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Abstract
Oxide electronic materials provide a plethora of possible applications and offer ample
opportunity for scientists to probe into some of the exciting and intriguing phenomena
exhibited by oxide systems and oxide interfaces. In addition to the already diverse spectrum
of properties, the nanoscale form of oxides provides a new dimension of hitherto unknown
phenomena due to the increased surface-to-volume ratio.

Oxide electronic materials are becoming increasingly important in a wide range of
applications including transparent electronics, optoelectronics, magnetoelectronics, photonics,
spintronics, thermoelectrics, piezoelectrics, power harvesting, hydrogen storage and
environmental waste management. Synthesis and fabrication of these materials, as well as
processing into particular device structures to suit a speci ¢ application is still a challenge.
Further, characterization of these materials to understand the tunability of their properties
and the novel properties that evolve due to their nanostructured nature is another facet of the
challenge. The research related to the oxide electronic eld is at an impressionable stage, and
this has motivated us to contribute with a roadmapoaite electronic materials and oxide
interfaces.

This roadmap envisages the potential applications of oxide materials in cutting edge
technologies and focuses on the necessary advances required to implement these materials,
including both conventional and novel techniques for the synthesis, characterization,
processing and fabrication of nanostructured oxides and oxide-based devices. The
contents of this roadmap will highlight the functional and correlated properties of oxides
in bulk, nano, thin Im, multilayer and heterostructure forms, as well as the theoretical
considerations behind both present and future applications in many technologically
important areas as pointed out by Venkatesan.

The contributions in this roadmap span several thematic groups which are represented
by the following authors: novel eld effect transistors and bipolar devices by Fortunato,
Grundmann, Boschker, Rao, and Rogers; energy conversion and saving by Zaban, Weidenkaff,
and Murakami; new opportunities of photonics by Fompeyrine, and Zuniga-Perez; multiferroic
materials including novel phenomena by Ramesh, Spaldin, Mertig, Lorenz, Srinivasan,
and Prellier; and concepts for topological oxide electronics by Kawasaki, Pentcheva, and
Gegenwart. Finally, Miletto Granozio presents the European attimards oxide-based
electronics which develops an oxide electronics roadmap with emphasis on future nonvolatile
memories and the required technologies.

In summary, we do hope that this oxide roadmap appears as an interesting up-to-date
snapshot on one of the most exciting and active areas of solid state physics, materials science,
and chemistry, which even after many years of very successful development shows in short
intervals novel insights and achievements.

Guest editors: M S Ramachandra Rao and Michael Lorenz

Keywords: oxides, interfaces, materials, oxide electronics

(Some gures may appear in colour only in the online journal)
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1 Oxide Ims and heterostructures for electronics, speeds but the best devices today have only been demon-
memory, magnetics, photonics, energy and health strated on MgO. Such all wavelength modulators would com-

pete against established technologies such as ones based on
T Venkatesan LiNbO3 (handicapped by large sizes) or the Il V semicon-

ductors (wavelength speci c due to electro absorption modu-
lation mechanism). For commercial applications these oxide

. . . ... based devices need to be built on a silicon platform where
Status. Since the invention of the pulsed laser depositign P

(PLD) process and the advent of high sTiperconductivity OI|gh quality electro-optic (ferroelectric) layers need to be

. ) . posited with suitable buffer layers to preserve the high crys-
[1]in the 1987 time frame, the eld of oxides has accelerat?aﬁline quality of the over layers. In order to achieve mode

at an eXtTaor.d'”‘f’“y pace with potential .'”.‘pa“ oNn NUMETOUS, hement the low index buffer layer needs to have a thick-
elds. | will highlight some of the key driving contributions

. . . ; Pess of at least 20n. A scalable process for the fabrication
of oxides in each area of interest and also point out wha IS .
I or'such oxide heterostructure layers for large areas does not
needed to make signi cant progress.

exist today and there is a clear need for this.

National University of Singapore, Singapore

Current and future challenges. _ _ Magnetics. Oxide magnetism received a signi cant boost
Electronics. From the perspective of electronic devices ongith the advent of high temperature superconductors followed
of the key issues is achieving higher mobility for carriers g 5 yesurgence of interest in colossal magneto-resistive man-
oxides and the transport in most oxides is determined by figites followed closely by diluted magnetic semiconducting
overlap of the cationic and anionic orbital. In the case 0f TiQyides. While the origin of magnetism in these systems was
this is the Ti 3d and oxygen 2p overlap which is very sensitiyg; f|ly understood, the notion of defect mediated magne-
to the O Ti O bond angle. The results were clearly demonysm jn oxides was advanced by Sawatzky et al [6]. The rst
strated for 2D electron transport in the T&ystem where the g,ch gemonstration was in Tiobserved with Ta substitution
maximum metallic behaviour is seen for the case 0b DO 4t the Tj site. Spectroscopic analysis clearly established tita-
SrTiO; (where the bond angles are H&@rees), weak local- hjym vacancies as the primary source of magnetism with the
ization in the case of anatase 7i(153degrees) and strong yonor electrons from Ta substitution being responsible for the
localization in the case of rutile T(81 and 98legrees). magnetic exchange [7]. The observed magnetism was weak
Unlike conventional metals where molecular orbitals do nQt ine concentration of Ti vacancies was belo#t &3
directly affect transport except indirectly via phonons, in theg,q stability consideration would dictate the dif culty of
case of oxides they are very important and give us a way,i8qycing higher levels of sustainable defects leading a limit
engineer the carrier mobility by tuning this overlap via, straigp, ihe strength of magnetism possible via such an approach.
doping etc [2]. From a fundamental perspective this systeny§yever, extremely novel magnetic exchange is possible in
a good example where electron-polaron interactions can f&je systems mediated by polar layers and the exact mech-
well studied. By minimizing the strain at the surface of S§TiQnism of the exchange which involves spin-orbit interactions
mobility in excess of 10000cn? V! s* has been achieved;g pot fully understood but holds promise for novel magnetic
at low temperatures [3]. devices utilizing magnetic exchange [8].

Memory. In tunnel junction memories integrating ferroelecenergy. A number of oxides have been strong candidates
trics with conventional tunnel junctions may give us mudh catalysis applications and owing to their stability in harsh
lower switching energies with practical ON/OFF ratioghemical environments and reasonable band match with
Recent work on ferroelectric tunnel junctions shows that thgaction pathways, materials such aszeand TiQ have
ON/OFF ratio can be enhanced signi cantly by increasing ti@en popular. However, recently a water splitting metal-
number of interfaces in addition to the FE tunnel barrier [4jc oxide was introduced which seems to have fascinating
The switch ON and OFF characteristics are determined by fht@perties [§ Besides being a conductor, this material is
ferroelectric only and while the ON/OFF ratio increases with ef cient water splitter and the mechanism of the optical
number of barriers it also causes an increase in the ON S{ﬁi@orption, carrier decay have been now clearly understood.
resistance which is not desirable. FE tunnel barriers as thintagirns out that this family of materialsNWO; (M Sr,
two unit cells can switch while the ON state resistance canbg, Ba) is a degenerate wide bandgap semiconductor with a
made comparable to today s commercial MTJs. An order igdndgap of overdV but an electronic carrier density of over
magnitude reduction in the FE coercive elds are necessan?? cm 2, an order of magnitude short of elemental metals
to make this a competitive, low energy consuming memqryo]! The optical absorption in the material occurs through a
technology. plasmonic absorption at 1e¥ arising from the large carrier
density and the hot carrier lifetime after plasmonic excita-
Photonics. Ferroelectrics on silicon enable the making dfon is very long ( 250ps) which explains the ef ciency of
wide band width optical modulators that can work at a varietyese materials in water splitting. Such a strongly correlated
of optical wavelength and speeds approaching 40MB5. electronic material promises a novel approach in the design
These devices have the potential for 100 MBraodulation of catalysts.
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Health. Oxide surfaces show a strong chemistry dependenkuvances in science and technology to meet challenges.

