

Previous srks have looked at a wide range of epitaxial oxides, of various crystal structures and

composngh—k insulators on GaN, using MBE, PLD and ALD, with some prominent

107]

examples lgable 3. We note MBE-grown hexagonal Gd,O; '®”! and monoclinic PLD-grown
C [

perovskite are top performers, obtaining leakage currents on the order of pA/cm” at 1.5

ittivities of ~24.
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Table 3. Parameters of some epitaxial insulating oxides grown on GaN

Oxide Structure Growth | k Eg VBO, Leakage
H method (eV) | CBO* (eV)
TiO, “Qrutile MBE 70 3.0 10.05,0.38 | AlGaN in series
tetragonal)
H I
Gd,0; @ hexagonal | MBE | 24 54 10.55,1.45 |<10pA/em’
@1.5MV/cm
Gd,0; ‘8] , hexagonal | PLD 12~14 [ 59" | 18,1.7 ~5 mA/cm’® @1.0
MV/cm
Y,03 U‘i ) monoclinic | MBE 20 3.3 pA/em” @1.5
MV/cm
LaLuOD hexagonal PLD 26 52 Not insulating,
GaN pinholes
Er,0; [C bixbyite ALD 53" 107,12
(cubic)
GdScO‘“O‘ s perovskite | PLD 24" 53 [3.7,(-1.7) |~02pA/cm’
(cubic) @1.5MV/cm
~0.2 mA/cm® @5
MV/cm

*Values taken from the literature and not measured directly

“Valence conduction band offsets, respectively. Positive values indicate a barrier for electrons
(CBO) and holes (VBO) for crossing from the semiconductor into the oxide.

In one of ts first papers on oxide/GaN epitaxy, Hansen et al. have also taken this structure to the next
level by dﬁonst’ing a functional device.''" A heterojunction field effect transistor (HFET) was
fabricated m epitaxial TiO, (Table 3) grown over AlGaN-GaN, in which the 2DEG in the

GaN serve channel. This work compared similar devices with and without TiO,. The authors
obsew¢ reduction of the saturation currents, likely due to the lower capacitance caused by
the addition o oxide layer in series, which also manifested by a slight degradation of the
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subthreshold slope. However, at the cost of this slight decrease in performance, the TiO, layer reduced

leakage currents by four orders of magnitude, across gate voltages exceeding 40 V.

Dt

3.2. Ferio

;

cr

Ferroelectr ated on semiconductors have long been proposed to serve as a platform for the

developmenig, of cafnputing and sensing devices. For such proposed devices, the ferroelectric functions

as a gate fat n which its reorientable polarization manipulates carriers in a semiconducting

LS

channel. For applications in sensing, ferroelectric gate materials could lead to field-effect devices that
are sensitive to teiperature and pressure.''” For computing, ferroelectrics on semiconductors could

lead to no field-effect devices for logic and memory due to the presence of a remnant,

n

switchable ion. More recently, it has been proposed that ferroelectric gate materials could

produce a fieg capacitance effect that enables field-effect transistors to exhibit a sub-threshold

d

slope t mV/dec!"""""* which is currently a physical limit in current semiconductor

[93]

technology. sence, a ferroelectric gate can momentarily amplify an applied gate voltage, since

M

a switc Zation is driven in part by energy stored in the material, as opposed to being strictly

a conventignal linear response to an applied field. To maximize the negative capacitance effect, a

f

single cryst erroelectric gate with a single domain is needed.

O

Integrating singte-crystalline ferroelectrics on semiconductors in which the polarization of the former

is coupled W carriers in the latter is non-trivial,"'"*! as a variety of material related challenges need to

q

be over challenges arise from a mismatch in lattice constants, differences in thermal

{

expansion between the semiconductor and epitaxial ferroelectric, and a type-II band arrangement

between the oxidg and semiconductor.'™ We discuss each of these challenges and efforts to
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This section will start with ferroelectrics integration on Si and Ge, which are by far the most studied

examples. The discussion will then be extended to GaAs and GaN in two subsequent subsections.

T

3.2.1. FEWW on Si and Ge

Efforts to w single crystalline ferroelectrics on semiconductors have focused largely on the

archetype material§ BaTiO; (BTO) and Si. In bulk, ferroelectric BTO exhibits a polarization of 26

¥

uClem®. T ctric to ferroelectric transition occurs at T¢=130 °C, which is accompanied by a

S

change in the lattice from cubic to tetragonal symmetry. The in-plane lattice constant of ferroelectric

9

BTO is 3.99 A ch is nearly 4% larger than the Si (100) surface lattice constant of 3.84 A. Due to

this mismaeh; axial BTO films on Si rapidly relax with increasing film thickness. The rapid

n

relaxation ess is further enhanced by steps on the surface of (100) oriented Si substrates.

Such stepsfari m an unavoidable residual miscut in the substrate, and are incommensurate with

d

respect unit-cell in the growth direction. Relaxed films, however, can experience tensile

strain as the fi cooled from growth to room temperatures, due to the large difference in thermal

M

expansi ween BTO and Si. Tensile strain gives rise to BTO films with an in-plane polarization,

which is et useful for devices in which the polarization is to be coupled to carriers in the

f

semiconduc ectrode. To mitigate the effects of film relaxation and differences in thermal

O

expansion, athan et al. utilized a fully relaxed 30 nm thick buffer layer of Ba,;Sry;TiO;
between a @0 nm thick BTO top layer and Si.l"'") When relaxed on Si, this buffer layer, which has a

smaller in-plane Iaftice constant than the BTO, imparts compressive strain, thereby overcoming the

th

tensile strﬂthe Si. A switchable out-of-plane polarization in the BTO layer was measured

through pi nse force microscopy (PFM).

This apif of utilizing a buffer layer to impart compressive strain has been employed in

subsequent studies.' Dubourdieu et al. used a layer of SrTiO; as a buffer and demonstrated that BTO
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films exhibiting an out-of-plane polarization could be achieved on Si for film thicknesses ranging in
thickness from 8 to 40 nm.!""" In their study, a layer of SiO, formed between the STO/BTO stack and
the dopmﬁnerestingly, ferroelectricity in the BTO films, as inferred through PFM, was stable
even in th @ e of the SiO, and absence of a conducting bottom electrode. Hsu et al. and
Mercklmg etsalmbayc further addressed this challenge with a systematic structural investigation of the
relaxation &)uffer layers on Si and its effect on the orientation of the overlaying BTO.!"'7!!¥]

Similarly, Ngai et @l. used a compositionally graded buffer layer comprised of Ba,_,Sr,TiO; to realize

C

thick BTO 0-60 nm) on Ge,"'"! showing ~0.5 V hysteresis in current-voltage analysis of this

S

structure. uthg the Sr content x throughout the graded buffer, compressive strain could be

controlled as manifested in a tunable out-of-plane lattice constant of the BTO films grown on top."**

L)

Ponath et a i a thin buffer layer of SrTiO; to realize 15 nm thick, c-axis oriented BTO films

n

also on side from the use of piezo-force microscopy (PFM), this latter study also

demonstra ling of the ferroelectric polarization to carriers in Ge through microwave

a
(@]
Oa
2

troscopy. The retention time of the polarization of such films on Ge is promising.!"*"

impedance s

However, ential applications in CMOS, aggressive lateral scaling of transistors places
constraints on the overall thickness of a ferroelectric gate stack.'*"'** In general, ferroelectricity is
weakened Sith decreasing film thickness, as the effects of depolarization fields are enhanced.!"'"

Aside fromg ing the thickness of a gate stack, non-ferroelectric buffer layers can also enhance

O

the effects larization fields; thus, pathways to realize very thin ferroelectric gate stacks on

semicondugtors are also needed. One approach is to induce ferroelectricity in the buffer layer itself,

g

thereby elminating the need for an additional ferroelectric layer grown on top. In this regard,

{

stoichiome 0O; (STO) is predicted to exhibit ferroelectricity at room temperature under

U

compressi 12324 Indeed, Waruswithsana et al. found that ultra-thin films of STO under

ssive strain on Si exhibit switchable contrast in the amplitude response of the PFM

[124]

signal, consistentWith ferroelectricity.
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Another route to inducing ferroelectricity in ultra-thin layers of STO is to introduce Sr vacancies,
which create weakly interacting polarized clusters known as polar nano-regions (PNRs). PNR’s are a
deﬁningw relaxor ferroelectrics.!'* For some relaxor materials, a true ferroelectric state
defined bment of long-range polarization can emerge as a function of temperature or
applied sficldsisSalior Sr deficient STO films grown on metallic electrodes, a ferroelectric state can
indeed be Leven in the absence of compressive epitaxial strain, as demonstrated by Lee et

al.'"*” Tt sHguld bnoted that even in the absence of a true ferroelectric state, applied-fields can re-

C

orient PNRggtogifighice macroscale polarization that persists for long periods of time, as found in so-

S

called canont€al ¥€laxors. In principle, a persistent polarization in a relaxor could provide essentially

the same functionality that a remnant polarization provides in a conventional ferroelectric.

U

Aside fronifenlarging the palette of candidate gate materials, the use of relaxors can also address

n

another key challenge, namely, the type-II band alignment between conventional ferroelectrics, such

as BTO, onductors such as Si, Ge, and GaAs. Thus far, the studies of ferroeclectric-

a

semico rojunctions discussed above have inferred the presence of ferroelectricity

predomina ugh PFM. Ideally, direct measurement of the polarization as a function of applied

M

field (e.g. P-E measurements) would not only enable the hysteretic polarization to be quantified, but
also fully Stablish a ferroelectric state through observation of saturation in the polarization. Such
measuremD:hallenging for metal-ferroelectric-semiconductor gate stacks due to the type-II

band align ween BTO and Si, Ge, etc., which give rise to leakage currents. For example, a

type-II bag alignment produces hysteretic diode-like behavior in the vertical electrical transport
characterisl'cs of WBTO/Bal_xSrXTiOyGe gate stacks.!'"”’ One approach to mitigate the type-II band
alignment ert a buffer layer that has a type-l arrangement between the ferroelectric and

semicondu &f68 as demonstrated by Murphy et al. for BTO grown on MgO buffered GaAs.['*
Anotheqis to use relaxor materials that have a type-I band offset with respect to the
semiconductor, emonstrated by Moghadam et al. in their study of SrZr,;Tiy 305 (SZTO) on Ge.'#
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A switchable persistent polarization could be induced through applied fields, as indicate in both
amplitude and phase response of PFM and piezo-response spectroscopy measurements. The type-I

band OHS! enagled measurement of the hysteretic component of the polarization, through

polarizatioeld measurements in the so-called positive-up negative-down (PUND)

configuratiommmviest encouraging, the SZTO layer could modulate the surface potential of Ge, as

demonstrahh capacitance-voltage measurements for films as thin as 5 nm.

We conclu ection by discussing how the interface can be exploited to achieve ferroelectric

functionalify iga s@miconductor-oxide heterojunction. While buffer layers, compressive strain and the

use of rel:ials address key challenges associated with realizing functional single-crystalline

ferroelect nductor heterojunctions, functionalizing the interface between an oxide and (100)

surface 0[! Ei provides an alternative and perhaps more elegant pathway. In general, the

semiconductor-oxide interface presents both challenges and opportunities to realizing a ferroelectric-

rojunction. As discussed in prior sections, bonding between a STO and Si, or
SrZr,Ti yields a polarization that is pinned and upward oriented. Kolpak et al. found that
this fixed ion was germane to a variety of interfacial compositions that mediate epitaxy
between STO and Si.™ Such a fixed polarization inhibits switching of a ferroelectric layer, unless
disrupted t!ough the formation of a native Si or Ge oxide layer."*” However, bonding at the (100)

surface alths an opportunity. Dogan et al. predicted that a single monolayer of ZrO, on the

Si(100) sur ibits bi-stable polarization states, thereby providing the same functionality as a
convent£ferr(yclectric.[l30] The polarization emerges from rumpling of the ZrO, planes, which are
normallz }iswitcbble in bulk specimens due an energy barrier that scales with size. However,
switching : monolayer thick ZrO, layer is energetically possible. The authors experimentally

demonstra viability of a single monolayer ZrO, ferroelectric, as capacitance-voltage
measur howed hysteretic modulation of the surface potential of Si by ~0.4 V. Aside from

allowing very ag@fessive scaling of devices, the single monolayer ZrO, ferroelectric also simplifies
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the fabrication of the gate stack, as a conventional dielectric, such as amorphous Al,Os;, can be

utilized to switch the ZrO, at the interface while reducing leakage currents.

7

3.2.2. FEWW on Gads

The first to%ne the challenges of integrating ferroelectrics with GaAs was Contreras-Guerrero

52,131]

et al.l theidy pioneering work they demonstrated high quality BTO layers on GaAs (Figure

C

7a,b), usin, -chamber growth technique described in Section 2.1.5. This was achieved using a

3

template of 2 unit cells of STO, obtained using the 1/2 ML Ti approach for passivating the GaAs

surface.'”! For thes# structures, piezoresponse force microscopy (PFM) revealed a coercive voltage of

3

1-2 V and ponse amplitude of ~5 pm/V (Figure 7c-g).

N

Author Ma
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Figure 7. Str re and functioality of ferroelectrics integrated on GaAs. 8 nm ferroelectric BTO

was grow it cells STO-templated GaAs. a) General view of the interface. The first two
atomic lay e oxide (SrTiO3) can be seen to be a lower intensity, owing to the lower atomic
mass of S Ba. Reproduced with permission.!*"! Copyright 2013, Elsevier. b) Atomic-
resolution \&lectron energy loss spectroscopy (EELS) mapping of the elements in this interface.
Reprod rmission.””! Copyright 2015, Amerian Institute of Physics.

o

Ferroelectric characterization using PFM, showing (c) topography, (d) PFM amplitude and (e) PFM

phase (V,=0.5 V. $cale bars are 1 pm, 3x3 pm” features were patterned with V=3 V). (f) Amplitude
and (g) ph (Va=4 V). Reproduced with permission.”* Copyright 2013, Amerian Institute of

Physics. E
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Aside from BTO, ferroelectric PZT has also been integrated on GaAs. Louahadj et al. first grew a 8
nm thick buffer layer of STO on GaAs using MBE, with an initial 1/2 ML Ti passivation layer.!"*”
The saMen transferred ex-situ to a PLD chamber, where a bottom 30 nm electrode of
conductivO3 (LSMO, see Section 3.4.2) was grown, followed by 100 nm of PZT.
Ferrocleetrisitymwas confirmed by PFM performed on the film surface. In addition, interdigitated Pd
electrodes Ld to further explore ferroelectricity, showing a memory window of ~1.1 V; yet,
this obsen@ not show scalability with the electrode surface. This was interpreted by the
authors as gwi that the dielectric response originates by the vertical fields running between the
fingers thrm , thus being generated by domains oriented in the out of plane direction. We note

that unlike MBE gfibwn BTO/STO on GaAs,”>"*! the use of a bottom LSMO electrode decouples the

ferroelectriﬁm GaAs. Furthermore, the PLD growth conditions of LSMO and PZT (including

300 Torr °C for 10 min) likely altered the GaAs. Nonetheless, this work presents new
concepts agld 1 towards potentially efficient ferroelectric integration on GaAs.
3.2.3. ides on GaN

Combininfxides that possess properties such as ferroelectricity and magnetism with GaN provides
attractive pr s of novel functional devices. Posadas et al. have used off-axis RF magnetron

133]

sputtering multiferroic hexagonal YMnOj; directly on GaN,!'*! where ferroelectricity and

antiferromg@nctism coexist and are weakly coupled.!**"* Interestingly, despite a 4% lattice
mismatc ween_YMnOj; and GaN, a 30° in-plane rotation of the YMnOj; unit-cell was observed

that resultsgin =10% lattice mismatch. First principle calculations have shown that this rotation is

driven by ally favorable chemical bonding at the interface, which overcomes the cost in

energy as with strain. Similar behavior was observed for PLD-grown rutile TiO, on GaN

(Section 2.1. th ferroelectric (Figure 8a) and antiferromagnetic behaviors were observed on

GaN.!'"*!
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In contrast to the direct integration of YMnO; on GaN, Yang et al. employed an ultra-thin STO
(111)/TiO,(100) template layer grown by MBE, upon which multiferroic rhombohedral BiFeO; films
were grm MOCVD (see Section 2.1.6 for more information on the template). Metal-oxide
semicondu @ S) capacitors were subsequently formed by evaporating Pt pads on this structure.
The fersacleetmieiymof BiFeO;, with an out-of-plane (pseudocubic) <111> easy axis was probed using

capacitanch (C-V) analysis of these MOS devices’? (Figure 8b). See Section 2.1.6 for further

details on @1 of this specific system.