on bio processes such as bio Im formation, cell growth ahdrge area deposition of high quality crystalline oxides to
cell differentiation. The origin of this behavior has to do mopteserve their functionality is of extremely important for the
likely with the adhesion of macromolecules such as extracebmmercial applications of the developments in this material.
lular matrix proteins or lipids on speci ¢ surfaces where thegeother major challenge for the proliferation of oxide elec-
molecules exhibit adherence. In addition, surface chemistrgnic devices is the compatibility with silicon technology.
can also play an enhancing or inhibitory role in the cellul@rowth of high quality functional oxides on silicon with a min-
proliferation process. Oxides such ag¥ show signi cant imal native oxide barrier on the surface of silicon will be a key
lack of adhesion for cells such as fetal broblasts comparegtjuirement. High aspect ratio patterning techniques (similar
to ZrO, surfaces [11]. A comparable behavior was also senreactive ion etching) need to be developed. For biological
for keratinocytes and neuronal stem cells. In the case of stgpplications a low cost method that results in highly adherent,
cells the proliferation after differentiation was doubled ovetoichiometric coatings as well as a highly repellent coatings
ZrO, surfaces in comparison with standard glass (or plastweduld be of value.

surfaces. With the large number of oxide surfaces available

this eld is likely to expand rapidly in the near future. Th€oncluding Remarks. The eld of oxides is reaching an
applications are numerous including coatings for implaniateresting stage where potential large commercial applica-
cell localization on surfaces and also for antibacterial cotibns are emerging and the challenges are in the deposition
ings and for harvesting drug resistant bacteria for devel@md processing of the materials and the success of this tech-
ment of antibiotics for so called super bugs. nology rests on how well these challenges are overcome.
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2. Is the new oxide electronics (r)evolution solution (DUV) photochemical activation, etc. Among these, WI route
based? makes signi cant contributions and its popularity is expected

to increase with years. The WI system is only composed of
E Fortunato?, P Barquinha!, R Branquinho?, D Salgueiro?, metal nitrates and deionized water, which is considered to be
E Carlos!, A Liu?, F K Shan?,and R Martins? healthier and environmental friendlier [173]. In addition,

1 i3N/CENIMAT, Department of Materials Science fromthe WI route has been proved to be compatible with various

Faculty of Science and Technology, Universidade NOVA g fabrication techniques, such as spin coating, spray pyrol-

: : Sis, or printing.
L EMOP/UNINOVA 2829- .
5'ng %zggg cil p O?IU/QL; OVA, Campus de Caparica, 28 Y Most MOTF semiconductors reported are based on ZnO

2 College of Physics and Lab of New Fiber Materials a@gd IOz and combinations of these oxides such as In-Zn-O

Modern Textile, Growing Base for State Key Laborator h (t)) (I)r IGZ% [13,2()t].AI(;ernat|€/e _senlucondtuctor hmaten_als i
Qingdao University, Qingdao 266071, China at rely on abundant and non-toxic elements such as zinc tin

oxide (ZTO) are being explored as a In and Ga free alternative
ghowing promising results [21]. The current trend is the use
{.hf non-critical (sustainable) oxide semiconductor materials
ombined with low cost and low temperature deposition sys-
s. Recently, following these recommendations there has
n remarkable development in solution processed inorganic
i

Status. The evolution from rigid silicon-based electronic
to exible electronics requires the use of new materials wi
novel functionalities that allow non-conventional, low-cost
and environmental friendly processing technologies. Amo

the alternatives, metal oxide semiconductors have brou TF semiconductor materials for hiah-performance TETS
to attention as backplane materials for the next generatio . o . gn-pe .
out using critical raw materials. Comparing the evolution

at panel displays [12]. After the huge success and revoluti ) )

of transparent electronics and with the worldwide interest% the annealing temperature of MOTF by so_lutmn process
displays where metal oxide thin Ims (MOTF) have proveéﬁve can obse_rve_a decrease of nearly 500 C in the last eight
to be truly semiconductors, display backplanes have alreé(ggrs' reaching N Some cases values comparablg o the ones
gone commercial in a very short period of time, due to tRE duced by physical techniques, as can be seen in gure 2.

huge investment of several high prole companies: Sharg, o
Samsung, LG, BOE [13]. These materials have demonstrafSyances in science and technology to meet challenges. The
exceptional electronic performance as active semicondu [gpid advances of n-type oxide semiconductors such as IGZO,

components and can be tuned for applications where h O, ZnO and 150 are pushing forward the realization of

transparency/electrical conductivity is demanded and t gh-performance oxide TFTs. The missing key ingredient for

global market for transparent electronics is expected to grgﬁ development of next-generation transparent electronics is

to nearly 7.1 billion by 2018, as it was stated by several for ieir hole-transporting (p-type) counterparts with comparable
cast agencies [14] ' performance, since the p-type is thought to be better suited

for conventional OLED pixels and will enable the develop-

In terms of the actual thin- Im transistor (TFT) technolénent of the strongly desired complementary metal-oxide
| Z IGZO) h [ - i [ . o ) i
ogy, In Ga Zn O (IGZO) has been in mass-production sinc iconductor (CMOS) circuits. To date, only a few p-type

2012. The main advantages of IGZO based TFTs are: h TF (i.e. C4O, SnO, and NiO) were reported and incorpo-

resolution, lower leakage current, less power consumpt ated into transistors as p-type channel. Unfortunately, their
and less noise in uence. Although IGZO technology is cuf . ) p-type ci . Y,
electrical properties and fabrication techniques are not yet

rently strongly targeted for active-matrix liquid crystal dis- . o o
y gy targ 9 y ood enough for practical applications, necessitating further

play (AMLCD) and active-matrix organic light emitting dIOde(.Jtudies. For this reason, future attention should concentrate on

(AMOLED) applications, IGZO is proved to be a better sem?—e development of high-performance p-type TFTs, especially

conductor platform than a-Si:H for migrating towards othélp . : e
platforms like: photodetectors; memories; x-ray sensors and"9 low-cost solution process, and explore their applications

biosensors. In order to better visualize the main advanta&agdvanced displays and all-oxide CMOS electronics.

of this technology in display applications, the merits of IGZQ _ .
system are highlighted in gure 1. Concluding remarks. Multicomponent MOTF are lead-

ing the next generation of high performance materials for
a wide range of applications. Transparent electronics is cur
Current and future challenges. The current fabrication tech- rently approaching its third generation, revealing to be a very
niques require high vacuum and photolithographic procesgpesmising technology. MOTF processing by physical vapour
that are expensive and keep production at high costs or sidgposition (PVD) techniques like rf magnetron sputtering
lar to those of a-Si:H. Solution based fabrication methoHas been well established and has demonstrated high-perfor
have been pursued as an alternative for economically viallance devices, however these require complex high vacuum
large-scale electronics [15]. The cost can be lowered by 64%uipment which is a major drawback, especially if we are
since solution-based processes do not require vacuum, gésegeting low cost applications. In contrast, the solution pro-
and lithography [16]. Consequently the developments of tbess has many advantages such as large-area deposition, roll-
solution-based processes that can be used with low temperoll capability, easy control of composition, atmospheric
ature techniques are highly desirable, such as self-combustiascessing, and low cost. The new paradigm of transparent
synthesis, water-inducement (WI) route, and deep-ultravioéctronics has attracted much interest as a novel technical

6
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Figure 1. The IGZO TFTs own more pixel per area and thinner wiring than current a-Si:H TFTs, resulting in a higher display resolution;
The 1GZO mobility is higher and the leakage current vastly lower. The on/off ratio is phenob@efidlow leakage current, combined
with smaller size, makes it a clear winner for smart phones and tablets.