Another sm ferroelectric integration with GaN using STO/TiO, buffer layers conducted by

Luo et albemployed PLD to deposit ferroelectric Hf-doped Bi;Ti;0;, (BTH, Table 4). This

ferroelect eposited on a conductive SrRuOj; electrode, forming a capacitor that is not
electricallyftoupled to the semiconductor. In addition to a thorough investigation of the structure, this

work further addresses important practical aspects of ferroelectric behavior, including material fatigue

(exhibiting degradation after 1.1x10' cycles), and leakage (<2 pA/cm?). Alternative
integrat es were attempted by PLD!"*” and RF magnetron sputtering** of ferroelectric
Bag sSr( sTi ctly on GaN without buffer layers, which resulted in films that exhibited domain
structures.

More recehol et al..'* employed thick (tens of nm) rutile TiO, layers as templates for the

growth of tric Pb(Zr 5, Tig43)O; (PZT) using PLD, which yielded films with an in-plane

polarization ow-up work by this group'*”! replaced the thick TiO, buffer layer with MgO,

which i erroelectric films with an in-plane polarization (Figure 8c).

Auth
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loop of rrdic YMnOs/GaN. Reproduced with permission.** Copyright 2005, Amerian
ysics. b) Hysteretic Capacitance — voltage (C-V) curves of BiFeO;/STO/GaN MOS

ced with permission.!””! Copyright 2007, Amerian Institute of Physics. ¢) In-plane
P-E loops g0/GaN structures, where the different curves represent different MgO buffer

thicknesses&uced with permission.!"*” Copyright 2018, Wiley-VCH.

Figure S.Wric behavior of oxides on GaN. a) Out of plane polarization — electrical field (P-E)
1

Institute of
structures.

Table 4. @ of some of the reported ferroelectric/GaN properties. It is noted here that the

ferroel ance considerably depends on process details and interface structure; thus the

properties of ferroelectrics may vary considerably when grown on semiconductors.

Material Buffer Growth Ferroelectric | Geometry | Remnant Coercive | Ref.
Thickness polarization | field
(nm) (uClem?) (MV/cm)
Bay sSry sTi(Q8 PLD 600 out-of- Cho ‘04
plane
(MOS)
sputtering | 40-400 in-plane 2 50 Posadas
‘05
MOCVD 300 out-of- Yang
)(Ti0O,) plane ‘07
b MOS)
BTH 3/ PLD 400 out-of- ~23 ~150 Luo ‘09
plane
TO(TiO,)
(capacitor)
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pzT TiO2 PLD 300 in-plane 25.6 Elibol
‘15

pzT 10 I Mﬁg PLD 750 in-plane ~20 ~26 Li‘l8

Q.

3.3. Semichg Oxides

Semicondu@i des integrated on conventional semiconductors provide a setting in which charge

C

transfer anm electric fields can be engineered across the interface. Charge transfer and built-in

fields acro junctions between conventional semiconductors underpin the functionality of

virtually a nductor-based technologies. For example, the built-in electric field of a pn-

junction ugrpms he functionality of solar-cells and the ubiquitous field-effect transistors that have
com

revolutionize puting. In principle, the atomically abrupt interfaces that can be achieved at
semicondugtor alline oxide interfaces using MBE enable continuity in the electric displacement,
which i r charge transfer and built-in fields to form. Engineering charge transfer and built-
in ﬁeldsc§ to hybrid semiconductor-oxide pn-junctions, isotype n-n junctions or intrinsic-

doped heterojunctions that could be utilized in applications ranging from photocatalysis to

nanophoto!cs.

Charge trafis

built-in fields have recently been explored in heterojunctions between STO and
Ge and Si. As discussed in Section 2, recent developments in HAXPES have opened pathways to
quantif’ uilt-in electric fields across semiconductor-oxide heterojunctions."*"! Du et al.
initiallyHed this approach to map band-bending in p-type Ge at a heterojunction with
epitaxial S@ more dramatic example of built-in fields was recently demonstrated by Lim et al.
in their study of heterojunctions between SrNb,Ti; 05 and Si.l"* The built-in field was sufficiently

strong the formation of a hole-gas near room temperature in the Si. By tuning the carrier

density in the oxide layer via the Nb content, the authors were able to tune the sheet density of the
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hole-gas in Si. Employing the HAXPES techniques described above, the authors were also able to

map out the built-in fields in both the SrtNb,Ti, 1O; and the Si. These results represent key progress in

t

the development of semiconductor-oxide pn-junctions, n-n junctions, etc.

While ba

|
separately demonstrated, combining the two techniques in a single heterojunction will allow control

P

incering and charge transfer through control of carrier density have been

f

[143

akin to thatgvhigh can be achieved in heterojunctions between III-V semiconductors."**! The large

G

conduction fsets, large dielectric constants could lead to electron-gases at semiconductor-

crystalline @xide ifterfaces that exhibit extremely high carrier densities and also high mobilities. In

S

light of theghi obilities of conventional semiconductors that give rise to low carrier scattering,

U

such extre y electron gases could serve as a platform for plasmonic/nanophotonic devices.

3.4. Ferromaghnetig¢ Oxides and Strongly-Correlated Metals

al

Ferro oxides and strongly correlated metals exhibit behaviors that are fundamentally

fascin and also technologically important. For example, the field of spintronics

M

[144,145

constitutes an active research area for physicists and engineers, I'and its potential for

I

coupling entional electronics is highly attractive. In particular, ferromagnetic oxides

that exhib pin polarization, such as La; \SryMnO3; (LSMO), could provide a platform

9

for spintr opto-spintronic applications if integrated on semiconductors. While the

examp usscd below have yet to demonstrate spin-injection via the ferromagnetic oxide,

th

their inte semiconductors is an important first step (Figure 9, Table 5).

AU
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Table 5. A summary of conductive materials that can be integrated with semiconductors, their

properties, functionalities and potential applications.

{

Material Key properties and Potential applications
functionalities

conductor, ferromagnetic (<150 conductive electrode, e.g. back electrode for
K), magnetocrystalline anisotropy | ferroelectric devices

YBCO "7 high temperature superconductor | superconducting electronics, communications

and computing

Cr

S

La;,Sr,MnG35
[148,149]

~

double-exchange ferromagnetism, | MEMS devices
colossal magnetoresistance
(CMR), metal insulator transitions | Magnetic sensors

Spintronic devices
Mottronics and field effect devices

Conductive back electrode for ferroelectric

anu

devices
é high density (10"-10" ¢cm™) of Chemical sensors
confined, correlated electrons
LaAlOy/STO %" Spintronic devices
) J0.151) very low temperature .
LaTiO5/ST : superconductivity (<0.2 K) Sketched nanoelectronics

GdTiOs/ST Channels for field effect devices

O

LaTiO,/STO

GdTiOs/ST@ GaAs

h

Aut
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Figure 9. ;1 and electronic properties of decoupled oxides on semiconductors. SRO/STO/Si

structures a) close-ups on the STO/Si (left) and SRO/STO (right) interfaces, (b) resistivity-
temperatur@curve showing a high residual resistivity ratio indicative of high quality STO films.

Reproduced under the terms and conditions of the Creative Commons Attribution license.!"*”
Copyright e Authors, published by AIP Publishing LLC YBCO/STO/Si structure showing
(c) the en (inset shows a close-up of the YBCO/STO interface) and (d) resistivity-
temperature curves showing the critical superconducting temperature in comparison to YBCO grown
on ST ates (insets shows a close-up of the transition region). Reproduced with permission.*”!

inger Nature. LSMO/CTO/Si structures showing (e) the entire stack, LSMO/STO
n diffraction and (f) resistivity-temperature curve (the inset showing the behavior
of CTO/S1 for reference). Note that all these examples feature a typical SiO, interface layer of at least
several nm, which is the consequence of the high oxygen activity required to fully oxidize the
functional &G la;ers. Reproduced under the terms and conditions of the Creative Commons
Attribution 3.0. opyright 2015, The Authors, published by AIP Publishing LLC.

34.1 SrRiig

SrRuO3M1 conducting oxide that has been extensively used as an electrode material for

ferroelectrics.!'! s addition, SRO’s ferromagnetism and large magnetocrystalline anisotropy!'>* are

[157,158

of interest for realization of topological magnetic phases. I The residual resistivity ratio

(RRR), as pioox/pak Where p is the resistivity, provides a helpful benchmark for assessing the
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quality of a metallic oxide film. A high RRR indicates the film has a low density of defects, such as

point defects and, in the case of SRO, orthorhombic domain boundaries.!*”

{

In a recent igh-quality SRO films were demonstrated on STO-templated Si.'"**! Wang et al.

optimized ystalline quality by implementing a self-limiting growth window.!'*®! The

|
growth comgitions required for obtaining high quality SRO include high temperatures and high

oxygen reactivitymwhich result in a thin amorphous SiOx layer at the STO/Si interface (Figure 9a).

G

The high c ific quality is evident by a RRR value of ~11 (Figure 9b, which is the highest value

reported ol Sig¥andl comparable to some of those reported for epitaxial SRO on single crystal oxide

S

substrates. |

_
B
u

3.4.2. LCI]_Xg

Lal_xSrXMnmlO) is an archetype member of the hole-doped rare-earth manganite family, R;.
AMnO%H re R is a trivalent (typically) rare-earth ion and A is a divalent alkaline earth ion. This
materia is host to a variety of fundamentally and potentially technologically important

phenomena that have drawn interest for many years."'®! Manganites exhibit ferromagnetism mediated

[

through d . ange, colossal magnetoresistance, and various charge, spin and orbital ordered

phases tha @ o-exist.'"' "l LSMO is commonly used as a conductive electrode for

ferroelectrics, similarly to SrRuOs;. Moreover, LSMO has been successfully coupled to

[168,169]

ferroelectri to realize magnetoelectric interactions Integration of manganites on

h

semico us a natural step in exploiting this material in devices.

1

1

Méchin et al., succBssfully integrated LSMO on Si using oxide MBE.!"**) A 20 nm thick STO template
was first gro llowed by LSMO (x=0.3) films that ranged in thickness from 10-100 nm. The

authors re ocking curve widths <0.33° and rms roughness <1 nm for the 10-100 thick LSMO

A

films. The room temperature resistivity was found to be in the low 1 mQ-cm range (Figure 9f), which
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is similar to bulk,!"”” the Currie temperature was found to be between 320-345K, which is not far
below the ~360 K reported for bulk. The authors subsequently reported the use of CaTiO; (CTO) as a

substitute jr ST U in the buffer layer."*” The rocking curve for LSMO grown on CTO buffered-Si is

over twicO.7°) in comparison to the films grown on STO buffered Si.l'"*! Electron

microscmp ymeveals the formation of amorphous SiO, layer at the CTO/Si surface (Figure 9¢), which

is an expeLLequence of the high oxygen reactivity necessary to properly oxidize manganese.

[148,149]

Altogetherfithese stidies present successful integration of LSMO on STO- and CTO-templated

C

Si, with pr i@fythat are comparable to those of bulk LSMO. Section 4.2 demonstrates how LSMO

S

integration 1 €0nstitutes a critical building block for device applications.

3.4.3. EuO

[71

EuO is an {intr ferromagnetic oxide as it has a spin polarization that exceeds 90%,"”" that can

anu

be furt with rare-earth doping.!"”>"'7"! Given these properties, EuO is an ideal candidate

material for s ics.

M

In this regard, diamond is particularly attractive for spintronic and quantum applications, owing to the

long spin €o e times of its nitrogen-vacancy defects, or Ny centers.!'"’” Diamond is a wide

Of

bandgap scugi ctor with unique and attractive properties. Similar to GaN, diamond is attractive

h

[177]

for po evices, ' owing to its large band gap and breakdown strength, high saturation

{

drift veloctty and carrier mobility, and high thermal conductivity, which exceeds all other solids

U

(Table 1). Diamond’s lattice constant is too small for the epitaxial growth of most perovskite oxides;
for example .5% mismatched with STO. Fortunately, diamond has a small (~1.9%) mismatch

with cubi Jattice constant ~5.14 A), if the unit-cell of the latter is rotated in-plane by 45° with

A

respect to the unit-cell of the former, i.e. (001)gu0l(001)piamond 5[ 1 10]£u0![010]piamond (Figure 10a).
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Melville et al., first demonstrated growth of EuO on commercial single crystal diamond substrates!'”®

(Figure 10), as well as on epitaxial films of chemical vapor-deposited (CVD) diamond. Growth was
done uswrption controlled technique under low oxygen background pressure, which enabled
unoxidized: '@ japorate from the surface,!'” thereby ensuring a correct Eu:O stoichiometry. The
successmf thissappmoach is manifested in the magnetic properties of the epitaxial layer. EuO grown on
single cryshnd substrate exhibits a bulk-like (69K) Curie temperature (Figure 10c) and a low

temperaturg saturafed magnetization of 5.5 pg per Eu ion (Figure 10d). A similar Curie temperature is

C

observed fi own on the epitaxial diamond grown on Si, whereas the saturation magnetization

S

value is 2. Eu ion. The magnetization in both cases is lower than the prediction of 7 pg for

Eu+2 (4f7),[171]

U
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uQ integration on diamond. The 45° in-plane rotation of (001) EuO on (001)
diamon axial relation, shown by (a) schematic top view and (b) experimentally verified
using ¢-scans. Magnetic properties of a 37 nm EuO film epitaxially grown on single crystalline

Figure

{

diamond substratSywith (c) relative magnetization-temperature behavior and (d) low temperature
roduced with permission.!'” Copyright 2013, Amerian Institute of Physics.
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Aside from diamond, Schmehl et al. have studied the growth and properties of EuO on single crystal
YAIO; substrates, (001) Si, and (0001) GaN.!"”" Several monolayers of SrO were deposited on the Si
surface MO deposition in some of the samples. The authors observe similar Curie
temperatursemiconductors and for films grown on YAIO;. Magnetization values of 6.6
up/Eu has beemmmeasured for films on Si and YAIO;. A follow-up work has observed EuO/Si defects
which werhed as EuSi,, as well as higher-valence Eu ions."*” Caspers et al. proposed a

surface englneeringlapproach that employs hydrogen passivation and Eu protective layers to minimize

€

181

such interfage cts.'!] EuO/Si epitaxy without SrO buffers has been extensively reported as

[183

S

1.0182]

wel where #onduction band offset of 1 eV has been measured between EuO and Si.'"®! Guo et

al. have also dem@nstrated growth of EuO on Si, in which a STO buffer was used to mediate

B

184]

epitaxy.| tingly, the STO buffer layer also served as a source of oxygen during growth of

N

the EuO fi

a

It should bg.n EuO is unstable in air where it rapidly oxidizes to the more stable Eu,0; and
Eus0, equently, epitaxial EuO must be capped prior to breaking vacuum after growth.

Aluminum hous silicon have been used as capping layers; further procedures for capping are

M

discussed in the supplementary information of Schmehl et al.!"*!

or

3.4.4. Hig ture Superconductors

Supercondfigtors integrated on semiconductors are of interest for sensors (e.g. Josephson junctions)

h

and qu ation processing. High-temperature superconducting cuprates could potentially

t

extend so e applications to higher temperatures, given the higher transition temperatures the

U

exhibit.

Ahmadi- et al. demonstrated the integration of YBa,Cu;07; (YBCO) on Si using STO-

A

buffered (001) Si.'"*”! The 30 nm thick STO buffer was grown by MBE, upon which a 50 nm thick
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film of YBCO was grown by PLD. The high temperatures and oxygen pressures used for the PLD
growth resulted in SiOy at the STO-Si interface (Figure 9¢). A high critical temperature of 93 K was
reported ﬂlcﬁ was even higher than the critical temperature of a YBCO film grown on a single

crystal STnder identical conditions (Figure 9d). This enhancement in critical temperature

was attmibutedmtemashigher concentration of dislocations in the YBCO film on Si, where dislocations

may enhan&nation.

Beyond Si,Qt al. have demonstrated the PLD growth of YBa,Cu;0-; directly on GaN."*”! The
authors to%ge of the high thermal and chemical stability of GaN to grow YBCO directly on
GaN usin, ithout an intermediary buffer layer. Good electrical contact between the YBCO
and GaN iﬁ

lished. In-plane resistivity measurements exhibit a critical temperature of ~80K,

and the au!ors also analyzed the transport across the interface, observing a super-Schottky diode,!"*"

which is a diode Wi';h a very low turn-on voltage.
3.4.5. Ferroic Ecomposites

Aside from the creation of layered structures comprised of isostructural perovskites, oxides exhibiting
different cwctures can also be combined in nanocomposites that self-organize into segregated

nanoregio onical example of such nanocomposites is the BiFeOs;-CoFe,O4 (BFO-CFO)
m 189,190]

system, co of vertical ferrite CFO nanopillars imbedded in a perovskite BFO matrix.!

191-193] ¢

Such nano@mposites provide an attractive approach to increase magnetoelectric coupling.! n

this sysﬁMgneto—electric coupling was found to be mediated by strain'**'* between the

piezoelectrgnatrix and the magnetostrictive CFO particles. In principle, epitaxial strain from

the substrate can algo play an important role in the magneto-electric coupling of these materials.
Kim et al sed PLD to grow BFO-CFO nanopillar composites on STO buffered Si."** Similar

out-of-plane saturation magnetization values (~70 kOe) have been measured on the BFO-CFO
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composites grown on Si as compared to composites grown on single crystal STO substrates. A large
magnetic anisotropy was measured on the BFO-CFO nanocomposites grown on STO buffered Si

which was lo! observed for composites grown on STO substrates. This may be the result of strain, as

P

the in-plat w e constant of STO grown on Si differs from bulk crystals, or imperfect
stoichiomemyssasec discussion in Section 3.5). We also note that BFO-CFO composites have also

been grovhuttering“w] and ALD," which further facilitates possible integration for

2,
-
C

The comm kite structure of functional oxides provides incredible latitude in creating layered
m

3.5. Oxide ructures Featuring 2D Electron Gases

heterostruc prised of compositionally dissimilar oxides. Such artificial heterostructures

contain ces where the structural and electronic degrees of freedom of the constituent oxides can
be coup, alize functional behavior.!""”

In particular, interfaces between polar and non-polar oxides have been found to exhibit high density

electron gases (ZDEG)™"**]. Such 2DEGs exhibit a variety of phenomena, such as Rashba spin-orbit

coupling, s
(LAO) / imerface,””” which has since been studied extensively. Oxide 2DEGs found at
interfac olar rare-earth titanates and STO have also received considerable investigation.

Materials 1t|uae NdTi0;,2"! LaTi0;,** SmTi05,?* and GdTiO; (GTO).[ZOHOS].

aeluctivity, and magnetism. Oxide 2DEGs were originally reported at the LaAlO,

The physic:of the 2DEGs, particularly for the LAO/STO system, has been under considerable
debate. ¢d explanation for 2DEGs suggests an electronic reconstruction that occurs at the
interface, in w charge is transferred from the LAO valence band to the STO conduction
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band.****! This common explanation is based on polar discontinuity at the interface, and is often

210

refered to as the polar catastrophe.*'" Competing explanations suggest ionic defects such as oxygen

Vacancies,l|”!l!! or cation intermixing®"**"*! are the dominant mechanisms behind the emergence of

the 2DEGati0n of 2DEGs at oxide interfaces between an amorphous polar oxide and

216.217) Yet, a recent

crystallime Sili@mseems to preclude the scenario of an electronic reconstruction.
report of ah gas in LAO/STO heterostructures provides compelling evidence for electronic

reconstrucfon, as ghich a hole gas has long been predicted to be an accompanying effect.!'**'*] These

C

competing ggic nts provide a glimpse into the complexity of oxide interfaces and the lively

S

ongoing de s#rrounding the physics that governs their behavior.

U

Regardless echanism(s) that may give rise to oxide 2DEGs, the phenomena they exhibit hold

great poterifial for device applications. Channels for field effect devices are one possible application

n

area, since the electrons of the 2DEGs are confined between two high-k dielectrics. Indeed, in a few

d

short year§\ s their first demonstration,”'” oxide 2DEGs FETs have made considerable
progres ent milestones include integrating 700,000 devices on a 10x10 mm? chip®*"! that

includes 1 nd other functional circuits, and miniaturization levels where short-channel effects

\"

225,226

become appreciable.”*" In addition to FETs, spintronict I'and superconducting™”! devices based

228,229] 230,231]

on oxide @DEGs have been demonstrated. Chemical* and optical' sensors based on

g

modulatin ductivity of oxide 2DEGs have also been attracting recent attention. Another

O

attractive fe oxide 2DEGs stems from the ability to ‘write’ nanoscale conductive regions using

232,233

a scanningprobe tip, enabling so-called sketched devices to be created.! I'Such sketched devices

g

[234,235] [236]

open routeg to stu@ly fundamental phenomena, or create nano-scale devices for logic'~™ and

{

. 2
sensing.”*”’

U

Given the functigmhlities that oxide 2DEGs offer, we consider their integration with conventional

semico as a natural advancement towards scalable technology. Oxide 2DEGs offer

A

functionalities that are electrically uncoupled from the semiconductor as well as functionalities that
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arise from electrical coupling to the semiconductor. The former are observed in systems in which the

oxide 2DEG is spatially separated from the semiconductor via a thick oxide buffer layer. The latter

|

functionalifies emerge as the 2DEG is in intimate contact to the semiconductor, which enables charges

from the 21 ansfer to the semiconductor (Table 6 and Figure 11).

p

Author Manuscr
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Table 6. A chronological summary of the milestones of oxide 2DEGs integration with
semiconductors. Structures containing LTO, which is grown at lower oxygen pressure, exhibit an
order of magnitude higher carrier densities compared to the rest. These values are also an order higher

than the ophe prediction of ~3x10"* cm™.

L

b

Milestone Semiconductor Structure Carrier density
I
Interface 5
s (cm™/interface)
‘Remote’ 1 ~10 nm SiO, LAO/STO/SiO,/Si | ~10™
STO/Si as a Virtaa
substrate“st D
‘Intimate’ Inte;raESn on atomically abrupt | LTO/STO/Si ~10"
Si[l9,152,153,2
C GTO/STO/Si ~10"
10" (in Si)
‘Coupling’ atomically abrupt | LTO/STO/Si ~5x10" (in oxide)
+ band engineering
2DEGs carriers in Si''”
Intimate Inte on atomically abrupt | LTO/STO/Ge >10"
Gel'34
2DEGs integration on unknown GTO/STO/Si 10"
GaAsP!

Autho}
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“Remote” Integration
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Figure llhnd examples of 2DEG integratio with Si. (a) Schematic of LAO/STO remote
integration, based on this STO with interfacial SiOy. Temperature dependence of the (b) Sheet
resistance mobility. The red data points are taken from LAO grown on an STO substrates for
oduced with permission.!” Copyright 2010, Springer Nature. (d) Schematic of
, where the STO/Si is atomically abrupt and the STO layer is a few unit-cells
thick. Temperature dependence of the sheet resistance for various RTO thickness for (¢) LTO/STO/Si

(Repro the terms and conditions of the Creative Commons Attribution 3.0 Unported
License“ht 2015, The Authors published by AIP Publishing LLC.) and (f) GTO/STO/Si
(Reproduc ith_permission,'*” Copyright 2015, Amerian Institute of Physics). (g) Schematic of
coupling between the 2DEG and the semiconductor, where electrons are pushed from the oxide into
the semic . Temperature dependence of (h) the sheet resistance and (i) the mobility of
LTO/STO/Si various oxygen anneals, used for band engineering with the Si.'” Each color
(anneal wo plots, one for high density, low mobility electrons (oxide 2DEG) and another for
high mobi er density (electrons from the 2DEG now in Si), inferred from systematic non-

linear Hall analysis. Reproduced under the terms and conditions of the Creative Commons Attribution
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4.0 International license.'"”” Copyright 2018, The Authors, published by the American Physical
Society.

Dt

The Lazﬂ

—

10; (LAO/STO) system is the first oxide 2DEG heterostructure to be integrated on a
semiconductgr.' @' As a first step, a 100 nm layer of MBE-grown STO/Si was aggressively annealed

(900°C, 1

C

7 to yield crystalline quality that is comparable to single crystal STO substrates. In

essence, the thik §TO film on Si becomes a ‘virtual substrate’™*"** for the subsequent growth of

S

LAO usin

U

The transport properties of the LAO/STO/Si heterostructures are comparable to those of LAO/STO

samples bdged on single crystal STO substrates. (Figure 11b,c). In particular, the transition from

)

insulating ting behavior at the critical thickness of 4-u.c. of LAO was reproduced. The most

d

significant ce is the low temperature mobility, which is lower by more than two orders of

magnitu e LAO/STO/Si heterostructures in comparison to growth on STO single-crystal

emperatures, the mobility of STO is highly sensitive to structural defects.”*” As

substra

M

will be seen and discussed further in the next section, these values are on the higher end of the

[

spectrum DEGs on semiconductors. Nanoscale sketched devices were created by applying

voltages to @ g probe tip on a LAO/STO/Si structure with a 3-u.c. thick layer of LAO, which is

just below t cal thickness for conductivity.”*>*** The demonstration of sketched devices in

LAO/S

h

structures represents key progress in integrating the functionality of oxide 2DEGs

on a tec relevant platform.

L

AU
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In comparison to the LAO/STO system, RTO/STO systems exhibit a continuous Ti-O sublattice
across the polar/non-polar interface, as well as higher electron sheet densities™” (~10"-10" cm™ ).

The con!ldous F1-O sublattice across the polar/non-polar RTO/STO interface makes this system

compositier than the LAO/STO system. Such RTO/STO heterostructures have been

integrated omSim@e and GaAs, as discussed below.

Growth on Sm

Jin et al. explored the growth of LaTiO; (LTO) / STO structures on Si (Figure 11le) that had
abru;:s:

atomically- terfaces."” This was done by sandwiching the Mott insulator LTO between an
STO/Si te the bottom, and an STO protective overlayer, aimed to prevent over-oxidation of
the LTO.” id LTO over-oxidation during growth, the O, background pressure was lowered

by x5 of that @ or the growth of the STO layers."”! Over-oxidation during growth is of particular

conce y transform to the La,Ti,0O; pyrochlore phase, which would be detrimental to the
structure of th k. However, a consequence of the low oxygen pressures needed for growth is the
creatio Xygen vacancies in the STO which act as n-type dopants. In their first paper, Jin et al.

have meas!ed ~9x10" cm™ carriers per LTO/STO interface, which is three times higher than the
most ideal apgssimplified polar catastrophe model.””**! It was shown that the sheet carrier density

scales witht ber of interfaces, thus the vacancies are most likely situated near the LTO/STO

interfacﬂn in the volume (‘bulk’) of the STO layers.!"”!

Kornblu“died the growth of GdTiO;/STO (GTO/STO) heterostructures on Si (Figure 11f),
as GTO is ge to over-oxidation in comparison to LTO. GTO/STO alternating multilayers were
ated on Si using the same oxygen background pressure (5x107 Torr) for all the

successfully mtegt

layers --n@ growth.!">"1" The GTO/STO structures exhibit atomically abrupt oxide/Si

interfaces.!"*”! X-ray diffraction of the GTO/STO structures grown on Si show comparable structure
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and quality to an identical structure grown under the same conditions on (LaAlO;)y3(Sr,AlTa0s)y;
(LSAT) single-crystal oxide substrates.”””**?! Indeed, these layered GTO/STO heterostructures

producea iQ f0"™ cm electrons per interface, exactly an order of magnitude less than the LTO/STO
structures' @ 6).

I I
Ina relate!study, Ahmadi-Majlan et al. created STO/LTO/STO sandwich heterostructures on Si in
which metalsinsykator behavior could be tuned.”*® The top STO layer was kept very thin (~0.6 nm),
and the bot

layer in contact with the Si was varied between 2-6 nm. Total carrier densities of

~2x10" ¢ orf~1x10" cm™¥interface) were measured, consistent with those measured in

S

heterostrug wn by Jin et al."” The key finding was a metal-insulator transition that could be

U

tuned wit ickness of the bottom STO layer. The metal-insulator-transition exhibited

characterisfics that were consistent with a Mott-driven transition, suggesting oxide 2DEGs could

A

provide a pathway o manipulate strongly correlated devices, such as a Mott-transistor,***** directly

on Si.

Ma

Bringin Gs in close proximity to a semiconductor, while maintaining an atomically-abrupt

interface cam increase the functionality of these structures. This “intimate” integration scheme (Figure

f

11d) can ally enable the exchange of charge and spin between the 2DEG and the

0

semicondu lectrostatic gating. Semiconductors exhibit higher thermal conductivities, longer

¢ times, and room temperature mobilities that are 2-3 orders of magnitude higher than

ble T). J hese properties of semiconductors complement those of oxides, thus making the

union, or ing between the two attractive for future device concepts (Figure 11g).

A major milestone towards this goal was recently achieved by Jin et al., who demonstrated charge

oxide 2DEG into Si.'” As discussed in Section 2.2.2, the band alignment between

(83,90

STO and Si can Be tuned with oxygen content at the interface.***” The authors systematically
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oxygen-annealed the bottom 1.8 nm-thick STO layer in varying conditions to engineer the interfacial
oxygen content. Combining electrostatic simulations and interfacial chemical analysis, the authors

have develkea a scheme for controlling the band structure without forming an excess of insulating

Si0Oy at thehe Hall signal exhibited highly non-linear behavior, consistent with conduction

from mupitiplesshamnels. Analysis of the Hall behavior using a multi-channel model revealed a sheet

carrier denhlo13 cm™ with a room temperature mobility exceeding 100 cm*V™'s™ | consistent

[10

with carrie beinglfransferred to the Sit'” (Figure 11h,i). Other conduction channels were ascribed to

C

intrinsic cm the undoped Si substrate. By demonstrating electrical coupling between oxide
cof,

2DEGs an

mobility materials.i
Growth onm

this work lays the groundwork for combining correlated oxide physics with high-

While Si i the most important and widely used semiconductor, its strong affinity to bind
with oxygen s a challenge for maintaining an abrupt interface with an epitaxial oxide. As
discuss h-k insulator context (Section 3.1) Ge on the other hand, provides a convenient

semicondugr substrate for oxide epitaxy, since its lower tendency to oxidize allows a wider oxide
growth win ermanium’s larger lattice constant (Table 1) needs to be considered with respect to

STO, but t en successfully addressed,'>%2?%! a5 discussed in Section 2.1.1.

Edmonsons al. have recently published a thorough investigation of LTO/STO 2DEGs grown both on

STO sulM on STO buffered Ge.'"*" This work showed clear evidence of oxygen scavenging

from the Sgrate during LTO growth (as previously shown for growth of EuO on STO!"** or
of so

deposition e metals over STO®*"). Since STO substrates are a richer source for oxygen

compargl| in (~3.2 nm) STO/Ge template, the best LTO films can be grown on STO substrates

at 10™"° Torr, versu$ 107 Torr of oxygen background necessary for growth on thin STO buffered Ge.
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High-resolution energy loss near-edge spectroscopy (ELNES) mapping revealed significant reduction
at the LTO/STO interface, confirming the presence of oxygen vacancies, consistent with the prior
studies mw] A thorough investigation has yielded the optimized structure of 12 nm LTO /
3.2nm STre 12a), which exhibits sheet densities of ~2.5%10"° cm™ and mobilities of ~6
cm’V'si (igmmemi2b-d). This mobility is higher than that obtained for 2DEGs on GaAs and Si,
suggestinghystalline quality for STO grown on Ge. Tensile strain imparted by the Ge to STO

may play affole in fhe mobility enhancement as well.