Figure 2. Left graph: evolution of the annealing/processing temperature of solution based TFTs over the last 10 years. We have plotted
only TFTs presenting device mobility higher tham£ V1 s . Right graph: evolution of device mobility of solution based TFTs over the
last 10 years [22 56]. Due to the high number of references ( 500), we have plotted only the highest values reported for device mobility.
All the data will be available soon in a review paper.

solution in the eld of the next generation of consumdunctions of information storage, image display and net-
electronics. The ultimate goal of thisee-throughdevice working, which strongly demands an embeddable transpar
is to realize an integrated system equipped with ubiquitogist array of non-volatile memory.
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3. Bipolar oxide devices type-lll interfaces ( broken gap , e.g. for CdO/NiO [63]) need
to be studied in more detail regarding the relative importance
Marius Grundmann of thermionic, tunnel and recombination currents and their

design and control.
Generally, p-type oxides suffer from low mobility, often
due to large hole mass or hopping transport mechanisms. But

also higher mobility n-type materials (towards and beyond

Status. The majority of oxides are unipolar materials, i.eloo cn? V1 st) are desirable for higher speed or energy
they exist only either as n-type or as p-type material. Only

few oxides such as SnO are known to entertain n- and p-t efcient devices. Additional properties such as transparency

€ . ) L . ;
conductivity. The dif culties of nding a reproducible and staE(BSIng wide gap oxides, limiting mid-gap absorption) and

ble process for the p-doping of ZnO are well known. Theref mechanical exibility (using amorphous oxides) need to be

. . . q‘lsy explored. Also there is a drive to avoid rare, expensive
presently, devices based on oxides are mostly unipolar. . - :
and toxic metals, indium being one of them.

most prominent materials for application are TCOs (transparen hile so far mostly diodes and a few transistors have been

conductive oxides) for transparent, highly conductive (ohmi . . o .
contacts [57]; these materials, such as ZnO:Ga anQ:SnOg)emonstrated, higher integrated circuits are the ultimate goal,

. o requiring reproducibility and stability. Initial results are very
are n-type due to the much superior mobility compared 0" . . : .

. ) . . romising for certain materials [60], but surely much more
transparent p-type oxides. Using oxide semiconductors, h\P%rk is needed in this direction. A big challenge is the transfer
recti cation diodes have been built with Schottky (metal semi- X 9 9

conductor) contacts to various oxides such as ZnO gbga of the CMOS concept to oxide devices. The combination of
n-type and p-type channels is a formidable task which so far

also allowing the fabrication of high ef ciency photodetechas not led to devices superior to those achieved with unipolar

tors [58]. Amorphous InGazZnO is used as channel material In

. . . o . concepts, mostly due to the low performance of the p-type
thin Im transistors offering signi cant higher performanceoxides Besides electronics, also photovoltaics has become
(mobility 10cm? V! s!) than a-Si ( 1cm?V?! s!) ' ’ b

[59), commercialized nowadays in TFT displays interesting and wide gap oxides allow for invisible energy

While the recti cation of bipolar (pn) diodes based on SouArsceaS f[:t?r]i.cation method, magnetron sputtering seems the
oxides has idled for the last twenty years at low values not sur : . 00, mag P 9 .
passing 18 recently high recti cation ( 109 oxide p n diodes method of choice since it is generally an established indus-
were reported by us, namely based on ZnO/Z6G¢Zn0/ trial process and allows large area fabrication and roll-to-roll
7C0) [60] and ZnO/NiO [61] (gure B Also highly rectify- processing. Wet chemical processes and printing so far had

very little impact on the fabrication of bipolar oxide devices,

ing ( 10°) completely transparent ZnO/Cul diodes have be ro]wever, further progress in this direction may make them

reported [62]. A review has been recently published [63]. Thﬁjﬁeresting also for industrial scale production
the path has been opened for high performance bipolar oxide '
devices such as photodetectors, solar cells, sensors, transiig\)ﬁasnces in science and technology to meet challenges. A
(junction eld effect transistor, JFET) [684] and integrated '

circuits based on them. While crystalline materials generaﬁey to the device performance of bipolar (but also unipolar)

: . Yvices is the improvement of mobility. While possibly a limit
are expected to provide the highest performance, amorphous . . o :
: . o seems to have been reached for improving multi-cation oxides,
materials allow advantages in fabrication (room temperature .. ~ . : . .
multi-anion (n-type) oxides offer a possible solution. One of

processing, low energy budget, roll-to-roll deposition, amafe promising materials is ZnON [68]; more such compounds

phous substrates) and applications (large area devices, ex- . . .
ible electronics). The said ZnO/Zng and ZnO/NIO diodes Should be searched for and investigated as qhannel .materlals
d as part of m structures. The control of carrier density and

X : al
already contain a room temperature deposited p-type ox@ L X
and transistors have been built with these materialso4, |setemperature and long-term stability in any of these materials

mains a prime issue; often defects are the source of carriers

Also full_y amorph_ous b.|polar ox.|de c_i|0des baseq on .ZTO/ZCrvénile generally impurity doping is less important or impossible.
(ZTO: zinc-tin-oxide) with a recti cation 10 and ideality fac- The fabrication and control of the p n interfaces is a chal-

tor close to 1 have been reported [66] ( gujeBipolar devices lenge and must be combined and transferred to large area

in principle offer advantages such as low reverse current, Iow C . .
) L and fast fabrication technologies such as sputtering. Many
voltage operation and ease of fabrication.

more hetero-structure combinations have to be tested and the
promising ones systematically improved. A focus should be
Current and future challenges. Still there are some basicon the use of low toxicity, readily available cations (Zn, Sn,
things that need to be understood regarding the physiCal, Ni, ), replacing indium which is currently prominently
mechanisms present in bipolar oxide heterostructure diodesed. The available materials and heterostructures need to be
For type-ll band lineup, the transport mechanism has beeereasingly studied in device contexts and high performance
found to be interface recombination [61]; this limits the idedbipolar devices need to be demonstrated in order to establish
ity factor to values around two. The interface recombinati@md realize the many possible advantages such as technologi-
velocity, however, will depend on interface properties and fatal usefulness, superior performance and cost savings. A rst
rication details. Both fast and slow interface recombinatistep has been taken by us by reporting high gain (g 250
can have their merits for devices. Type-I band lineups and ad®3V supply voltage) inverters based on oxide JFETs with

Universitt Leipzig, Institut fr Experimentelle Physik I,
Linn str. 5, D-04103 Leipzig
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Figure 3. Recti cation of various oxide homo- and heterojunction diodes versus the year of publication. Filled symbols represent results
from our laboratory. Reprinted with permission from [63].

Figure 4. (a) Optical image of bipolar inverter based on ZnO/ZCO JFETs and diodes. The ZnO channels are seen as brighter blue green
rectangles. The ZnGO4Au gates and diodes are the yellow areas. (b) Inverter characteristics and gain values including the effect of the
input voltage shift at the diodes for three values of the supply voltage \, 2, and ¥. © 2015 IEEE, reprinted with permission from [69].

bipolar oxide diode voltage shifters based on ZnO/ZC@ltage operation and high performance over rival con-
(gure 4) [69] and oxide JFET-based ring oscillators [70tepts. However, steps towards better understanding of the
CMOS approaches and devices, combining n-type and p-tybg/sical mechanisms of transport across the ipterface,
devices either from the same or different channel materidlse exploration of advanced p- and n-type oxides featuring
featuring high performance await realization. high mobility and made from readily available elemental

constituents as well as the development of a related tech-
Concluding remarks. Bipolar oxide devices offer manynological platform are necessary to harvest all the potential
advantages such as ease of fabrication, stability, ld&ne ts.
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4. Complex-oxide eld-effect transistors Current and future challenges. The crucial and as yet unan-
swered question is whether electronic correlations will facili-
Hans Boschker tate electronics that can outperform standard FETs. With

. . sjlicon technology reaching its fundamental performance lim-
Max Planck Institute for Solid State Research, Stuttga.r{ . gy 9 : . P _
Germany its, it is uncertain how electronics will advance beyond this

stage. Graphene nanoribbon and carbon nanotube transistors

Stat This section of the roadman focuses on com Iere_ceive much attention as a beyond-Si technology, because
ams. P P iese materials have a much higher saturation velocity and

oxide eld-effect transistors (FETs). Here, complex oxid 3 . . .
: . ellreby offer the prospect of faster devices. The physical basis
are de ned as those oxides where the conducting eIectroP . . . .
. .~ of these devices, however, is unchanged with respect to sili-
hole systems comprise d or f electrons. For an overview of by .
. . . : . corr11 FETs. Correlated electron systems could facilitate logic
oxide transistors using materials with s and p electrons, such.

evices based on fundamentally different switching mech-
as ITO, ZnO and BasSnf refer to [16]. The electron systems_ _. . y ¢ -hing
. anisms. In traditional eld-effect devices, the applied voltages
of the complex oxides are strongly correlated and show ric . . . .
. . . résult in band bending but the band structure itself remains
emergent collective electronic behaviour. Therefore the main .
e . . . unchanged. In correlated electron systems, applied voltages
motivation to study complex-oxide transistors is to reveal how . . .
can change the band structure, possibly leading to different

electronic correlations affect eld-effect transistor operation, . T .
hysmal limitations for transistor performance. For example,

and whether the correlated behaviour facilitates new typesp Q . . o
. . can an electron system that is driven through an intrinsic
logic devices [71].