SC

.
:lllllllllllxl L
0 100 200 300
Temperature (K)
m) T T T rrrrr T - 4qQfFTrITITTrITITITITITY
C}s .l 1 {dy’
G J@
§ ¢ ] 2 3.0
z10°F 3 g 25
: L
10 F E 2 15
L * E E o
ul L1 aaanl l'n O 10y v vty sl vy H
10 100 0 100 200 300
O Temperature (K) Temperature (K)
Figurerral and electronic properties of LTO/STO 2DEG on Germanium. (a) Cross
section isrograph. (b) Sheet resistance, (c¢) Hall mobility and (d) sheet carrier density versus
temperaturl, an sHowing the effect of freeze-out of the carriers of the donor-doped Ge, occurring at a

100-200 K range. ;produced with permission./">* Copyright 2018, Amerian Institute of Physics.

<

Growth on GaAs
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Group III-V semiconductors are an attractive candidate for the integration of oxide 2DEGs to extend
the potential for device functionality, particularly in regards to optoelectronic applications. The
GTO/SMmctures described above have also been grown on GaAs by Kornblum et al.”™ A
homoepita GaAs was grown on a GaAs wafer and then capped with a layer of arsenic to
enable ex-sigmtramsifer to an oxide MBE system for the growth of the GTO/STO layers (see Section
2.1.5). Thehf GTO on STO-buffered GaAs required a short 665°C anneal in vacuum to obtain
crystallinit@ns of electrical transport, Hall measurements indicate electron sheet densities of

~2x10" cmg ons per interface (Figure 13), which is higher than sheet densities of GTO/STO

S

grown on de substrates. Oxygen vacancies likely also play a role in slightly increasing the

sheet carrier densifies of the structures on GaAs. In addition, the lower mobility values observed in

U

this work™! indicate imperfections of the crystalline structure. This is particularly emphasized

at low te 239,248

N

, where the best quality epitaxial STO films! I demonstrate values larger by

more tha his observation outlines the important limitations of such oxide integration

a

schemes: the extremely narrow growth window that is mandated by the need to preserve the

semiconductor 11mmts the crystalline quality, at least using current growth schemes.

\

Author
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Figure 13. Traf8port properties of GTO/STO oxide 2DEGs structures integrated with GaAs.”” (a)

Sheet r function of temperature. Inset is a schematic structure of the three stacks, where
the reference is STO/GaAs grown under the same conditions, whose conductivity is attributed
to oxy ncies alone. (b) Mobility and sheet electron density as a function of temperature.

Reprod rmission.”> Copyright 2018, Amerian Institute of Physics.
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4. Emerging Applications

In the foll*ing sition our discussion progresses towards emerging device applications that leverage

the functimmiconductor—oxide heterostructures. The applications discussed here, which

include mi
silicon phagpnics and heterojunctions for photocatalysis, highlight the broad impact epitaxial oxides

on semicorbwan potentially have on technology development.

4.1. MEMs actuators

echanical systems (MEMS) actuators and sensors, optical modulators for

In general,;wtronic properties of multifunctional oxides are strongly coupled to the crystal

lattice. Thi!coupling between electronic and structural degrees of freedom allows electronic behavior

to be contrm‘i‘ntroducing changes to the physical structure. Tuning of electronic properties of

oxides thr ctural changes has been studied extensively in epitaxial films, in which

49,249]

compre r tensile strain can be imposed via the substrate,! and also in bulk single

[250 252]

crystals xamples include the enhancement of ferroelectricity in BaTiOs;,>* control of

253,254] [255]

ferromagnetism in SrCoO5_s,! and the tuning of superconductivity in Sr,RuQOj,.

In terms o; ap |1cati0ns, this interplay between electronic and structural degrees of freedom could

lead to no ionalities that can be exploited in microelectromechanical systems (MEMS).

Silicon rem redominant platform for the development of MEMS devices. Thus, the growth of
single ultifunctional oxides on silicon opens a practical pathway for the integration of
these mate!als n MEMS.

In particu1:ﬁlectric materials can be exploited for transduction and actuation, which are two

key fu ies of MEMS. The ability to epitaxially grow oxides on Si has enabled single

crystalline piez tric films to be utilized, whereas polycrystalline piezoelectric materials have been
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%61 Baek et al. utilized a single crystalline SrTiO; (STO) base layer in

predominantly utilized to date.!
conjunction with a miscut substrate to integrate single crystalline Pb(Mg;;Nb,;)O0;-PbTiO; (PMN-
PT) films 1 - (Figure 14a,b). The combination of STO and the miscut substrate enables the
normally @‘ bO to be incorporated into the films, while avoiding the formation of secondary
phases. il hemRIMINEPT bimorph cantilevers exhibited exceptionally large deflection under modest
applied ﬁhides the piezoelectric effect, the flexoelectric effect can also be utilized for

actuation iIllMEMS! The flexoelectric effect induces a polarization in an insulating material through a

C

gradient in i@yl hough small in bulk materials, the flexoelectric effect can be pronounced in thin

S

258

films in w dients in strain can be engineered.”®® Actuation can be achieved through the

inverse effect, nanjély, the creation of a gradient in strain through an applied electric field. The use of

LI

the flexoelggimi ect also introduces a simplification to the cantilever device, as the additional

N

passive la in a piezoelectric bimorph structure is unnecessary. Bhaskar et al. exploited the

flexoelectri€ e to achieve actuation in STO cantilevers integrated on Si*>” (Figure 14c,d). The

d

field-induced curvature exhibited by the STO cantilevers compared well to the curvature of

cantilevers co d of other benchmark piezoelectric materials.

Author M
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Figure 14. es of MEMS devices based on oxide/semiconductor structures. (a) False-color
SEM image of a piezoelectric micro cantilever and (b) its displacement profile as a function of DC
current. RSroduced with permission.”®” Copyright 2011, The American Association for the
[259]

Advancemaience. (c) Optical image of an array of STO cantilevers and (d) a 3D image of one

cantilever, e colors denote the out-of-plane displacement. Reproduced with permission.

Copyright 5516, Springer Nature. (e) and (f) SEM images of a LSMO freestanding microbridge used

for pressurl sensi’ at low pressures (scale bars are 300 and 50 um, respectively). Reproduced with

permissionﬁy\ight 2015, Amerian Institute of Physics.

4.2. MEMs
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Beyond actuation, the electrical transport characteristics of multifunctional oxides exhibit strong

[49,161,170,249,250

sensitivities to temperature and strain. ! Such sensitivities could be exploited in MEMS

devices Meooed bolometry or pressure sensing. La;Sr,MnO; (LSMO) is an archetype oxide
compounds of interest for such applications. At a composition near x ~ 0.33, LSMO
exhibitsmprmimsmiator to metal transition with decreasing temperature, which is associated with a
paramagnehomagnetic transition.**"*! Liu et al. realized suspended microbridges comprised
of LSMO @n a silicon substrate using standard MEMS processing techniques.”*****! For
uncooled bglo s, thermally decoupling the heat sensitive material from the bulk substrate is
critical. Tms demonstrated a reduction in thermal conduction by 4 orders of magnitude.
Furthermore, the ;nsport characteristics of the suspended bridges were not degraded after being
subject to p mg using standard MEMS techniques. These developments bode well for the use of
oxides in C

s and the general integration of oxide materials in MEMS. For pressure sensing,

Le Bourdali§ ¢ w realized LSMO microbridges on silicon and demonstrated the Pirani effect, in

d

which the temperature dependent resistance of a microbridge is modulated by the cooling effect that

gas molecule ounding it produces®®™ (Figure 14e,f). The LSMO microbridges exhibited
e more than double those of similar Pirani gauges based on conventional metals.

Yet more epcouraging, device yields were 95%, which attests to the potential for practical utilization

I

of multifunctional oxides in MEMS sensors. Finally, Pellegrino et al. realized micro cantilever

structures LSMO for use as piezoresistors, in which mechanical strain alters the electrical

265

conductivi material.***! Although the authors realized their cantilever structures on an STO

N

substrates n on Si is in principle achievable based on the microbridges that have been

t

fabricated for bolometry and pressure sensing in the previous examples.

U

4.3. El ics: Silicon Photonics

A
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Silicon photonics is another area in which crystalline oxides on silicon could have significant impact.
Copper-based interconnects used for intra-/inter-chip communication have become increasingly
cornplexwwpementary metal oxide semiconductor (CMOS) technology continues to evolve. The
loss, dispe @ osstalk and ultimate limitations in speed of copper interconnects require the
developmenmefiameplacement technology. Optical interconnects based on silicon photonics are poised

to elevate igcts beyond the paradigm of charge transport.

C

For Si phot e development of high-speed optical modulators is needed for high bandwidth data

transmissioh. I this regard, ferroelectric BaTiO; (BTO) integrated on silicon is an ideal candidate

S

material fo elopment of modulators and other lightwave circuit elements. Associated with its

U

non-centro c crystal structure, ferroelectric BTO exhibits the Pockels or linear electro-optic

effect, in which the refractive index changes linearly with respect to electric field. The electro-optic

n

coefficient of BTO_can exceed > 1000 pm/V, which is far larger than the electro-optic coefficient of

d

LiNbO; (.3 V) used in commercially available discrete modulators. Abel et al. first
demon ckels effect in 130 nm thick BTO films epitaxially grown on Si.**! For devices,

relatively thi s are needed to confine optical modes. Thick BTO films are relaxed with respect

%

to the Si substrate and exhibit an in-plane polarization due to tensile strain that arises from the

difference @ thermal expansion coefficients between the film and substrate. The authors measured a

q

Pockels co of 148 pm/V for an optical electric field parallel to the c-axis, i.e. beam applied

O

perpendicu plane of the film.

1

The in- ization is suitable for devices in which electric fields are applied laterally across the

{

film via ctrodes. Using BTO grown on silicon-on-insulator (SOI) wafers, Xiong et al.

created various lightwave circuit elements, including Mach-Zehnder interferometers, ring oscillators

E

as well as gratingg@ouplers.”*%1 An effective Pockels coefficient of 213 pm/V was determined by

evaluat rformance of a Mach-Zehner interferometer for the BTO on SOI films. Electro-optic

A

modulation up to 4.9 GHz was also demonstrated, which frequency was limited only by the device
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drive circuit. Abel et al. have studied the effects of microstructure on the Pockels coefficient, and
compared various growth methods, observing a span of two orders of magnitude in this parameter,
peakingwf in an early work.”® In a separate work members of this team have pinpointed a
key loss @ to the few naometer thick underlying STO layer used for BTO integration with
Si.”7" e mmthomsshave shown that residual hydrogen in this layer has a dramatic effect on the optical
losses, andhveloped a low-temperature anneal that removes the hydrogen, showing about a

factor of x25 redudtion of the losses to 6 dB/cm for 220 nm Si over 50 nm of BTO.

C

Most recenly JAbEI et al. have been able to further improve the material characteristics and device

performanjO on Si based devices.””'*’?! The authors utilized a wafer-bonding technique to

create a st

S

erostructure in which BTO is separated from the substrate by a thick insulating

layer. Thefthick insulating layer prevents optical leakage into the substrate thereby isolating the

N

Pockels effect from any potential plasma related modulation effects associated with residual carriers

a

in the Si. The is grown on STO/Si (SOI) wafers, bonded to the target wafer and the original
substra mechanically and chemically. Very large coefficients of r33 = 342 pm/V and r42

=923 p measured that enabled optical modulators to exhibit 40 Gbits/s transfer rates

\Y

(Figure 15a,b)). In the same report, Abel et al. also studied plasmonic modulators based on BTO on

Si. Such ices allowed for even higher data transfer rates of 50 Gbits/s (Figure 15¢,d). These

q

developme well for the realization of practical modulators based on BTO on Si. Days before

O

the submis this review, Abel’s IBM group has scaled-up this work and demonstrated

monolithicfintegration of the wafer-bonded BTO onto 200 mm Si wafers."*””]

fl

Aut
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Photonic Plasmonic

Figure 15 and data transmission eye diagram in (a),(b) photonic and (c),(d) plasmonic

devices. Re d with permission.””"! Copyright 2018, Springer Nature.

Finally, we note that the electro-optic effect in BTO could potentially be further enhanced through
engineerin&nsile or compressive strain. Density functional theory calculations by Fredricksen et al.
found that omotes phonon softening, which lead to divergences in the susceptibility that in

turn could 1 Pockels coefficients.”’ The ability to further enhance the Pockels effect beyond

their alreas large values would be remarkable.

-

4.4. Ph0t0:talysis

¢ ’@ lysis is a striking example in which the complementary properties of oxides and

semiconductors can be coupled to address a technological challenge. Developing clean, sustainable
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yet economic sources of energy remains one of the greatest challenges we face. The production of fuel
through photoelectrochemical (PEC) means is a promising route to address this challenge. In this
regard, VMsplmg, consisting of the hydrogen evolution reaction (HER) and the oxygen evolution
reaction (C @ he most notable application of PEC reactions,””” >’ as a sustainable source for
hydrogem -msthemelennest and most energy-dense chemical fuel. Other possible applications include
dinitrogen Lucﬁon to ammonia, carbon dioxide photoreduction to organic compounds, and

i £ . _ . 2502
photo-oxid@ition offrganic species in aqueous environments and others.** %!

C

Conventioflal gémigonductors offer relatively small band-gaps that are ideal for the generation of

S

electron-h from sunlight (particularly for direct bandgap semiconductors, Table 1), their

U

separation nsport. Unfortunately, their tendency to photo-corrode under photocatalytic

284

conditions ffenders their practical implementation untenable.”®* In comparison, oxides such as TiO,,

£

which have been extensively studied, are stable under photocatalytic conditions;yet their large indirect

a

bandgaps s@ye imit their effectiveness in PEC scenarios. In this regard, hybrid heterojunctions
compri onductors and crystalline-oxides can potentially combine the ideal characteristics
of both matew@s namely, efficient generation of electron-hole pairs and chemical stability under

photocatalytic environments.

Implementguch concepts does not mandate epitaxial oxides. Hu et al. have demonstrated OER
using ato @ deposition (ALD) of TiO, passivation on Si, GaAs and GaP.*”® Owing to the

simplicityﬁbility of ALD, this approach is very promising. The oxide was coated with thin Ni

catalyst thors have used 1.0 M KOH in water (pH 13.7) to demonstrate currents exceeding
30 mA/W4.3 and 3.4 mA/cm’® for GaAs and GaP, respectively. As expected, some ~10 nm

of uncontrolled laygr has been observed by the authors at the TiO,/Si interface. In a follow up work,

E

Verlage et al ve applied the same techniques on a tandem solar cell consisting of
Ni/TiO, aAs structure, reporting remarkable wunassisted water splitting with excellent

efficiencies.”™ Despite these excellent performances demonstrated by these works, one might expect
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that a more controlled and ordered interface, such as that afforded by epitaxial oxides, would increase

performance.
Jie re the first to demonstrate this possibility in a stacked heterostructure comprised of
a p-type Si itaxial SrTiO; (STO) layer (Figure 16a), followed by a nanostructured Pt/Ti
|
bilayer.$5]

!he latter was nanopatterned using nanosphere lithography into a mesh-like array on the
STO surfacggandgglayed the role of metal catalysts. Given the near proximity between the conduction
bands of S O™ (Figure 16b), photo-generated electrons from the Si base were transported
through thmyer for reaction at the surface. Using a 0.5 M H,SO4 (pH 0.3) aqueous solution,
operated u oad-spectrum illumination of 100 mW cm, a large photocurrent density of 35
mA cm’ ‘jved, accompanied by an open circuit potential of 450 mV. The placement and

patterning @f photocatalysis on the STO surface added a degree of tunability to the performance of the

heterostructure. The heterojunctions suffered no decrease in performance over at least 35 hours of

all

continuous
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Pt-catalyst/STO/p-Si STO/p-Ge STO/n-GaAs/p-GaAs
Indirect bandgap Indirect bandgap Direct bandgap solar cell
Oxide n-GaAs p-GaAs
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Figure 16mre and energetics of epitaxial oxides in photoelectrocatalysis. STO/Si based

PEC: (a) b ure and (b) schematic structure. Reproduced with permission.”®! Copyright 2014,
Springe . STO/Ge based PEC,™ (c) band structure at flatband, (d) high resolution TEM image
(scale nm), inset showing a close-up on an antiphase boundary (scale bar is 5 nm).
Reproduced with permission.®™ Copyright 2018, Cambridge University Press. STO/np-GaAs based
PEC, (e) b&ture under illumination, (f) high resolution TEM image of the interface (scale bar
is 2 nm), i ing a post-growth RHEED pattern. Reproduced under the terms and conditions of

the Creative ons Attribution 3.0 Unported Licence.!"*) Copyright 2017, The Authors, published

by the Royal Society of Chemistry.