Recently, FETs based on complex oxides that actu?rlpetal insulator transition switch faster than 60 mV decthe

show current and voltage gain have been realized [72]. (h)(ut imposed by lling a rigid band structure with a thermal

€ . .. ;
. o Stribution of charge carriers?
key enabler is the electron system at the La/S@iO 3 inter 9

face, discovered in 2004 by Ohtomo and Hwang [73]. This 2D The ideal .SWItC.hmg dew_ce would be a hlgh-densny electron
. . 1 > System that is switched with a small electric eld between an
electron system has a carrier density of 2 *46m? at room

o : insulating state with a suf ciently large bandgap, stabilized by
temperature and it is therefore possible to completely deple . . . ;
. elther direct Coulomb interactions (Mott physics) or by elec-
the electron system with gate voltage smaller than a few oo . . . .
’ tron-lattice interactions, and a metallic state, ideally with bal-
[72]. The electron system has a relatively low electron moql

; . o istic transport. Therefore one of the challenges is to obtain a
ity of 10cn? V! s! at room temperature, mainly limited by ransp L 9 »

. material system where the intrinsic metasulatortransition
strong electron-phonon scattering.

. . occurs far above room temperature, but that is still switcha-
The state of the art LaAAKBrTiO 3 transistors have a com- - . P ' .
. . ) . . . ble. Interesting candidates are Nb&hd 2D Mott insulators
posite gate dielectric comprising a ve unit-cell-thick LaAIO

layer and a nine unit-cell-thick BaTiQayer (one unit cell such as LaTig LaAlOg and SITIQ SV, heterostructures

. . . [80,81]. Another challenge is to improve the high- eld mobil-
Itzaot.ir;rg)a[l?ig.i;—g%g Ie_ll_ici:;rlcac;gnsstfcnkt ﬁ;;‘?%/(z Zﬁi ar? ds ié)_/ of the complex-oxide materials. Currently mobilities are
cic capacitance and' is thicgk enouah to reveni/ Iarge F:ﬁtéll too low for ballistic transport, but with a small improve-
b 19 P 9€ 9% nt in materials quality and a drastic reduction of the device
leakage currents. The gate metal is gold and the source &nd

. . mensions, high-enough mobilities are expected to be possi-
dfa'” contacts to the electron system are mz_ade from tltam% €. Nanoscale devices are not only required to improve the
Flggre 5@) ?hOWS the transfer characterlsth of LaaA!O device properties but also to study the underlying physics of
SrTiOs transistor. The transistors have been integrated int & Jevices. Domain bhvsics plavs an important role in the
ring oscillator circuit, whose output is shown in guséb). : phy play P

Next to the previously discussed top-down lithographical ysics of metainsulator transitions [82]. To nd out how

. : fy%st these devices can switch, devices that incorporate only a
patterned devices, also nanoscale devices have been writien . . .
with AFM lithography [75] single electronic domain are required. Thus, nanoscale pattern-

. . . ing and processing of the complex-oxides materials is also a
Other materials that have been investigated for use a% P 9 P

phase-transition transistors are ¥{¥6 78] and SmNiQ kéy challenge.

. ; . So far, LaAlQ SrTiO 3 transistors show characteristics
[79]. Recent eld-effect studies using electrolyte gating of ' Q 3 . .
. o Similar to that of canonical semiconductor devices B3,
VO, thin Ims demonstrate a huge switching effect where . . . .
. . ndicating that the effects of electronic correlations are small.
the channel conductance increases much more rapidly than

. . . . : e electron system at the LaAIOSITiO3 interface has
the ggte-mduged charge-carrier den§|ty [77]. By mduc'ngina%ermediate correlation strength, with effects due to elec-
metallic state in the surface layer with the gate, metalhu{ly

is induced in the entire thin Im. This provides a large amonic correlation predominantly observed at low temper
' P 9€ 9l \res. Therefore one of the immediate challenges is to build

in the operation of transistors. However, it is not yet CleEfETs from more strongly correlated materials. Furthermore,

whether this switching behaviour is purely electronic; t : : o
ﬁe strong spin-orbit coupling in f electron compounds has

eld-induced creation of oxygen vacancies has been argue regently attracted large attention. It will be intriguing to see

be intimately related to the large increase of the conductivjt . . . .
[78]. Furthermore, transfer characteristics have not yet behggr\lN the spin orbit coupling changes the FET behaviour.

measured, so it is unclear how these transistors compar@d@nces in science and technology to meet chal-
semiconductor devices. lenges. Complex-oxide epitaxy has made tremendous
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Figure 5. (&) Transfer curves of a LaAKSrTiO 3 FET. The on/off ratio is six orders of magnitude and the subthreshold voltage swing
is close to 60 mV dek. (b) A monolithically integrated LaAIQSITiO 3 ring oscillator. Upon increasing the supply voltage the output
voltage oscillates with a RC time-constant-controlled oscillation frequency ldfli.All data was measured at room temperature.
Reprinted with permission from [74]. Copyright 2013 Wiley.

The gate length is 6m, the channel width is 9@ and

the source and drain contacts aren@0separated from the
gate. For the characterization of such devices and a discussion
about short-channel effects, | refer to [83].

Integration with very high-K dielectrics, such as BagiO
does generally not pose a large problem for the complex-oxide
FETs. However, the more strongly correlated oxides require
a larger charge-carrier-density modulation than that which
can be achieved with high-K dielectric gate insulators. Here a
solution may be found by using liquid electrolytes for gating.
Electric-double-layer transistors achieve one order of magni-
tude larger charge-carrier-density modulation [73], But it
remains to be seen how much electrostatic gating contributes
to the induced charge-carrier density as opposed to electro-

Figure 6. False-colour scanning electron microscopy image of a chemical modi cation of the materials.
sub-100hm gate length LaAI@SrTiO 3 transistor.

advances in recent years. This progress is due not onhipiciyding remarks. The fabrication and study of complex-
improvements in the growth systems and growth monitoringide eld-effect transistors has made tremendous advances,
but also to a better understanding of the ways materials in g | expect this progress to continue in years to come.
ence each other during heteroepitaxy. Materials properties% provides a road towards answering fundamental ques-
modi ed due to the presence of such phenomena as strgifhs about the physics underlying the performance of FETs
polar discontinuities, and octahedral connectivity mismatGlising strongly correlated electron systems. Applications will
This sensitivity offers the unique opportunity to optimize thgertainly arise if the correlation effects facilitate better FET
complex oxides for use in devices. Recent achievementgétformance. In the meantime also niche market applications
this area are compositional interface engineering [84], MOGHght emerge, especially because of the compatibility of the
lation doping [85], oxygen octahedra rotation engineeringmplex-oxide FETs with the wide spectrum of possibilities
[86], defect mitigation [7487] and improved stoichiometry fo glectronics that is offered by the large variety of oxide

control [88]. _ materials systems.
Another crucial development in technology that has been

achieved recently is the feature-size reduction of both the

correlated-oxide channel materials and the integrated metetnowledgements. The author thanks J Falson, J Mannhart,
structures such as the gates and source and drain con@dbltmann, and members of the TO-BE Network, especially
[83, 89]. Figure6 presents a false-colour scanning electrdw Pryds, J Fontcuberta, and F Miletto Granozio, for valuable
microscopy image of a sub-10t LaAlO; SrTiO 3 transistor.  discussions.

11



J. Phys. D: Appl. Phys. 49 (2016) 433001 Topical Review

5. Oxide electronic materials for resistive switching advantages like high mobility in amorphous state, low leakage
and TFT applications current, low temperature processing and TFTs based on IGZO

have commercial advantages like lower power consumption,
Joynarayan Mukherjee!, M Priyadarshini?, Nandita higher sensitivity, reduction in pixel size and higher resolution
DasGupta® and M S Ramachandra Rao * [91]. However indium is a rare element with low abundance in
1 Department of Physics, Nano Functional MateriaEarth s crust. It is also costly and toxic, which limits its long

Technology Centre and Materials Science Research Centﬁn‘g,n Use.