-

Following a

- [13
1.[

, Kornblum et al., explored the use of a direct band-gap GaAs pn-junction solar

cell in 'In principle, the direct band-gap of GaAs, and the use of a pn-junction enables

more efficient a tion and generation of electron-hole pairs. Their heterojunctions were comprised
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of a 16 nm thick layer of epitaxial STO grown on a GaAs pn-junction (Figure 16f), in which the n-
type side of the GaAs interfaced with the STO. With the conduction band of the GaAs situated above
the coanmnd of the STO,"™ the heterojunction acts as a photocathode: photo-generated
electrons @As can be transported to the STO surface for reaction (Figure 16e). Faradaic
efficiensicsnafi@@% for hydrogen evolution were demonstrated, as well as incident photon-to-current
efﬁciencieheeded 50%. These results point to the promising application of semiconductor-
crystalline @terojunctions for use in PEC reactions. In terms of optimizing semiconductor-
crystalline gxi terojunctions for PEC, work can still be done. For example, Kornblum et al. found
that a loss m was incurred by the photogenerated electrons transported from n-GaAs to STO,
due to the differene in alignment between the conduction bands of the two materials, resulting in a
reversed S iode in series that consumes much of the photovoltage. The techniques of band-
gap enginecussed in the preceding sections could be utilized to mitigate these challenges.!"”’
Despite thgse onversion efficiencies, this work featured additional advantages; this half cell
operated in an environmentally benign phosphate-buffered solution (PBS) at a pH of 7, whereas other
works use stroEids and bases. In addition, this work showed ~100 % Faradaic efficiencies using
merely face and no additional catalysts, whereas other works applied nanostructure Pt-
based cataSsts, or earth-abundant Ni based catalysts. Altogether, this work has shown promising

potential of epifaxial oxides on direct bandgap solar cells for photoelectrocatalysis, and pointed out

. performance further.

Stoerzinge!et al. have leveraged their prior experience with STO/Ge!'">**"! to perform HER under

neutral pHpusin S solutions at pH 7,"*" implementing a similar approach as above (Figure 16c).
One possi age of Ge is its low band gap (Table 1) which enables to collect more of the solar
spectrum; coff, however, is low photovoltages. This work found that 13 nm STO block

electro@ut 4 nm STO layer can facilitate PEC. However, the authors found stability issues
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with the films, and attributed them to pinhole and antiphase boundary (Figure 16d) formation in the

thin films which degraded the ability of STO to protect the underlying Ge.

B

4.5. Spip Injection

Integratingﬁgnetic oxides on semiconductors, e.g. via template layers, is a promising direction

for spintr@aic ices. The ferromagnet can filter the spin during injection into the

7]

semicondugfor, resulting in spin-polarized electrons where longer spin coherence times are

possible in comparison to oxides. While this concept has been shown with oxide-oxide systems, most

commonly with O/Nb:STO,”™! its implementation on semiconductors remains elusive. While
template 1 as STO can stabilize semiconductor surfaces, most ferromagnetic oxides require
significantl growth temperatures and oxygen activities than what semiconductors can
withstand. flUn: e necessary conditions required to obtain a functional ferroelectric oxide, the
semico ce will thus be oxidized, forming a barrier for charge transport. This has been
shown with el microscopy to occur even in the highest quality ferrmomagnetic oxides grown on
silicon! ection 3.4 and Figure 9). Additional functionality can be gained by adding

169]

ferroelectrs' and multiferroics to the equation.!

These con@monstrated on all-oxide systems, could be highly attractive for integration on

semiconductors, 1t the abovementioned material challenges could be mitigated.
5. Conclu Outlook

This article revi the current state of epitaxial oxides on semiconductors, progressing from growth
to devi ations. We conclude by discussing remaining challenges that, if overcome, could
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further expand the functionality of epitaxial oxides on semiconductors and the development of

transformative device technologies.

T

We highlngopportunities and challenges of engineering the epitaxial interface. As discussed,

band align imtimately related to interfacial composition and structure; thus, the ability to
control 1nt!fa01al composition, in particular the oxygen content, will considerably broaden design-
space for epginagring functional behavior.'” Besides engineering band alignment, achieving fully
oxygenateDml semiconductors while maintaining atomically abrupt interfaces is a challenge
that needsmddressed. On the one hand, low oxygen pressure during deposition enables
atomically j‘[erfaces that are free of native oxide species to be realized. On the other hand, the

low oxyge e can create residual oxygen vacancies in the oxide that are generally unwanted.

Further stlses, e.g. by spatially-tracking 'O isotopes using mass spectrometry could be helpful in

this regard. Inn;vative concepts for minimizing unwanted interface layers that were implemented

by the hig rics community may be useful for epitaxial oxides as well.*"!

Increasing alability and throughput of epitaxial growth on semiconductors should be an
import ive to extend pathways to practical integration. Efforts to grow epitaxial oxides on

semiconductors via ALD™" and hybrid MBE™"" have shown great promise. Continued effort should

be focusedhoving the quality of epitaxial films and interfaces grown using these techniques.

Another mould be the growth of epitaxial oxides directly on Si using ALD without the need
of UHV pre ion (e.g. native SiO, removal and template deposition). In parallel with such efforts
should ﬁ)raﬁon of simplified growth schemes and the testing of significantly enhanced

depositimmg MBE, as approaches to maximize throughput have yet to be rigorously

investigated.
The micr re of epitaxial oxides deposited on semiconductors, namely, the formation of defects
such as dis ieis, also presents challenges for the development of highly scaled devices. Since

oxides and semiconductors typically belong to different crystal types (e.g. perovskite vs. diamond
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cubic), dislocations nucleate at steps on the substrate surface where the oxide lattice-parameter in the
growth direction is incommensurate with the step height. While the presence of dislocations may not
adversemwce performance for some applications, their presence poses challenges to
applicatio h highly scaled devices are to be created. Developing techniques to minimize the
miscut mof msmbstrates is needed to minimize steps. Alternatively, engineering the surface of
semicondubstrates to control the location and nucleation points of dislocations would also

help.

While alkalingsearth based oxides, such as SrTiOs, have served exceptionally well as intermediary

$C

buffer laye n a variety of functional oxides and semiconductors, we challenge the community

U

to develop es to grow other oxide materials directly on semiconductors. For example, rare-

carth oxid¢§, such as LaTiOj;, grown directly on semiconductors could enable new mechanisms for

£

charge transfer given its polar nature. Such polar oxides have received considerable attention in all-

oxide het&kos res. The significant challenge of introducing new oxides directly on

a

semico uld greatly benefit from theoretical guidance. In this regard, recent leaps in

291]

machine 1 . in conjunction with first principles calculations,t could prove useful in

M

identifying candidate oxides for direct integration, and interfacial structures needed to achieve stable

epitaxy. s
Realizing pe doping and conductivity in oxides would have broad technological impact in a
variety of argasdncluding epitaxial oxides on semiconductors. In particular, robust p-type doping and

N

conductiag significantly expand the ability to engineer charge transfer and built-in electric

fields a

[

ces between semiconductors and epitaxial oxides. P-type doping could further

expand the paletteWof hybrid semiconductor-oxide pn-junctions, p-p heterojunctions etc., that can be

b

realized, when ined with band gap engineering and n-type charge transfer, which have already

been de e

A
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We reviewed the wide spectrum of material functionalities that can be integrated on semiconductors,
ranging from high-temperature superconductors to 2D electron gases, ferromagnets, ferroelectrics,
multiferM colossal magnetoresistance oxides. We note that for the most part, these
advanceme the first and critical step of creating building blocks for devices, but actual
practicalsapplieations are still scarce. We foresee that the continuous advancement of oxide epitaxy —
both fundahand technically, together with creative ideas, would allow these building blocks to

be put toggther inf® interesting, useful new devices in the near future. We hope that this overview

C

stimulates ade r new concepts of functional devices, and lays the groundwork for their

S

implementa

Acknowle

dnu

The au Lishai Shoham and Dr. Maria Baskin from the Technion for helpful comments on
the manusc acknowledges support from the National Science Foundation (DMR-1508530).

LK ackno support from the Pazy Foundation.

Author M

This article is protected by copyright. All rights reserved.

89



WILEY-VCH

References

(1]

(2]

(3]

(4]

(5]
(6]
(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

(15]

W F. ). Walker, M. F. Chisholm, Phys. Rev. Lett. 1998, 81, 3014.

A.-Bi Posad@s, M. Lippmaa, F. Walker, M. Dawber, C. Ahn, J.-M. Triscone, In Physics of

Fer opics in Applied Physics; Springer Berlin Heidelberg, 2007; Vol. 6, pp. 219—
54—

O ’

A. Aw, A. B. Posadas, Integration of Functional Oxides with Semiconductors; Springer,
NevYork City, NY., 2014; Vol. 2014.

—

>

. W. Reiper, A. M. Kolpak, Y. Segal, K. F. Garrity, S. Ismail-Beigi, C. H. Ahn, F. J. Walker, Adv.
Mater. 2010 22, 2919.

apper, Springer handbook of electronic and photonic materials; Springer, 2017.

wn wn
u

K. Ng, The Physics of Semiconductor Devices; 3rd ed.; Wiley, 2007.

R. A¥van der Berg, P. W. M. Blom, J. F. M. Cillessen, R. M. Wolf, Appl. Phys. Lett. 1995, 66,

(o))
Vo]

art L. Jiménez, M. Continentino, E. Baggio-Saitovitch, K. Behnia, Phys. Rev. Lett.
20181 5901.

mbers, Y. Liang, Z. Yu, R. Droopad, J. Ramdani, K. Eisenbeiser, Appl. Phys. Lett. 2000,
7,

NI
[EEN

E. N. Jin, A. Kakekhani, S. Ismail-Beigi, C. H. Ahn, F. J. Walker, Phys. Rev. Mater. 2018, 2,
115001.

I

L. K > M. D. Morales-Acosta, E. N. Jin, C. H. Ahn, F. J. Walker, Adv. Mater. Interfaces

< N

(=]
lw) =
D

) ushko, S. R. Spurgeon, M. E. Bowden, J. M. Ablett, T.-L. Lee, N. F. Quackenbush, J.
. S. A. Chambers, Phys. Rev. Mater. 2018, 2, 94602.

"

. P. Fenning, J. Faucher, J. Hwang, A. Boni, M. G. Han, M. D. Morales-Acosta, Y.
an, M. L. Lee, C. H. Ahn, F. J. Walker, Y. Shao-Horn, Energy Environ. Sci. 2017,

t

P.J! , V. Vaithyanathan, Y. Wu, T. Mates, S. Heikman, U. K. Mishra, R. A. York, D. G.
> Speck, J. Vac. Sci. Technol. B Microelectron. Nanom. Struct. Process. Meas.
2005, 23, 499.

J. Lettieri, J."H. Haeni, D. G. Schlom, J. Vac. Sci. Technol. A 2002, 20, 1332.

This article is protected by copyright. All rights reserved.

90



[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

WILEY-VCH

X. Hu, H. Li, Y. Liang, Y. Wei, Z. Yu, D. Marshall, J. Edwards, R. Droopad, X. Zhang, A. A.
Dembkov, K. Moore, J. Kulik, Appl. Phys. Lett. 2003, 82, 203.

W F.J. Walker, M. F. Chisholm, Science 2001, 293, 468.

D. J. W. Reiner, Y. Segal, A. M. Kolpak, Z. Zhang, D. Su, Y. Zhu, M. S. Sawicki, C. C.
Bro H. Ahn, F. J. Walker, Appl. Phys. Lett. 2010, 97, 251902.
EMornblum, D. P. Kumah, K. Zou, C. C. Broadbridge, J. H. Ngai, C. H. Ahn, F. J.

Wa Mater. 2014, 2, 116109.

L. K@ E. N. Jin, D. P. Kumah, A. T. Ernst, C. C. Broadbridge, C. H. Ahn, F. J. Walker, Appl.
Phys: 015, 106.

C. rekling, G. Saint-Girons, C. Botella, G. Hollinger, M. Heyns, J. Dekoster, M. Caymax, Appl.
Phys. Tett 2011, 98, 92901.

S

K. D. Fredrigkson, P. Ponath, A. B. Posadas, M. R. McCartney, T. Aoki, D. J. Smith, A. A.
Demkov, Appl. Phys. Lett. 2014, 104, 242908.

3

Johnson, A. Hultqgvist, S. F. Bent, Mater. Today 2014, 17, 236.

-

y, H. Fjellvag, O. Nilsen, Adv. Mater. Interfaces 2017, 4, 1600903.

=z
a

”Mao, J. P. Chang, Mater. Sci. Eng. R Reports 2011, 72, 97.

on, R. M. Wallace, Mater. Sci. Eng. R Reports 2015, 88, 1.

iel, T. Q. Ngo, S. Hu, A. Posadas, A. A. Demkov, J. G. Ekerdt, Appl. Phys. Rev.
2015, 2, 041301.

C. %hang, L. Wielunski, B. G. Willis, Appl. Surf. Sci. 2011, 257, 4826.

M. DgiWiéRaniel, A. Posadas, T. Q. Ngo, A. Dhamdhere, D. J. Smith, A. A. Demkov, J. G. Ekerdt,
J. Vi @ amp; Technol. A 2013, 31, 01A136.

M. iel, T. Q. Ngo, A. Posadas, C. Hu, S. Lu, D. J. Smith, E. T. Yu, A. A. Demkov, J. G.
EkeRdt, Adv. Mater. Interfaces 2014, 1, 201400081.

Wiel, C. Huy, S. Lu, T. Q. Ngo, A. Posadas, A. Jiang, D. J. Smith, E. T. Yu, A. A.
De . Ekerdt, J. Appl. Phys. 2015, 117, 54101.
S.H

cDaniel, A. Posadas, C. Hu, H. Wu, E. T. Yu, D. J. Smith, A. A. Demkov, J. G.

Ekerdt, Commun. 2016, 6, 125.

i, P.-Y. Chen, B. I. Edmondson, H.-L. Chang, A. Posadas, H. W. Wu, E. T. Yu, D. J.

Smith, A. emkov, J. G. Ekerdt, J. Appl. Phys. 2018, 124, 44102.

This article is protected by copyright. All rights reserved.

91



(34]
(35]
(36]

(37]

(38]

(39]

[40]
[41]

[42]

[43]
[44]
(45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

WILEY-VCH

S. Hu, J. G. Ekerdt, J. Vac. Sci. Technol. A 2018, 36, 41403.
H. M. Christen G. Eres, J. Phys. Condens. Matter 2008, 20, 264005.
ukumura CrystEngComm 2017, 19, 2144,

@ oftmann, J. B. Bilde-Sgrensen, J. Schou, S. Linderoth, Appl. Surf. Sci. 2006, 252,

N D

4887.

H I

D. . Blank, M. Dekkers, G. Rijnders, J. Phys. D. Appl. Phys. 2014, 47, 34006.

R. Egoavil, J. Verbeeck, D. H. A. Blank, G. Rijnders, J. Mater. Chem. C 2013, 1,

Spreltzer D. Suvorov, Appl. Phys. Lett. 2015, 106.

M Spreitzer, U. Gabor, D. Suvorov, RSC Adv. 2016, 6, 82150.

EEG

ocnik, E. Zupanic, W.-Y. Tong, E. Bousquet, D. Diaz Fernandez, G. Koster, P.
preitzer, Appl. Surf. Sci. 2019, 471, 664.
ndez, M. Spreitzer, T. Parkelj, J. Kovac, D. Suvorov, RSC Adv. 2017, 7, 24709.

D. Dig andez, M. Spreitzer, T. Parkelj, D. Suvorov, Appl. Surf. Sci. 2018, 455, 227.

L. Zhang, R. Engel-Herbert, Phys. status solidi — Rapid Res. Lett. 2014, 8, 917.

M. Br . Sen Gupta, J. Lapano, J. Roth, H.-T. Zhang, L. Zhang, R. Haislmaier, R. Engel-
dv. Funct. Mater. 2018, 28, 1702772.