Indian Institute of Technology, Madras, Chennai 600036,
India Current and future challenges.

esistive switching. Although RRAM has many advantages

2 Microelectronics and MEMS laboratory, Departmen'f1 . h as the | ation in th t and
of Electrical Engineering, Indian Institute of Technolog)5 ere are some Issues, such as the large variation in the set an

Madras, Chennai 600036, India reset voltages, Wh|ch_need to _be overcome. Itis very |mpqrtant
to understand the microscopic origin of the resistive switch-

Status. Oxide electronic materials offer plenty of opportui-ng behavior for better device performance. The mechanisms

nities to probe into many fundamental physical propertiggCh as formation and rupturing of lament and migration of

: 2 . : ies in the switching layer play a crucial role
and provide ample application prospects in opto—electronu;,?%(,ygen vacancies in >
information storage devices, displays, LEDs, fuel cells, b the RS phenomena. Recently, in situ TEM study showed

teries and many more. Figuréa) shows the assorted func- N for_mat_ion and rupture of conducting laments during RS
tionalities offered by oxide electronic materials. Many metgf)eratlon N Z_nO th”? Ims [92]. Though thgre are many mod-_
oxides show resistive switching (RS) behavior, wherein 5 r_eported in the literature, more _expenme_zntal ewde_nce_ IS
varying the applied voltage, the resistance of the metal oxl guwed to understand the mechanism behind the switching

switches from high resistance state (HRS) to a low resistafice 1omena. Moreover, another important issue regarding the

state (LRS) and vice-versa. Also, metal oxides due to thgynmercialization of RRAM is the large variation in set and

wide bandgap and high mobility even in amorphous state rli(aset voltages which leads to switching failures.
applications in thin Im transistors (TFTs) which are primar ] ] ) )
ily used as switching devices in displays. Out of the mafyin Im transistors. For use in TFTs, binary oxides like
exciting phenomena oxide materials exhibit, in this article WO, SnQ can primarily be used. However, itis very dif cult

will focus on the mechanism and the device aspects of reffdeposit these Ims with amorphous microstructure and they
tive switching and TFTs for display applications. tend to have high density of carriers even in as-deposited state

which makes it dif cult to modulate the channel conductivity
Resistive switching. The resistive random access memori@3l- ZTO on the other hand has amorphous structure and is a
(RRAM) has gained considerable attention both in adafomising indium and ga]ljum free material for consideration.
demia and industry for its application in non-volatile memofyne of the problems limiting fabrication of ZTO based TFTs
(NVM) devices. RRAM has the advantages of high densit§, the dif culty in etching ZTO. ZTO is chemically stable
high operation speed, multibit storage, low power consurrﬁﬂd resists most of the gtchants and it b_ecomes more dif cult
tion and simple device structure [90]. A wide variety of binaf €tch it with increase in tin concentration [94]. Also, ZTO
and multi-component oxides show resistive switching behdPvolves higher processing temperature compared to 1GZO.
ior. Based on the polarity of the applied bias, RRAM can pgother material considered is TGZO, but it is found to have
categorized in two types: (i) unipolar resistive switching aitPorer performance when compared to ZTO. It is more costly
(i) bipolar resistive switching. Unipolar resistive switchdue to the presence of gallium in the system and has etching
ing is usually observed in binary oxides such as NiO, ,Cu@roblems [95].
TiO,, ZrO, and NBOs whereas bipolar resistive switching has
been reported on both binary and ternary oxides lik®#l Advances in science and technology to meet challenges.
Pry.,Ca aMn0Os, and InGaZnQ@ Resistive switching. In the early 1960s, resistive switch-

ing phenomena in thin oxide layers of Al, Nb, Si and Ti was
Thin Im transistors. TFTs are the backbone of display techreported [96]. In 1994, Bloom et al showed the resistive
nology and are used in different devices like TVs, smasawitching behavior in ferroelctric PbTiJ97]. Since then,
phones, tablets, laptops, e-readers, and wearable displaysneacy materials have been investigated as RRAM candidates.
TFTs using oxide semiconductors were commercialized @ompanies such as Samsung Electronics and Hewlett-Packard
at panel displays for the rst time in 2012 and since thehave been making serious attempts for the commercialization
they have been used in a plethora of applications. A scheRRAM based memory devices. Today, the vital challenge
matic of how oxide technology has evolved over the years dndthe RRAM is the storage density which can be overcome
the tremendous applications offered for the future is showrtlimough the stacking structure [98]. The other way to increase
gure 7(b). Different metal oxides with constituent cations dghe storage density is the using of multibit switching property.
Zn, Sn, Ga and In can be used for the channel layer of the THTltistate resistance can be realized in a unipolar device by
Among different metal oxides, InGaZp®as been the mosttuning the lamentary path [99] and for the bipolar device by
successful oxide material for use in displays due to its sevesalying the defect concentration [100].
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Figure 7. Schematic showing (a) different physical properties and applications of oxide materials. (b) Evolution of thin Im transistor
technology and its potential future applications.

Thin Im transistors. Several attempts have been made tooncluding remarks. There is plenty of room for using
etch ZTO using wet chemical methods, unfortunately witlexide materials in different applications such as logic/i cir
out a very promising solution. To date the reported wet etauits, memories, radio-frequency identi cation tags, transpar
ing processes show a very narrow process window makig electronics, medical patches, image sensors and printed
it dif cult to use them consistently [101]. Costly techniqueslectronics. Among other NVMs, RRAM is more promis-
involving plasma techniques and dry etching using chloriireg for next generation memory devices. The microscopic
currently seems to be the only plausible way. Techniquagchanisms need to be investigated to improve the device
such as solution combustion synthesis [102], deep-ultravigbetrformance in terms of its size and speed. Oxide materials
(DUV) photochemical activation have recently been exploredll continue to play a key role in next generation displays
for reducing the processing temperature. DUV photochemigaiich require that the materials be used are sustainable and
activation has shown promising results even for room tempeost effective. ZTO is one such material which holds potential
ature deposition with comparable performance and opetatevolutionize the display industry. Advancements in newer
tional stability as that of high temperature ( 380) annealed etching techniques and methods to process it at lower temper
devices [103]. atures are essential to realize the full bene t of this material.
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6. Application aspects of ZnO chemical processing has led to ZnO being adopted for use in
surface acoustic wave multiplexing/demultiplexing bandpass

David J Rogers, Ferechteh H Teherani, Eric V Sandana and Iters for telecommunications applications, primarily cellular