L. Zhang, Y. Wang, R. Engel-Herbert, J. Appl. Phys. 2016, 119, 45301.

uan J. Lapano, M. Brahlek, S. Lei, B. Kabius, V. Gopalan, R. Engel-Herbert, ACS

12, 1306.

, L.-Q. Chen, C. J. Fennie, V. Gopalan, D. A. Muller, X. Pan, R. Ramesh, R. Uecker,
14, 39, 118.
w, Molecular Beam Epitaxy: Applications to Key Materials; Materials science and

ss teglinology series: Electronic materials and process technology; Noyes Publications,
Par Rldge NJ, 1995.

Y. Liang, J. Kulik, T. C. Eschrich, R. Droopad, Z. Yu, P. Maniar, Appl. Phys. Lett. 2004, 85,
085905.

eras-Guerrero, J. P. Veazey, J. Levy, R. Droopad, Appl. Phys. Lett. 2013, 102, 012907.

S. P. Kowalczyk, J. Vac. Sci. Technol. 1981, 19, 255.

This article is protected by copyright. All rights reserved.

92



(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]
(62]

(63]

(64]

(65]

(66]

(67]

(68]

WILEY-VCH

J. Ahn, T. Kent, E. Chagarov, K. Tang, A. C. Kummel, P. C. McIntyre, Appl. Phys. Lett. 2013, 103,
71602.

J. Faucher, M. D. Morales-Acosta, M. L. Lee, C. H. Ahn, F. J. Walker, J. Appl. Phys.

2018 25302.
K. E . Emrick, R. Droopad, Z. Yu, J. Finder, S. Rockwell, J. Holmes, C. Overgaard, W.

@Wlectron Device Lett. 2002, 23, 300.

Q. Mang, R. Contreras-Guerrero, R. Droopad, S. T. Pantelides, S. J. Pennycook, S.
OguigR. lie, Appl. Phys. Lett. 2015, 107, 201604.

Wan , Wu, X. S., Bai, Dongmei, EPL 2009, 86, 46008.

L. )mwatnagar, R. Droopad, R. F. Klie, S. O\ifmmode \breveg\else \ug\fiiit, Phys. Rev. B
2017,96,%5311.

B. Meunieri(. Bachelet, G. Grenet, C. Botella, P. Regreny, L. Largeau, J. Penuelas, G. Saint-
Girons, J. Cryst. Growth 2016, 433, 139.

W. gan;: Z.P. Wu, J. H. Hao, Appl. Phys. Lett. 2009, 94, 032905.
X. m Huang, Z. B. Yang, J. H. Hao, Scr. Mater. 2011, 65, 323.
R. COfAtr -Guerrero, M. Edirisooriya, O. C. Noriega, R. Droopad, J. Cryst. Growth 2013, 378,

Eemicond Sci. Technol. 2013, 28, 74011.

F. Roccaforte, P. Fiorenza, G. Greco, R. Lo Nigro, F. Giannazzo, F. lucolano, M. Saggio,
Microelectron. Eng. 2018, 187-188, 66.

H. , Y. Baines, E. Beam, M. Borga, T. Bouchet, P. R. Chalker, M. Charles, K. J. Chen, N.
Ch R. Chu, C. De Santi, M. M. De Souza, S. Decoutere, L. Di Cioccio, B. Eckardt, T.
Ega ,J. J. Freedsman, L. Guido, O. Haberlen, G. Haynes, T. Heckel, D. Hemakumara,
P.H . Hu, M. Hua, Q. Huang, A. Huang, S. Jiang, H. Kawai, D. Kinzer, M. Kuball, A.

r, K. B. Lee, X. Li, D. Marcon, M. Marz, R. McCarthy, G. Meneghesso, M. Meneghini, E.

Ku
AN akajima, E. M. S. Narayanan, S. Oliver, T. Palacios, D. Piedra, M. Plissonnier, R.
Mjn, I. Thayne, A. Torres, N. Trivellin, V. Unni, M. J. Uren, M. Van Hove, D. J. Wallis,

J. ie, S. Yagi, S. Yang, C. Youtsey, R. Yu, E. Zanoni, S. Zeltner, Y. Zhang, J. Phys. D.
Appl. Phys. 12018, 51, 163001.

0. Amb , J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, W. J. Schaff, L. F.
R. Dimitrov, L. Wittmer, M. Stutzmann, W. Rieger, J. Hilsenbeck, J. Appl. Phys. 1999,
85,

L. Shen, S. Heikman, B. Moran, R. Coffie, N. Q. Zhang, D. Buttari, |. P. Smorchkova, S. Keller, S.

This article is protected by copyright. All rights reserved.

93



(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

(80]

(81]
(82]
(83]

(84]

(85]

WILEY-VCH

P. DenBaars, U. K. Mishra, Electron Device Lett. IEEE 2001, 22, 457.

W. H. Chang, C. H. Lee, Y. C. Chang, P. Chang, M. L. Huang, Y. J. Lee, C.-H. Hsu, J. M. Hong, C.

GM(WO, M. Hong, Adv. Mater. 2009, 21, 4970.
W. @ P. Chang, W. C. Lee, T. V. Lai, J. Kwo, C.-H. Hsu, J. M. Hong, M. Hong, J. Cryst.
Growith, 2047 3, 107.

ESE. Wendst, S. Mantl, H. Hardtdegen, M. Mikulics, J. Schubert, M. Luysberg, A.

Bes Niu, T. Schroeder, J. Vac. Sci. Technol. B 2014, 33, 01A104.

W. ‘an, V. !aithyanathan, D. G. Schlom, Q. Zhan, S. Y. Yang, Y. H. Chu, R. Ramesh, Appl. Phys.

Lett. 0, 172908.
S.Y , @ Zhan, P. L. Yang, M. P. Crugz, Y. H. Chu, R. Ramesh, Y. R. Wu, J. Singh, W. Tian, D.
G. Schifom; Appl. Phys. Lett. 2007, 91, 022909.

W. B. Luo, SZhu, H. Chen, X. P. Wang, Y. Zhang, Y. R. Li, J. Appl. Phys. 2009, 106, 104120.

J. gueirifio, B. Rivas-Murias, J. Rubio-Zuazo, A. Carretero-Genevrier, M. Lazzari, F.
Rivadulla, J. Mater. Chem. C 2018, 6, 3834.
A

. ¥M. Vila-Fungueirino, R. Moalla, G. Saint-Girons, J. Gazquez, M. Varela, R.
Bachel Gich, F. Rivadulla, A. Carretero-Genevrier, Small 2017, 13, 1701614.
yon, S. Rahman, M. Caro, J. Rojas-Ramirez, J. Cott-Garcia, R. Droopad, B. Lee,

Micro n. Eng. 2015, 147, 117.

. Largeau, P. Regreny, R. Bachelet, B. Vilquin, J. Penuelas, G. Saint-Girons, Thin
Solid Films 2016, 617, 67.

H. \Mki, A. B. Posadas, A. A. Demkov, D. J. Smith, Appl. Phys. Lett. 2016, 108, 91605.
K. A ﬁ ger, Y. Du, S. R. Spurgeon, L. Wang, D. Kepaptsoglou, Q. M. Ramasse, E. J.
Crumakin . Chambers, MRS Commun. 2018, 8, 446.

ambers, Y. Liang, Z. Yu, R. Droopad, J. Ramdani, J. Vac. Sci. Technol. A 2001, 19, 934.

. Demkov, H. Li, X. Hu, Y. Wei, J. Kulik, Phys. Rev. B 2003, 68, 125323.
A. , S. Ismail-Beigi, Phys. Rev. B 2012, 85, 195318.

F.S iage” Tostado, A. Herrera-Gémez, J. C. Woicik, R. Droopad, Z. Yu, D. G. Schlom, P.
arapetrova, P. Pianetta, C. S. Hellberg, Phys. Rev. B 2004, 70, 201403.

pak, F. J. Walker, J. W. Reiner, Y. Segal, D. Su, M. S. Sawicki, C. C. Broadbridge, Z.
, C. H. Ahn, S. Ismail-Beigi, Phys. Rev. Lett. 2010, 105, 217601.

This article is protected by copyright. All rights reserved.

94



(86]

(87]

(88]

(89]

(90]
[91]

[92]

[93]
[94]
[95]
[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

WILEY-VCH

T. Chen, K. Ahmadi-Majlan, Z. H. Lim, Z. Zhang, J. H. Ngai, A. F. Kemper, D. P. Kumah, Appl.
Phys. Lett. 2018, 113, 201601.

Ismail-Beigi, Phys. Rev. B 2017, 96, 75301.

t

Ahmadi-Majlan, J. Moghadam, M. Chrysler, D. Kumah, F. J. Walker, C. H. Ahn, T.
Dy, S. A. Chambers, M. Bowden, X. Shen, D. Su, J. Mater. Res. 2017, 32, 249.

o -
o T

, F. J. Walker, C. A. Billman, R. A. McKee, H. Hyunsang, Electron Device Lett. IEEE 2003,

]

F. y, A. SAWan, A. Kahn, F. J. Walker, R. A. McKee, J. Appl. Phys. 2004, 96, 1635.

C

A.B.Po s, C. Lin, A. A. Demkov, S. Zollner, Appl. Phys. Lett. 2013, 103, 142906.

&

i#Moghadam, K. Ahmadi-Majlan, X. Shen, T. Droubay, M. Bowden, M. Chrysler, D.

Su, bers, J. H. Ngai, Adv. Mater. Interfaces 2015, 2, 201400497.

U

Y. T . Ning, Fundamentals of modern VLSI devices; Cambridge university press, 2013.

G. E!Wilk, R. M. Wallace, J. M. Anthony, J. Appl. Phys. 2001, 89, 5243.
H. W, Iwai, Microelectron. Eng. 2006, 83, 1867.
J.R ), Reports Prog. Phys. 2006, 69, 327.

technol iley New York et al., 1982; Vol. 1987.

. r, J. M. Finder, Z. Yu, J. Ramdani, J. A. Curless, J. A. Hallmark, R. Droopad, W. J.
Ooms, L. Salem, S. Bradshaw, C. D. Overgaard, Appl. Phys. Lett. 2000, 76, 1324.

V\L A. Posadas, M. Wang, T. P. Ma, C. H. Ahn, Microelectron. Eng. 2008, 85, 36.

J.

J. @ A. Posadas, M. Wang, M. Sidorov, Z. Krivokapic, F. J. Walker, T. P. Ma, C. H. Ahn,

J. AppimBhys. 2009, 105, 124501.

C. :ssel, B. Mereu, C. Marchiori, D. Caimi, M. Sousa, A. Guiller, H. Siegwart, R. Germann, J.-P.
mpeyrine, D. J. Webb, C. Dieker, J. W. Seo, Appl. Phys. Lett. 2006, 89, 53506.

P. Hashemi, T. Ando, K. Balakrishnan, J. Bruley, S. Engelmann, J. A. Ott, V. Narayanan, D.-.

Parmo, E. Leobandung, In 2015 Symposium on VLS| Technology (VLS| Technology);
201, 6—-T17.

Z. . Ahmadi-Majlan, E. D. Grimley, Y. Du, M. Bowden, R. Moghadam, J. M. LeBeau, S.
. ers, J. H. Ngai, J. Appl. Phys. 2017, 122, 84102.

R. Schafranek, J. D. Baniecki, M. Ishii, Y. Kotaka, K. Yamanka, K. Kurihara, J. Phys. D. Appl.

This article is protected by copyright. All rights reserved.

95



WILEY-VCH

Phys. 2012, 45, 55303.

[105] C. Hu, M. D. McDaniel, A. Jiang, A. Posadas, A. A. Demkov, J. G. Ekerdt, E. T. Yu, ACS Appl.

I\Maces 2016, 8, 5416.

[106] M. ,J. W. Elam, F. H. Fabreguette, S. M. George, Thin Solid Films 2002, 413, 186.

[107] S. lacopettl, P. Shekhter, R. Winter, T. C. U. Tromm, J. Schubert, M. Eizenberg, J. Appl. Phys.
701 05303.

[108] K. sh,.S. Das, K. R. Khiangte, N. Choudhury, A. Laha, J. Phys. D. Appl. Phys. 2017, 50,
475402.

[109] P.-Y.Ch . B. Posadas, S. Kwon, Q. Wang, M. J. Kim, A. A. Demkov, J. G. Ekerdst, J. Appl.
Ph 7,422,215302.

S

[110] Y.- ingh, IEEE Trans. Electron Devices 2005, 52, 284.

U

[111] S.S n, S. Datta, Nano Lett. 2008, 8, 405.

[112] A.18Khan, K. Chatterjee, B. Wang, S. Drapcho, L. You, C. Serrao, S. R. Bakaul, R. Ramesh, S.
Sal ®™Nat. Mater. 2014, 14, 182.

N

[113] . Yang, S. V Kalinin, S. Schamm-Chardon, C. Dubourdieu, Sci. Technol. Adv.

Matér. , 16, 36005.

-
QZ
:

[114] J.WSRejper, F. ). Walker, R. A. McKee, C. A. Billman, J. Junquera, K. M. Rabe, C. H. Ahn, Phys.
stat 2004, 241, 2287.

[115] V. Vaithyanathan, J. Lettieri, W. Tian, A. Sharan, A. Vasudevarao, Y. L. Li, A. Kochhar, H. Ma, J.
Levy, P. Zschack, J. C. Woicik, L. Q. Chen, V. Gopalan, D. G. Schlom, J. Appl. Phys. 2006, 100,
241

[

[116] C.D m eu, J. Bruley, T. M. Arruda, A. Posadas, J. Jordan-Sweet, M. M. Frank, E. Cartier, D.
J. Framk Kalinin, A. A. Demkov, V. Narayanan, Nat Nano 2013, 8, 748.

[117] u, D. Van Thourhout, M. Pantouvaki, J. Meersschaut, T. Conard, O. Richard, H.
via, M. Vila, R. Cid, J. Rubio-Zuazo, G. R. Castro, J. Van Campenhout, P. Absil, C.

Memeklin pl. Phys. Express 2017, 10, 65501.

;

¢

[118] C. , M. Korytov, U. Celano, M.-H. M. Hsu, S. M. Neumayer, S. Jesse, S. de Gendt, J.
Vac. Sci. Teghnol. A 2019, 37, 21510.

U

[119] J.H. . P. Kumah, C. H. Ahn, F. J. Walker, Appl. Phys. Lett. 2014, 104, 21.

[120] . Fredrickson, A. B. Posadas, Y. Ren, X. Wu, R. K. Vasudevan, M. Baris Okatan, S.

Jesse, T. Aoki, M. R. McCartney, D. J. Smith, S. V Kalinin, K. Lai, A. A. Demkov, Nat Commun

This article is protected by copyright. All rights reserved.

96



[121]

[122]

[123]

[124]

[125]
[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

WILEY-VCH

2015, 6.

P. Liang, J. Jiang, Y. Song, J. Phys. D. Appl. Phys. 2008, 41, 215109.

B. deng, |d! Cao, R. Rao, A. Inani, P. Vande Voorde, W. M. Greene, J. M. C. Stork, Z. Yu, P. M.
Zeim\iVoo, IEEE Trans. Electron Devices 1999, 46, 1537.

A. Antons, J. B. Neaton, K. M. Rabe, D. Vanderbilt, Phys. Rev. B 2005, 71, 24102.

H I

M. R Warusawithana, C. Cen, C. R. Sleasman, J. C. Woicik, Y. Li, L. F. Kourkoutis, J. A. Klug, H.
.-P. Wang, M. Bedzyk, D. A. Muller, L.-Q. Chen, J. Levy, D. G. Schlom, Science

A. A Bo Z.-G. Ye, J. Mater. Sci. 2006, 41, 31.

E. a Y. Koroleva, N. M. Okuneva, S. B. Vakhrushev, Phys. Rev. Lett. 1995, 74, 1681.
D. Lee, H. Ls Y. Gu, S.-Y. Choi, S.-D. Li, S. Ryu, T. R. Paudel, K. Song, E. Mikheeyv, S. Lee, S.
Ste . A.Tenne, S. H. Oh, E. Y. Tsymbal, X. Wu, L.-Q. Chen, A. Gruverman, C. B. Eom,

Scie;, 349, 1314.