Philippe Bove phones and base stations. In these devices the challenges of

Nanovation, 8 Route de Chevreuse, 78117 Ch teaufort, Frarﬁ)‘ggcesgmg, contacting and packaging ZnO thin Ims on an
industrial scale has been mastered [107].
Status. A recent study by Nanomarkets estimated a marketZno has also been very widely used as a green phosphor
value of over 500 millionfor electronics based on ZnO. This'" Vacuum uorescent (.j'Sp.IayS _based on the ef clent oxy-
commercial success is based on ZnO s versatile property%eeq vacancy emission in zinc rich ZnO. Recently, th|s-_mar
combined with low materials cost and an ongoing serieskc?TI has w_aned, however, due to the advent of novel display
technological developments [104]. technologies.
The most mature ZnO electronics applications are anti-
static layers, electromagnetic interference shielding and ojitrent and future challenges.  Up until the present, the most
cal coatings. Indeed, ZnO is semiconductor with a widelidely used transparent conducting oxide has been Sn-doped
tuneable conductivity and it can be deposited in large-area thigO3 (ITO). Doped ZnO is currently a challenging ITO,
Im form at high rates and low temperatures using a numbleowever, for applications such as transparent wiring, touch-
of techniques including sputtering, pulsed laser depositi@@nsitive panels and transparent electrical contacts (for use in
chemical vapour deposition and solution based processig.panel displays, solar cells particularly a-Si and CIGS
On the optical front, ZnO brings excellent transparency righind LEDs) [108]. This is because it is cheaper, abundant, less
across the visible spectrum while the plasma frequency ¢aric, easier to process, shows superior resistance to hydrogen
be engineered to re ect environmental IR radiation (e.g. plasmas and can be fabricated at lower temperatures. More-
energy ef cient windows) and the bandgapy (E 3.4eV) over, the mobilities and conductivities attainable with degen-
blocks UV light (e.g. in welding glasses). UV ltering hasrately doped ZnO (typically with Al, Ga or Si) have become
been extended to transparent sun creams using ZnO naooaparable with ITO. The main challenge remains the dis-
particles under ~68m in diameter that do not scatter visiblglacement of the installed base for production of ITO.
light. Such nanoparticle manufacturing testi es to the bio- Recently, transparent eld effect transistors employing
compatibility of ZnO as a basis for the development of naamorphous ZnO-alloy channels (typically indium gallium
ZnO based electronics [105]. zinc oxide) and electrodes have emerged [108]. These are
The largest current electronics application of ZnO is thahhancement mode devices (no power consumption in off
of varistors for voltage surge protection. Varistors are basgdte) which have low leakage currents, exhibit impressively
on the formation of double Schottky junctions at ZnO grahigh on/off ratios ( 10%) and have channel mobilities that are
boundaries in sintered ZnO powders (~10 grains) which more than an order of magnitude higher than current a-Si:H
act as a collection of back-to-back Zener diodes. Due to thesed TFTs. Thus they are being adopted for use as select
high melting point of ZnO (~1975C) such varistors can transistors in active matrix LCD screens, electronic paper
support the heating associated with large current ow. Zn&hd exible OLED panels. Higher mobility offers increased
displaced SiC as the dominant varistor material when it wadresh rates, improved transparencies allow smaller pixels
discovered that doping with metal oxides (of Bi, Pr,Co, Mn (with reduced aperture ratios) and the wide bandgap reduces
gives the most non-linear/M characteristics known solight sensitivity (lower noise) and degradation. The materials
far [106]. also have the potential for low temperature, low-cost, wide
Another long standing use of sintered ZnO powders is farea, high throughput solution based fabrication. The main
the fabrication of gas sensors. These function based onchallenge is displacement of the installed base for industrial
principle that absorption or desorption of a gas at the sproduction of a-Si:H based devices. For more on this topic see
face and grain boundaries changes the conductivity. ZnO W& sections by section 2 and section 5 in this roadmap.
adopted because it was inexpensive and gave a competitivdhe use of ZnO as a UV photodetector has received much
sensitivity combined with high mechanical/chemical stabittention of late, because the bandgap can be tuned from the
ity and low toxicity. Furthermore, a new generation of condVA into the UVC by alloying with Mg while maintaining
pact, low-power nanostructured ZnO gas sensors is curretily wurtzite phase, gur® illustrates the alloying poten-
emerging [110]. Thanks to a very large surface-to-voluntial for bandgap engineering of ZnO in contrast with that for
ratio such devices have shown the capability of sub-parts-g@aN [109].
million (ppm) sensitivity for a number of molecules, includ- Current state-of-the art (Mg)ZnO PD are usually based on
ing C;HsOH, CO, B, H,0, HS, NH;, NH4, NO, and Q. metal semiconductometal (MSM) architectures. An MSM-PD
Waurtzite ZnO also offers a polar crystal structure witts made by forming two inter-digited transducer Schottky elec-
amongst the highest piezo-reponses of any semicondudtades on n-type (Mg)ZnO. Such PD exhibit sharp visible wave-
Furthermore, sputtered ZnO Ims show better quality ardngth cut-off, low dark currents, high speed operation, linear
adherence to a-SiBi than alternative materials with largesignal response with optical power and extremely low parasitic
piezo-responses. This capacity for monolithic integration witlapacitance/noise. These characteristics make them attrac-
silicon-based electronic circuitry, along with an amenability tive for sensing and imaging applications (e.g. aerospace,
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Figure 8. The relationship between Eg and lattice constant is shown for alloys of wurzite (Al,In)GaN and (Mg,Cd)ZnO. Although UV
bandgap engineering of ZnO is typically achieved by such alloying with Mg, deeper UV performance (up\® ¢@rbbe achieved by
alloying with BeO. There are toxicity and handling issues in this case, however.
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Figure 9. The number of annual publications versus year, according to a search of the Scopus database for the term zinc oxide in the
abstract, title, or keywords.

automotive, military, petroleum, ame detection and astromadiation/frequency) electronics, nanoelectronics, electron
omy). The main challenges are to compete with alternats@ntillators, piezotronics, piezogenerators, thermoelectrics,
solid state UV PD based on SiC (already available) and (Aje sensitized solar cells, photoelectrochemical hydrogen gen-
GaN (emerging). However, the insertion of high pass lters &ation, actuators, plasmonics, phononics, spintronics and solar
necessary with SiC (bandgap engineering is not possible) aatl light/current management. Also of note is that a recent
(Al)GaN detectors are dif cult/expensive to fabricate. Thomson-Reuters study, recorded more publications dedi-
ZnO is also emerging for biosensing (piezoelectricated to nanostructured ZnO than to carbon nanotubes. This
electrochemical, optical or eld effect transistor basedas attributed to the multifunctional nature of ZnO, the ease
transduction) [111]. Good electrical conductivity, chemif fabricating nanostructures by various techniques (including
cal stability, a biomimetic nature, the potential for-sumwide-area, low cost chemical growth) and the extremely large
face functionalisation and a high isoelectric point (whictamily of nanostructure shapes that can be obtained.
facilitates immobilization of biomolecules) make ZnO
an attractive biosensor matrix. Due to their small dimeRAevances in science and technology to meet challenges. A
sions, increased sensing surface and strong binding profendamental outstanding challenge for ZnO-based electronics
ties nanostructures offer faster responses and can achiswbe achievement of ef cient p n junction devices. Indeed,
single-molecule detection. Ongoing trials should pave tEaO is considered as a potentially superior UV emitter to
way to commercialisation of implantable, miniature pointsaN (currently the commercially predominant opto-semicon-
of-care biosensors compatible with CMOS/MEMS teclductor) because of the higher stability of the ZnO free exciton,
nology for wireless telemedicine. which has a binding energy of 60 meV (compared to 21 meV
With almost 8000 publications on ZnO in 2015 (sefer GaN) (see section by J Zuniga-Perez in this roadmap). It
gure 9) it is impossible to examine all the potential futurbas proven dif cult, however, to incorporate and activate suf-
applications in this section. Some promising emerging topicgent acceptor concentrations. Moreover, background donors
are memristors, waveguides, extreme (high temperature/ eldhd to compensate the acceptors because native defects (O
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vacancies and Zn interstitials) in combination with commaof the conduction band to higher energy acting to reduce the
background impurities (such as H, Al and Ga) act as shallbackground donor concentration and the Zn vacancy (accep-
donors in ZnO. Recently, many groups have reported signior) concentration increasing with Mg content. For more on
cant progress in the development of p-type ZnO [112] allowxide p n junction devices see the section by M Grundmann
ing the demonstration of light-emitting p n junctions [113]in this roadmap.

The main acceptor dopants adopted are the Group V elements

N, P, As, Sb plus the Group la elements Li, Na, K and tE%ncIuding remarks

Group Ib elements Ag, Cu, Au. There are various competing

theories as to how the dopants act but experimental restiilte broad range of existing and emerging applications
generally show mobilities, conductivities and overall deviaescribed above testi es to the combination of multifunction-
ef ciencies that are relatively disappointing. The recent devallity, commercial relevance and manufacturability offered by
opment of high quality native substrates and the adoptionZofO. If the efforts towards p-type ZnO continue to advance,
higher purity sources have helped to suppress defect demsi-can expect to see this extend to bipolar and complemen-
ties and non-intentional impurity doping respectively artdry (n- and p-type) devices as the basis for brighter and more
thus reduce donor compensation. Another emerging factorabust excitonic-based UV emitters (with lower lasing thresh-
that Mg alloying could facilitate the task of p-type dopinglds), ultra-sensitive UV photodetectors and fully-integrated
The two main reasons put forward for this are the shiftingansparent electronics.
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7. All-oxide photovoltaics

Kevin J Rietwyk and Arie Zaban

Department of Chemistry, Center for Nanotechnology &
Advanced Materials, Bar llan University, Ramat Gan 52900,
Israel

Status. All-oxide photovoltaics is a promising family of low
cost thin Im solar cells. With so many metals being abun-
dant and the ability to grow stable, thin Im oxides in low
vacuum and ambient environments, metal-oxide based solar
cells enjoy low fabrications and raw material costs. In addi-
tion, metal-oxides typically possess the high chemical stabil-
ity and low toxicity desired for photovoltaic devices. Due to
the various functional properties of metal-oxide compounds, a
range of architectures are possible for all-oxide photovoltaics ) ] ) ]
based on conventional photovoltaic, bulk photovoltaic, ferrpi9ure 10- Schematic band diagrams of all-oxide photovoltaic
. . .. cells. (a) Conventional ZnO|@D heterojunction. (b) Single

electric domain walls, plasmon-enhanced hot-electron injggyer Bi,FeCrq bulk-photovoltaic cell before (left) and after
tion, nanocomposite materials and even thermoelectricity. Tiight) poling with 10/ showing polarisation induced change in
energy diagrams for some of these cells are given in §Qre the energetics. (c) Lateral BiFg€ell showing four ferroelectric

The conventional photovoltaic effect is by far most conflomains and dqmain walls (actual cells are typically cpmprised of
rwndreds). d) Tig)Ag plasmon-enhanced hot-electron injection cell

mon, in which, a gradient in the electrochemical potential i'n which hot electrons from optically excited plasmons in the Ag are

the absorbing semiconducting layer is used to separate optic@li¥sported through Tito an FTO layer, before cooling.
excited electron-hole pair which are collected at different elec-

trodes. The performance of these devices is enhanced by utiIisA
ing selective contacts to promote limit the transport of carri
species to select electrodes. The highest ef ciency achieved

this group of all-oxide solar cells is 5.38% and are based o 8 of ciency is dependent upon the temperature differ
CLeOIZnO (pn) heterojunction with a g buffer layer [114]. ence across the generator, oxides are an excellent candidate

For solgr cells based. on the bulk photovolta_uc effect, ap oup commonly exhibiting high-temperature (~100Q)
tovoltage is generated in non-centrosymmetric (ferroelectr bility in air while enjoying reasonable thermoelectric prop-

crystals due to a polarization induced electric eld (demla%'rties. Terasakét al [118] have reported 1.4% ef ciency for
;51|Ieliminary BiSrCoO/CaYbMnO uni-couple devices.

n interesting hybrid technology is solar thermoelectric
enerators (STEG) in which concentrated solar radiation is
8Ed as the heat source for a thermoelectric generator. Since

Nature Photonics paper by Nechatal [115] an ef ciency
of 3.3% for single absorber layer and 8.1% for multi-layerezlirrent and future challenges. In order for all-oxide photo-
solar cell was attained, greatly surpassing the previous recastiaics to break through into commercial markets, it is neces-
for single layered cells of only 1.25% whilst demonstratingary to raise the ef ciency of the devices. Metal-oxides are
the feasibility of this design. an essential building block in modern thin Im technology
In an alternate, lateral design that also exploits ferroelectriciyyd have proven effective in their role in many photovolta-
a series of thin layers of a ferroelectric material are grown witts and electronic devices as transparent conductors (FTO,
regularly spaced conductive, ferroelectric domain walls. EadrO, AZO), carrier selective contacts (BQn0O, \,0s, NiO,
domain acts like a small cell and the walls produce an eleciit©3;, MoQOs), and ultra-thin buffers layers (£D;, Ga0s3)
eld in the adjacent domains that separate the charge carrigt49]. The chief shortcoming in all-oxide photovoltaics is a
While each domain produces a photovoltage only in the ortierk of metal-oxides with a suitable suite of properties te per
of 10 mV, the domains are linked in series and with hundreddafm as ideal light absorbing layers [120].
domains large voltages in excess o/ an be produced [116]. To achieve high performing solar cells it is important
Plasmon-enhanced hot-electron injection based solar cellsfarethe absorber layer to possess a range of optical and
rapidly gaining popularity. The operation depends on opticalyectronic properties with the most quintessential prop-
excited carrier plasmons which decay into hot electron-h@gy being the band gap. Only photons with energy greater
pairs. These carriers then separate at the metal/semiconthen the band gap can be absorbed and contribute to the
tor interface and are collected before cooling. The energypdfotocurrent. For traditional devices, there is an additional
the plasmon is tuned using nanostructures to within the visiblelancing with the energy of photons that provide the pho-
light region to ensure optimal current. Barad efldl7] recently tovoltage, limiting the ideal band gap to 1634for a single
developed a method to grow very low cost plasmonic solar c@liaction solar cell [121]. For other designs, it is essential
via the deposition of thin Ims of silver onto a sprayed pyrolysihat the absorbing material possess other key properties
deposited Ti@layers in which the high surface roughness of tleeich ferroelectrical behaviour or carrier plasmons with
TiO, is exploited to form the silver nanostructures. appropriate energies.
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Figure 11. Combinatorial development cycle for all-oxide PV.

Once optically excited, for carriers to be collected, the The search for new materials can be undertaken using
absorber layer must also possess excellent transport propemputational materials engineering and/or experimental
ties including high carrier mobilities and a low concentratiacombinatorial material science. Both methods involve high
of trap states and recombination centres. In addition to theoughput examination of unknown materials and utilise
internal electric eld, these qualities determine the distantaols to generate knowledge from the acquired information,
carriers can propagate before recombining and as a rulevafich is stored in readily accessible databases along with rel-
thumb the minority carrier diffusion length should be greatevant metadata to enable rapid analysis. The combinatorial
than the optical absorption depth. material cycle is summarised in guféd. For the rest of this

Finally, the collection of the carriers from the absorbeection we will focus on the experimental efforts, for reasons
layer is determined by the interfaces with adjacent layers. Bdbrevity.
optimal performance, there should be minimal defects at theCompared to their computational counter-parts, there
interfaces and appropriate energy level alignment to ensare fewer high-throughput experimental efforts due to the
transfer of a single carrier species at each interface. large overhead required to establish the experimental instru-

mentation. To perform studies, metal-oxide compounds are
Advances in science and technology to meetchallenges.  While  grown on large substrates (on the order otrif) using
the physical properties of most binary metal-oxides have begndepositions of different oxides to produce Ims with spa-
extensively investigated, only a fraction of all the possible teially varied chemical composition. The resulting layer is
nary and even fewer quaternary metal-oxides have been studiedracterised using a series of automated scanning robots
The number of possible chemical compositions and structutzdt perform local area measurements sequentially in an
phases increases exponentially with the quantity of elememtsay of positions across the sample. The selection of suit-
involved, and the combination of both de ne their set of physicable analytical techniques is diverse and includes any non-
properties. Therefore, it stands to reason that countless melabtructive, scanning measurement. The results of each
oxide compounds with the ideal set of properties for photoveechnique can then be related to each other to identify rela-
taic applications exist and have yet to be found. Unfortunatelgnships between composition and the various physical
for complex compounds it is exceedingly dif cult to predict th@roperties. The experimental approach enjoys the capabil-
properties of oxides using empirical methods, so it is necessanof only producing realistic material structures and can be
to perform a large scale search for suitable materials and #isployed on a wide range of specimens from single material
requires a high-throughput methodology [122]. layers up to complete devices.
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Experimental efforts would bene t greatly from the devel€oncluding remarks. Although ef ciencies are currently
opment and implementation of big data and machine learnlog, the ability to develop all-oxide photovoltaics from low-
tools. Machine learning algorithms can rapidly enhance datsst raw materials and fabrication methods makes them a
treatment rates by providing automated background subtregalistic option for cheap solar cells. Improvement in device
tion and deconvolution of spectral data to identify onsets aperformance, comparable to contemporary commercial solar
peak locations, width, areas and so on [123]. This informatioells, is expected to be achieved via high-throughput invest-
can be used as metrics for clustering algorithms or dataminiggtions into new metal-oxide compounds. However, given
activities that enable high dimensional data analysis to identifye wide range of possible architectures and designs available
complex trends, such as quantitative-structure-activity reta-this versatile family of materials, the exact form that future
tionship and process-structure-physical property relationshilb-oxide photovoltaics will adopt is both unpredictable and
analyses [124]. very exciting.
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8. Perovskite-type materials for energy converters

Angelika Veziridis and Anke Weidenkaff

Materials Chemistry, Institute for Materials Science, University
of Stuttgart, DE-70569 Stuttgart, Germany
E-mail: weidenkaff@imw.uni-stuttgart.de