T. E! , D. Chen, J. D. Phillips, Appl. Phys. Lett. 2004, 85, 3208.

R. dam, Z. Xiao, K. Ahmadi-Majlan, E. D. Grimley, M. Bowden, P.-V. Ong, S. A.
Chambefs®. M. Lebeau, X. Hong, P. V Sushko, J. H. Ngai, Nano Lett. 2017, 17, 6248.

S. Fernandez-Peia, L. Kornblum, Y. Jia, D. P. Kumah, J. W. Reiner, Z. Krivokapic, A.
. Ismail-Beigi, C. H. Ahn, F. J. Walker, Nano Lett. 2018, 18, 241.

R. Droopad, R. Contreras-Guerrero, J. P. Veazey, Q. Qiao, R. F. Klie, J. Levy, Microelectron.
Eng, 2013, 109, 290.

L. L&D. Le Bourdais, L. Largeau, G. Agnus, L. Mazet, R. Bachelet, P. Regreny, D.
Albe m Pillard, C. Dubourdieu, B. Gautier, P. Lecoeur, G. Saint-Girons, Appl. Phys. Lett.
201 0 2901.

A. , J.-B. Yau, C. H. Ahn, J. Han, S. Gariglio, K. Johnston, K. M. Rabe, J. B. Neaton, Appl.
05, 87, 171915.
W Cao, Y. Y. Sun, Y. Y. Xue, C. W. Chu, Phys. Rev. B 1997, 56, 2623.

S. Lee, A. P;gov, J. H. Han, J.-G. Park, A. Hoshikawa, T. Kamiyama, Phys. Rev. B 2005, 71,
1804%93*

,J.Zhu, Y. R. Li, X. P. Wang, Y. Zhang, J. Appl. Phys. 2009, 105, 104102.

C.-R. Cho, ¥89Y. Hwang, J.-P. Kim, S.-Y. Jeong, S.-G. Yoon, W.-J. Lee, Jpn. J. Appl. Phys. 2004, 43,
L1425.

This article is protected by copyright. All rights reserved.

97



[138]

[139]

[140]

[141]

[142]

[143]

[144]
[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

WILEY-VCH

M. D. Losego, L. Fitting Kourkoutis, S. Mita, H. S. Craft, D. A. Muller, R. Collazo, Z. Sitar, J.-P.
Maria, J. Cryst. Growth 2009, 311, 1106.

. Nguyen, R. J. E. Hueting, D. J. Gravesteijn, G. Koster, G. Rijnders, Thin Solid

Films 591, 66.
L. Li auquelin, M. D. Nguyen, R. J. E. Hueting, D. J. Gravesteijn, |. Lobato, E. P.

Iﬁ)UM Lazar, J. Verbeeck, G. Koster, G. Rijnders, Adv. Mater. Interfaces 2018, 5,
170@921.

J. C@Hard x-ray photoelectron spectroscopy (HAXPES); Springer, 2016.

Z.H. . F. Quackenbush, A. Penn, M. Chrysler, M. Bowden, Z. Zhu, J. M. Ablett, T. Lee, J.

M. . C. Woicik, P. V Sushko, S. A. Chambers, J. H. Ngai, arXiv Prepr. arXiv1810.04648

201

W. mamentals of lll-V Devices: HBTs, MESFETs, and HFETs/HEMTs; Wiley New York,
99

1
M. Ees, E Barthelemy, IEEE Trans. Electron Devices 2007, 54, 1003.
W. Han, Y. Otani, S. Maekawa, npj Quantum Mater. 2018, 3, 27.

Z. n . Nair, G. C. Correa, J. Jeong, K. Lee, E. S. Kim, A. S. H., C. S. Lee, H. J. Lim, D. A.
Muller, D. G. Schlom, APL Mater. 2018, 6, 86101.

ajlan, H. Zhang, X. Shen, M. J. Moghadam, M. Chrysler, P. Conlin, R. Hensley, D.
. Wei, J. H. Ngai, Bull. Mater. Sci. 2018, 41, 23.

L. Méchin, C. Adamo, S. Wu, B. Guillet, S. Lebargy, C. Fur, J. M. Routoure, S. Mercone, M.
Belrsguenai, D. G. Schlom, Phys. status solidi 2012, 209, 1090.

C. Adg . Méchin, T. Heeg, M. Katz, S. Mercone, B. Guillet, S. Wu, J.-M. Routoure, J.
Sch Zander, R. Misra, P. Schiffer, X. Q. Pan, D. G. Schlom, APL Mater. 2015, 3,
0625

J. dPark, D. F. Bogorin, C. Cen, D. A. Felker, Y. Zhang, C. T. Nelson, C. W. Bark, C. M.
SXHQ. Pan, M. S. Rzchowski, J. Levy, C. B. Eom, Nat. Commun. 2010, 1, 94.
E. # Jin, L. Kornblum, D. P. Kumah, K. Zou, C. C. Broadbridge, J. H. Ngai, C. H. Ahn, F. J.

Walker, Mater. 2014, 2.

L. Kornblumg E. N. Jin, D. P. Kumah, A. T. Ernst, C. C. Broadbridge, C. H. Ahn, F. J. Walker, Appl.
. 2015, 106, 201602.

E. N. Jin, O. Shoron, M. Boucherit, S. Rajan, C. H. Ahn, F. J. Walker, J. Appl. Phys.
2015, 118, 105301.

This article is protected by copyright. All rights reserved.

98



[154]

[155]

[156]

[157]

[158]
[159]
[160]
[161]
[162]
[163]
[164]
[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

WILEY-VCH

B. l. Edmondson, S. Liu, S. Lu, H. Wu, A. Posadas, D. J. Smith, X. P. A. Gao, A. A. Demkov, J. G.
Ekerdt, J. Appl. Phys. 2018, 124, 185303.

R. Cho, Y. J. Shin, J. R. Kim, S. Das, J.-G. Yoon, J.-S. Chung, T. W. Noh, Nano Lett.

2016 911.
G. in, W. Siemons, G. Rijnders, J. S. Dodge, C.-B. Eom, D. H. A. Blank, M. R.

%aw Mod. Phys. 2012, 84, 253.

MMatsuno, N. Ogawa, Y. Kozuka, M. Uchida, Y. Tokura, M. Kawasaki, Nat.

Y.
Corwls, 9,213.
M. PLindfors-Vrejoiu, J. Appl. Phys. 2018, in press.

J.—Pw. L. McKinstry, S. Trolier-McKinstry, Appl. Phys. Lett. 2000, 76, 3382.
J. B:ough, Phys. Rev. 1955, 100, 564.
M. .

Fujimori, Y. Tokura, Rev. Mod. Phys. 1998, 70, 1039.

Y. I!Eura, Reports Prog. Phys. 2006, 69, 797.

M. Vi on Molndr, Adv. Phys. 2009, 58, 571.
M. n, M. Jaime, Rev. Mod. Phys. 2001, 73, 583.

ier, P. Lecoeur, B. Mercey, J. Phys. Condens. Matter 2001, 13, R915.
E 0, Nanoscale phase separation and colossal magnetoresistance: the physics of
and related compounds; Springer Science & Business Media, 2013; Vol. 136.

W. Wu, K. H. Wong, C. L. Choy, Y. H. Zhang, Appl. Phys. Lett. 2000, 77, 3441.

C.A. az, J. Hoffman, Y. Segal, J. W. Reiner, R. D. Grober, Z. Zhang, C. H. Ahn, F. J. Walker,
Ph fett. 2010, 104, 127202.

C. L, g, T. Li, W. L, X. Qiu, Z. Huang, Z. Liu, S. Zeng, R. Guo, Y. Zhao, K. Zeng, M. Coey,
J. CRen, Ariando, T. Venkatesan, Nano Lett. 2015, 15, 2568.

A. *ushib’a, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido, Y. Tokura, Phys. Rev. B 1995, 51,
14103.

A. SchmehlpV. Vaithyanathan, A. Herrnberger, S. Thiel, C. Richter, M. Liberati, T. Heeg, M.
. F. Kourkoutis, S. Muhlbauer, P. Boni, D. A. Muller, Y. Barash, J. Schubert, Y.
. Mannhart, D. G. Schlom, Nat Mater 2007, 6, 882.

Rockerat

T. Mal A. Schmehl, A. Melville, T. Heeg, L. Canella, P. Boni, W. Zander, J. Schubert, D. E.
Shai, E. J. Monkman, K. M. Shen, D. G. Schlom, J. Mannhart, Phys. Rev. Lett. 2010, 105,

This article is protected by copyright. All rights reserved.

99



[173]

[174]

[175]

[176]
[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

WILEY-VCH

257206.
T. Mairoser, F. Loder, A. Melville, D. G. Schlom, A. Schmehl, Phys. Rev. B 2013, 87, 14416.

T. |*|roser, A. Schmehl, A. Melville, T. Heeg, W. Zander, J. Schubert, D. E. Shai, E. J.

Mo W . M. Shen, T. Z. Regier, D. G. Schlom, J. Mannhart, Appl. Phys. Lett. 2011, 98,
102540
E . Mairoser, A. Schmehl, D. E. Shai, E. J. Monkman, J. W. Harter, T. Heeg, B.
Schubert, K. M. Shen, J. Mannhart, D. G. Schlom, Appl. Phys. Lett. 2012, 100,
Qlom R. Epstein, R. Hanson, Sci. Am. 2007, 297, 84.

Gw Esame, I. Tekin, W. P. Kang, J. L. Davidson, Solid. State. Electron. 2005, 49, 1055.
. Mairoser, A. Schmehl, M. Fischer, S. Gsell, M. Schreck, D. D. Awschalom, T.
Heeg, ander, J. Schubert, D. G. Schlom, Appl. Phys. Lett. 2013, 103, 222402.

\/Ct A. Schmehl, T. Heeg, J. Schubert, D. G. Schlom, Appl. Phys. Lett. 2008, 93,

D. Hodash, A. Melville, R. Held, T. Mairoser, D. A. Muller, L. F. Kourkoutis, A.
Sch e . Schlom, Appl. Phys. Lett. 2014, 104, 91601.

. Gloskovskii, M. Gorgoi, C. Besson, M. Luysberg, K. Z. Rushchanskii, M. LeZai¢, C.
Drube, M. Miller, Sci. Rep. 2016, 6, 22912.
ov, Y. G. Sadofyev, A. M. Tokmacheyv, A. E. Primenko, I. A. Likhachev, V. G.

Storchak, ACS Appl. Mater. Interfaces 2015, 7, 6146.

MAveryanov A. M. Tokmachey, F. Bisti, V. A. Rogalev, V. N. Strocov, V. G.
Storc Mater. Chem. C 2017, 5, 192.

. Posadas, S. Lu, D. J. Smith, A. A. Demkov, J. Appl. Phys. 2018, 124, 235301.

dy, L. Gao, X. Li, S. Lu, A. B. Posadas, S. Shen, M. Tsoi, M. R. McCartney, D. J.

u, L. L. Lev, M.-A. Husanu, V. N. Strocov, A. A. Demkov, Sci. Rep. 2018, 8, 7721.
I-Mmpbell J. Lee, T.J. Asel, T. R. Paudel, H. Zhou, J. W. Lee, B. Noesges, J. Seo, B.
Parp;llson, S. H. Oh, E. Y. Tsymbal, M. S. Rzchowski, C. B. Eom, Nat. Mater. 2018.

D. Balasubramanian, S. Bouscher, Y. Wang, P. Yu, X. Chen, A. Hayat, Sci. Rep. 2018,
. M. F. Millea, M. F. Bottjer, A. H. Silver, R. J. Pedersen, M. McColl, IEEE Trans.
Microw. Theory Tech. 1977, 25, 286.

This article is protected by copyright. All rights reserved.

100



[189]

[190]

[191]

[192]

[193]
[194]

[195]

[196]

[197]

[198]

[199]

[200]
[201]
[202]

[203]

[204]

[205]
[206]

[207]

WILEY-VCH

H. Zheng, F. Straub, Q. Zhan, P.-L. Yang, W.-K. Hsieh, F. Zavaliche, Y.-H. Chu, U. Dahmen, R.
Ramesh, Adv. Mater. 2006, 18, 2747.

idl@ran, N. Dix, V. Skumryev, M. Varela, F. Sanchez, J. Fontcuberta, J. Appl. Phys.

2008 07E301.
W en, Z. Bi, Q. Jia, J. L. MacManus-Driscoll, H. Wang, Curr. Opin. Solid State

MGMOM, 18, 6.

W. h]ian, A. Chen, L. Jiao, F. Khatkhatay, L. Li, F. Chu, Q. Jia, J. L. MacManus-Driscoll,
H.mpl. Phys. Lett. 2014, 104, 062402.
L. WS , Y.-H. Chu, R. Ramesh, Mater. Sci. Eng. R Reports 2010, 68, 89.

C.-\W. N&n, §. Liu, Y. Lin, H. Chen, Phys. Rev. Lett. 2005, 94, 197203.

$

F.Z H. Zheng, L. Mohaddes-Ardabili, S. Y. Yang, Q. Zhan, P. Shafer, E. Reilly, R.
Chopdekar Y. Jia, P. Wright, D. G. Schlom, Y. Suzuki, R. Ramesh, Nano Lett. 2005, 5, 1793.

4,

D. M. Aimon, X. Y. Sun, L. Kornblum, F. J. Walker, C. H. Ahn, C. A. Ross, Adv. Funct.
Mater. 2014, 24, 5889.

1

jha, G. Tian, S. H. Lee, H. K. Jung, J. W. Choi, L. Kornblum, F. J. Walker, C. H. Ahn,
H. Kim, J. Mater. Chem. C 2018, 6.

o A
En!

.Pham, J. P. Chang, ECS Trans. 2016, 75, 119.

, Y. lwasa, M. Kawasaki, B. Keimer, N. Nagaosa, Y. Tokura, Nat Mater 2012, 11,

¥

A. Ohtomo, H. Y. Hwang, Nature 2004, 427, 423.

2 w
‘mg

, S. James Allen, Annu. Rev. Mater. Res. 2014, 44, 151.
sposito, J. Electroceramics 2016, 38, 1.

roubay, J. S. Jeong, K. A. Mkhoyan, P. V Sushko, S. A. Chambers, B. Jalan, Adv.
Mater. Interfaces 2016, 3, 1500432.

.

J
Ph

. A. Seo, M. F. Chisholm, R. K. Kremer, H.-U. Habermeier, B. Keimer, H. N. Lee,
2010, 82, 201407.

{

1

,J. Y. Zhang, C. R. Freeze, S. Stemmer, Nat Commun 2014, 5.

.J. Allen, G. E. Beltz, P. Moetakef, S. Stemmer, Appl. Phys. Lett. 2011, 98, 132102.

T. A. Cain, D. G. Ouellette, J. Y. Zhang, D. O. Klenov, A. Janotti, C. G. Van de
Walle, S. Rajan, S. J. Allen, S. Stemmer, Appl. Phys. Lett. 2011, 99, 232116.

This article is protected by copyright. All rights reserved.

101



[208]

[209]
[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]
[220]

[221]

[222]

[223]

[224]

[225]

WILEY-VCH

S. Stemmer, P. Moetakef, T. Cain, C. Jackson, D. Ouellette, J. R. Williams, D. Goldhaber-
Gordon, L. Balents, S. J. Allen, IEEE Proc. SPIE 2013, 8626, 86260F.

W, H.Y. Hwang, D. A. Muller, Nat Mater 2006, 5, 204.
A.J @ Bjaalie, L. Gordon, C. G. Van de Walle, Phys. Rev. B 2012, 86, 241108.

. LI, W. M. L0, X. H. Huang, Z. Huang, S. W. Zeng, X. P. Qiu, L. S. Huang, A. Annadi,
. M. D. Coey, T. Venkatesan, Ariando, Phys. Rev. X 2013, 3, 021010.

C. Xu,C. Baumer, R. A. Heinen, S. Hoffmann-Eifert, F. Gunkel, R. Dittmann, Sci. Rep. 20186, 6,
P. R.\Wi tt, S. A. Pauli, R. Herger, C. M. Schlepiitz, D. Martoccia, B. D. Patterson, B. Delley,
R. dlark€, DKumah, C. Cionca, Y. Yacoby, Phys. Rev. Lett. 2007, 99, 155502.

. E. Sterbinsky, A. K. Rumaiz, C. S. Hellberg, J. C. Woicik, S. Zhu, D. G. Schlom,
Phys Rev. B2015, 91, 165103.

er, Nat. Commun. 2014, 5, 5118.

Y.C ryds, J. E. Kleibeuker, G. Koster, J. Sun, E. Stamate, B. Shen, G. Rijnders, S.
no Lett. 2011, 11, 3774.

L|u J. Heo, R. G. Gordon, Nano Lett. 2012, 12, 4775.

T.-C. Wu, M.-C. Chen, M.-Y. Song, W.-L. Lee, C.-P. Su, M.-W. Chu, Phys. Rev.
, 2, 1140009.

B. Forg, C. Richter, J. Mannhart, Appl. Phys. Lett. 2012, 100, 053506.
M. SSoda, Y. Hikita, H. Y. Hwang, C. Bell, Appl. Phys. Lett. 2013, 103, 103507.

it, 0. F. Shoron, T. A. Cain, C. A. Jackson, S. Stemmer, S. Rajan, Appl. Phys. Lett.

01 @ 42909.

, 0. Shoron, C. A. Jackson, T. A. Cain, M. L. C. Buffon, C. Polchinski, S. Stemmer, S.
Appl. Phys. Lett. 2014, 104, 182904.

IMchter C. Woltmann, G. Pfanzelt, B. Férg, M. Rommel, T. Reindl, U. Waizmann, J.
undy, D. A. Muller, H. Boschker, J. Mannhart, Adv. Mater. Interfaces 2014, 1,

N

1300031.

C.W

, T. Harada, H. Boschker, V. Srot, P. A. van Aken, H. Klauk, J. Mannhart, Phys. Rev.
5, 4, 64003.

A. G. Swa
2014, 105.

S. Harashima, Y. Xie, D. Lu, B. Kim, C. Bell, Y. Hikita, H. Y. Hwang, Appl. Phys. Lett.

This article is protected by copyright. All rights reserved.

102



[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]
[240]

[241]

[242]

[243]

WILEY-VCH

N. Reyren, M. Bibes, E. Lesne, J.-M. George, C. Deranlot, S. Collin, A. Barthélémy, H. Jaffres,
Phys. Rev. Lett. 2012, 108, 186802.

J G. Cheng, P. Irvin, C. Cen, D. F. Bogorin, F. Bi, M. Huang, C.-W. Bark, S. Ryu, K.-H.
Cho, om, J. Levy, Nanotechnology 2013, 24, 375201.

N. hao, J. Huang, K. Au, M. H. Wong, H. M. Yao, W. Lu, Y. Chen, C. W. Ong, H. L.
w. Wai, Adv. Mater. 2014, 26, 5962.

W. Mhikari, A. C. Garcia-Castro, A. H. Romero, H. Lee, J.-W. Lee, S. Ryu, C.-B. Eom, C.

Cenwtt. 2016, 16, 2739.
M. AS 7 D. Saldana-Greco, Z. Gu, F. Wang, E. Breckenfeld, Q. Lei, R. Xu, C. J. Hawley, X. X.

Xi, tin, A. M. Rappe, J. E. Spanier, Nano Lett. 2016, 16, 681.

S

N. Y. Chart, M. Zhao, N. Wang, K. Au, J. Wang, L. W. H. Chan, J. Dai, ACS Nano 2013, 7, 8673.

C. Cen, S. Thiel, G. Hammerl, C. W. Schneider, K. E. Andersen, C. S. Hellberg, J. Mannhart, J.
Levy, Nat Mater 2008, 7, 298.

U

S. Thiel, J. Mannhart, J. Levy, Science 2009, 323, 1026.

o

SAEMW. Tomczyk, A. B. Tacla, H. Lee, S. Lu, J. P. Veazey, M. Huang, P. Irvin, S. Ryu, C.-B.
) % , D. Pekker, J. Levy, Phys. Rev. X 2016, 6, 41042.

g @
a

Y. Tang, Y.-Y. Pai, Y. Chen, N. Pryds, P. Irvin, J. Levy, Adv. Mater. 2018, 30,
1801

V]

R. Zhou, H. Lee, J.-W. Lee, G. Cheng, M. Huang, P. Irvin, C.-B. Eom, J. Levy, APL
Mater. 2017, 5, 106107.

[

P.I a, D. F. Bogorin, C. Cen, C. W. Bark, C. M. Folkman, C.-B. Eom, J. Levy, Nat Phot.
2010 9,
K. A ajlan, T. Chen, Z. H. Lim, P. Conlin, R. Hensley, M. Chrysler, D. Su, H. Chen, D. P.
Kum Ngai, Appl. Phys. Lett. 2018, 112, 193104.

P. Kajdos, T. A. Cain, S. Stemmer, D. Jena, Phys. Rev. Lett. 2014, 112, 216601.

i

L. Bjaalie, L. Gordon, C. G. Van de Walle, Phys. Rev. B 2012, 86, 241108.

P. Scheider@r, M. Schmitt, J. Gabel, M. Zapf, M. Stiibinger, P. Schiitz, L. Dudy, C. Schlueter, T.-
L. LEE&S™WI™Sing, R. Claessen, Adv. Mater. 2018, 30, 1706708.

kef, J. Y. Zhang, A. Kozhanov, B. Jalan, R. Seshadri, S. J. Allen, S. Stemmer, Appl. Phys.
98,112110.

/)

L

E. N. Jin, L. Kornblum, C. H. Ahn, F. J. Walker, MRS Adv. 2016, 1, 287.

This article is protected by copyright. All rights reserved.

103



WILEY-VCH

[244] I.H.Inoue, M. J. Rozenberg, Adv. Funct. Mater. 2008, 18, 2289.
[245] ). Son, S. Rajan, S. Stemmer, S. James Allen, J. Appl. Phys. 2011, 110, 84503.

[246] S. XI EHamgers, Y. Du, R. B. Comes, S. R. Spurgeon, P. V Sushko, Appl. Phys. Lett. 2017, 110,
82

[247] A. B.Posadas, K. J. Kormondy, W. Guo, P. Ponath, J. Geler-Kremer, T. Hadamek, A. A. Demkov,

JEALDTBPYR. 2017, 121, 105302.

[248] 1. Son, P. Moetakef, B. Jalan, O. Bierwagen, N. J. Wright, R. Engel-Herbert, S. Stemmer, Nat
Mater 20109, 482.

[249] S. Catal M. Gibert, V. Bisogni, O. E. Peil, F. He, R. Sutarto, M. Viret, P. Zubko, R. Scherwitzl,
A. (m. A. Sawatzky, T. Schmitt, J.-M. Triscone, APL Mater. 2014, 2, 116110.

[250] j P. Lacorre, A. I. Nazzal, E. J. Ansaldo, C. Niedermayer, Phys. Rev. B 1992, 45,
8209

[251] M. Jgerg, I. H. Inoue, H. Makino, F. Iga, Y. Nishihara, Phys. Rev. Lett. 1996, 76, 4781.

[252] Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker, P. Reiche, Y. B. Chen, X. Q.
mlan L.-Q. Chen, D. G. Schlom, C. B. Eom, Science 2004, 306, 1005.
[253] Hu, J. Bertinshaw, Z. J. Yue, S. Danilkin, X. L. Wang, V. Nagarajan, F. Klose, J.

ich, Phys. Rev. B 2015, 91, 140405.

[254] . Rabe, Phys. Rev. Lett. 2011, 107, 67601.

[255] C. W. Hicks, D. O. Brodsky, E. A. Yelland, A. S. Gibbs, J. A. N. Bruin, M. E. Barber, S. D. Edkins,
K. Nishlmura S. Yonezawa, Y. Maeno, A. P. Mackenzie, Science 2014, 344, 283.

[256] . P. Robbins, Francombe, M. H. B. T.-H. of T. F. D., Ed.; Academic Press:

Bur 000 pp. 203-226.

[257] S.H.B3 ,J Park, D. M. Kim, V. A. Aksyuk, R. R. Das, S. D. Bu, D. A. Felker, J. Lettieri, V.
Vv n, S. S. N. Bharadwaja, N. Bassiri-Gharb, Y. B. Chen, H. P. Sun, C. M. Folkman, H.
. Kreft, S. K. Streiffer, R. Ramesh, X. Q. Pan, S. Trolier-McKinstry, D. G. Schlom, M.

ai a
S. RFhows', R. H. Blick, C. B. Eom, Science 2011, 334, 958.

[258] D. LU on, S. Y. Jang, J.-G. Yoon, J.-S. Chung, M. Kim, J. F. Scott, T. W. Noh, Phys. Rev.
Lett. 2011 7,57602.

[259] ar, N. Banerjee, A. Abdollahi, Z. Wang, D. G. Schlom, G. Rijnders, G. Catalan, Nat.

nol. 2015, 11, 263.

[260] D. Le Bourdais, G. Agnus, T. Maroutian, V. Pillard, P. Aubert, R. Bachelet, G. Saint-Girons, B.

This article is protected by copyright. All rights reserved.

104



[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

WILEY-VCH

Vilquin, E. Lefeuvre, P. Lecoeur, J. Appl. Phys. 2015, 118, 124509.
A. P. Ramirez, J. Phys. Condens. Matter 1997, 9, 8171.

. Nakamura, Y. Ogimoto, H. Tamaru, M. lzumi, K. Miyano, Appl. Phys. Lett. 2005, 86,
18

v
-
cﬁ

, uillet, A. Aryan, C. Adamo, C. Fur, J.-M. Routoure, F. Lemarié, D. G. Schlom, L.
icroelectron. Eng. 2013, 111, 101.

S.L.a .andC.A.andV.M.do N.andS.L.andG.B.andF.L.and J. E. and D. G. S. and L.
Me icromechanics Microengineering 2019.

L. Pe im0, M. Biasotti, E. Bellingeri, C. Bernini, A. S. Siri, D. Marré, Adv. Mater. 2009, 21,
237.

S. A oferle, C. Marchiori, C. Rossel, M. D. Rossell, R. Erni, D. Caimi, M. Sousa, A.

Chelnokov,B. J. Offrein, J. Fompeyrine, Nat. Commun. 2013, 4, 1671.

C. Xj H. P. Pernice, J. H. Ngai, J. W. Reiner, D. Kumabh, F. J. Walker, C. H. Ahn, H. X.
Tang, Nano Lett. 2014, 14, 1419.

Wmice, C. Xiong, F. J. Walker, H. X. Tang, IEEE Photonics Technol. Lett. 2014, 26,
13

dy, Y. Popoff, M. Sousa, F. Eltes, D. Caimi, M. D. Rossell, M. Fiebig, P. Hoffmann,
C. Ma i, M. Reinke, M. Trassin, A. A. Demkov, J. Fompeyrine, S. Abel, Nanotechnology
, 75706.

F. Eltes, D. Caimi, F. Fallegger, M. Sousa, E. O’Connor, M. D. Rossell, B. Offrein, J. Fompeyrine,

S. ASI, ACS Photonics 2016, 3, 1698.
Ab

Ites, J. E. Ortmann, A. Messner, P. Castera, T. Wagner, D. Urbonas, A. Rosa, A. M.
Tulli, P. Ma, B. Baeuerle, A. Josten, W. Heni, D. Caimi, L. Czornomaz, A. A.
Dem euthold, P. Sanchis, J. Fompeyrine, Nat. Mater. 2019, 18, 42.

M. !: H. X. Tang, Nat. Mater. 2019, 18, 9.

F. E!esI C. 'ai, D. Caimi, M. Kroh, Y. Popoff, G. Winzer, D. Petousi, S. Lischke, J. E. Ortmann,
L. CZornomaz, Z. Lars, J. Fompeyrine, S. Abel, J. Light. Technol. 2019, 1.

K. D. Fredr';son, V. V. Vogler-Neuling, K. J. Kormondy, D. Caimi, F. Eltes, M. Sousa, J.
Fompeyring; S. Abel, A. A. Demkov, Phys. Rev. B 2018, 98, 75136.

Iter, E. L. Warren, J. R. McKone, S. W. Boettcher, Q. Mi, E. A. Santori, N. S. Lewis,
010, 110, 6446.

This article is protected by copyright. All rights reserved.

105



[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]
[284]

[285]

[286]
[287]

[288]

[289]

[290]

[291]

WILEY-VCH

M. Ni, M. K. H. Leung, D. Y. C. Leung, K. Sumathy, Renew. Sustain. Energy Rev. 2007, 11, 401.

S. C. Warren, K. Voitchovsky, H. Dotan, C. M. Leroy, M. Cornuz, F. Stellacci, C. Hébert, A.
i . Gratzel, Nat Mater 2013, 12, 842.

{

haner, J. A. Beardslee, M. Lichterman, B. S. Brunschwig, N. S. Lewis, Science

N O
o
EH

ge,S. Hu, R. Liu, R. J. R. Jones, K. Sun, C. Xiang, N. S. Lewis, H. A. Atwater, Energy
22015

T M
ﬁ

V. Aliguglialb, A. Lauricella, L. Rizzuti, M. Schiavello, A. Sclafani, Int. J. Hydrogen Energy 1982,
7,

C

J. S@riaf¥. CiConesa, V. Augugliaro, L. Palmisano, M. Schiavello, A. Sclafani, J. Phys. Chem.
1991,95, 2/4.

S

K. OkamotgyY. Yamamoto, H. Tanaka, M. Tanaka, A. Itaya, Bull. Chem. Soc. Jpn. 1985, 58,
201

u

R. Matthews, J. Catal. 1988, 111, 264.
0. mj. A. Turner, Science 1998, 280, 425.
L. Ji, ™. cDaniel, S. Wang, A. B. Posadas, X. Li, H. Huang, J. C. Lee, A. A. Demkov, A. J.

erdt, E. T. Yu, Nat Nano 2015, 10, 84.
B.T. , G. Kioseoglou, A. T. Hanbicki, C. H. Li, P. E. Thompson, Nat. Phys. 2007, 3, 542.

S. P. Dash, S. Sharma, R. S. Patel, M. P. de Jong, R. Jansen, Nature 2009, 462, 491.

1

M. %wen, J.-L. Maurice, A. Barthélémy, M. Bibes, D. Imhoff, V. Bellini, R. Bertacco, D.
Wo , P. Seneor, E. Jacquet, A. Vaures, J. Humbert, J.-P. Contour, C. Colliex, S. Bliigel, P.

. Frank, K. Choi, C. Choi, J. Bruley, M. Hopstaken, M. Copel, E. Cartier, A. Kerber,
D. Lacey, S. Brown, Q. Yang, V. Narayanan, In 2009 IEEE International Electron

Demting (IEDM); 2009; pp. 1-4.
P. ndran, A. A. Emery, J. E. Gubernatis, T. Lookman, C. Wolverton, A. Zunger, Phys.

Rev. . 2018, 2, 43802.

This article is protected by copyright. All rights reserved.

106



WILEY-VCH

Divine Kumah isan Assistant Professor in the department of Physics at North Carolina State

University. ceived his Ph.D in Applied Physics from the University of Michigan in 2009 followed

by postdomearch at the Center for Research in Interface and Surface Phenomena at Yale

University ent research is focused on understanding how atomic-scale structural distortions

at mterfac3 manipulated to induce novel physical phenomena using synchrotron X-ray
and s

diffraction roscopy

devices, with a particular focus on understanding how oxides can be electrically

coupled“ductors to realize novel functional behavior.
This article is protected by copyright. All rights reserved.

107



WILEY-VCH

Lior Kornb@ assistant professor of electrical engineering at the Technion, Israel, and a Chanin
Fellow. He reC€lved his PhD in materials science and engineering from the Technion in 2012, and
then joine Applied Physics department at Yale as a postdoctoral associate. He has been the
head of th lectronics Lab at the Technion since 2016, focusing on the physics of oxides and

means to for new electronic and energy devices.

This article is protected by copyright. All rights reserved.

108



WILEY-VCH

TOC Summary

Multifunclonl oxides epitaxially integrated on semiconductors provide a platform by which

ologies can be realized. The complementary properties between oxides and

ablc functionalities that cannot be achieved in either material alone. This article
reviews tkg epitaxial growth oxides on semiconductors, the material behaviors that integrated

heterostruc r, and emerging device applications.

Charge
Spin °> & Lattice
feef %

Author Manusc

This article is protected by copyright. All rights reserved.

109