Status. Perovskites are a unique class of compounds due

to their wide-ranging electronic, chemical and mechanical

properties. Their composition can be varied on a large scale

(subject to the Goldschmidt tolerance factor) without sub-

stantial change of the crystal structure. This exibility allows

the incorporation of a vast range of elements modifying the

attractive physical and chemical properties. Thus, substitution

materials free of critical elements can be created, which is a

prerequisite for device application. They have a particulaygure 12. Ideal cubic perovskite crystal structure: the B cation

huge potential for many energy conversion processes duébtown) is octahedrally coordinated with six X anions (lilac)

their insulating, p- or n-type semiconducting, metallic or evéprming an in nite array of corner-sharing BXctahedra, The A

superconducting transport properties. Ferroelectric, pielem (dark blue) is located in the center of eight octahedra.

electric, catalytic or thermoelectric materials are also known

in this family [125]. charge carrier concentration and mobility by appropriate A-
Major challenges such as global warming and the nitnd B-site substitution and de ciency, respectively. In addi-

nature of fossil fuels can only be met by the developmenttiain, a well-de ned defect chemistry induced by the synthesis

renewable resources and new energy conversion and stonditions also ensures effective phonon scattering reducing

age technologies. For this purpose, nothing short of tempée counterproductive thermal conductivity. In a comparative

ature- and oxidation-resistant, non-toxic compounds basedstundy of different A-site-substituted Sr@ompounds a max-

abundant, noncritical and inexpensive elements are requiiesim high-temperature ZT value of 0.42 was measured [127].

Perovskite-type transition metal oxides (gure 12) do meet Moreover, nano-structuring using well-established and scala-

these conditions and are already widely used for energy eontse soft-chemistry synthesis techniques combined with stepwise

sion processes. Applications include but are not limited te thsintering further improves the TE-properties of perovskite-type

moelectrics, photovoltaics, photoelectrocatalysis and fuel cetigides. This was revealed by B-site substituted CajVimOm-

pounds resulting in peak ZT value$.2 at 116K [128].

Current and future challenges. Thermoelectricity (TE) is Photovoltaics (PV) is probably one of the most wide-

the direct conversion of thermal energy into electricity arsbread sustainable energy conversion technologies. The ef -

vice versa. Therefore, TE is a versatile technology to improsiency depends on the ability of the PV material to absorb

many technical and industrial processes, which for thernsmlar light, to separate electron and hole pairs, and to transport

dynamic reasons discharge heat (e.g. fuel cells ( gure 13(H#)& carriers, which makes demands on the band gap, a built-in

[126]). The challenges regarding the widespread implemengéectric eld and the carrier diffusion length.

tion of this technology lie in the high cost and low ef ciency In recent years, the class of intrinsic semiconductors has

of TE systems. The TE conversion ef ciency increases wibecome an alternative to conventional PV materials. Their

increasing temperature gradients across the material duentst important advantages is that the thickness of the active

higher Carnot ef ciencies. But the currently best-performingnaterials can be reduced lowering the internal resistance of

TE materials (Bi- and Pb-containing chalcogenides) lack sthe cells. In a minimum of time, solar cells based on hybride

bility at higher temperatures due to decomposition, vaporizelide perovskites have made very rapid progress.

tion and melting. Meanwhile, the search for suitable, more stable inorganic
The interest in perovskite-type oxides derives from thederovskite oxides continued, mainly because of their com-

temperature stability, their correlated electronic structurparatively higher robustness to moisture. The multiferroic

enabling additional band structure tuning, the cost-effectiB&éeO; (BFO) is the most intensely studied compound for this

and non-toxic constituents. Particularly manganese and tparpose due to its solar light-suited band gap and the internal

nium oxides are considered promising n-type materials whikectric eld. But in contrast to their hybrid counterparts, the

cobalt oxides have been identi ed as suitable p-type materiedswersion ef ciency of BFO-based both single-layer devices

with a reasonably high TE performance to build all oxide-thexnd heterojunctions currently remains below 10% [129]. The

moelectric converters ( gurg#3(b)). This is due to both a suit-multifunctional behavior of BFO is due to a slight strain in the

able crystal and electronic structure enabling adjustmentstfucture. In order to improve and model the material, a better

TE-relevant transport properties. understanding of how external and internal stimuli affect the
Using the example of SrTithe possibility of T4 Ti®  properties such as carrier concentration and recombination is

transition metal reduction provides the basis for increasing tieguired in the rst place.
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Figure 13. (&) Hexis SOFC cell stack and (b) thermoelectric oxide modules (TOM) made of perovskite-type oxides.

The economic advantage of perovskite oxide-based R/Fe improves the electric conductivity and catalytic ef -
modules might be their simpler processing and absencecieincy at lower temperatures. But cation segregation at ele-
environmentally hazardous heavy metals. Instead of chedted temperatures under electrochemical polarization can
lenging well-established products, a cooperative approactconsiderably impair the cathodic performance. Additional
terms of tandem cells appears more promising [130]. long-term surface poisoning by impurities (e.g. Cr evaporat-

Direct conversion of solar into chemical energy is accormg from steel interconnects) might lead to degradation [133].
plished by means of photoelectrocatalysis. This is particularly Perovskites have also been explored as solid-state elec-
interesting for the production of hydrogen as storage meditmolytes with high oxygen conductivities and low exchange
in a sustainable energy management system. But up to mesistance. Unfortunately, the studied LaG&@sedmat-
there are no materials or device setups offering suf cient eferials form secondary phases with the used cathode materials,
ciency and stability for direct solar water splitting. as high oxygen mobility is inevitably associated with weaker

Perovskites based on the abundant element titanium bands and hence lower stability. Accordingly, they are also
be an alternative. They are a natural choice to replace psisnsitive to the reducing conditions at the anode leading to
tine or doped Ti@ allowing for band gap tuning by anionicdecomposition or unwanted electron conduction. These side
along with simultaneous cationic composition modi catioreffects might be controlled by using composites of perovskites
Partial anionic substitution of oxygen for nitrogen leads to tad the conventional electrolyte yttrium-stabilized zirconia
formation of oxynitride perovskites, a group of compound¥ SZ). In addition, this approach also reduced grain boundary
with interesting physicochemical properties attributed to thesistance and increased the ionic conductivity [134].
resulting changes in the electronic band- and defect structureSeveral Mo-containing double-perovskite phases have
[131]. Synergetic effects with ferroelectric or piezoelectriceen proposed as anode material in the low temperature range.
properties might be an asset. The challenges are similar to those of the cathode materials:

The water splitting process involves separation of chargaability at reducing conditions, electrolyte compatibility and
and their fast transport to the device surface. Therefore, fpeci ¢ resistance.
absence of anionic vacancies is crucial because they act aBerovskites have also been suggested as interconnect mat-
recombination centers. Two basic concepts are used to awidls needed for stack formation. LaG#@ased compounds
an additional formation of vacancies inside the perovskiee particularly promising owing to their sintering properties,
crystal structure due to charge neutrality: Partial substitutielectronic conductivity and mechanical strength.
of trivalent (e.g. L& ) and ve/six-valent (e.g. Ta, Ma® )
cations for the A- and B-site cations, respectively, or partiaiivances in science and technology to meet challenges. The
substitution of equal amounts of nitrogen and uorine for oxgharacteristics of perovskite-type compounds depend on
gen [132]. their electronic structure. For the design of material proper

Another challenging task is the further processing of syties geared to a de ned application, the 3 D strategy has
thesized phases to a photoelectrochemical device with lasfingven the treatment of choice: Density of states (electronic
high performance. Especially, the preparation of dense bblnd structure), Defects (traps, in-gap states) and Dynamics
samples to ensure a high mobility of generated charge carr{eegalysis, regeneration).
is suffering from limited thermal stability of the oxynitrides. = The density of states (DOS) is a function of the crystal lat-

The advantages of solid oxide fuel cells (SOFC) convertitige, spin states, dimensionality of the crystallites (quantum
chemical into electrical energy are their high ef ciency ancbn nement) and correlation effects. It determines the chemi-
fuel exibility. In recent years, considerable efforts have bearal potential (Fermi energy,sEas well as the band gap and
made to lower the operating temperature for cost and stabithys the transport properties of the material. Defects exist in
reasons. This virtually requires the development of a whaeery solid and govern the so-called Realstruktur with the
new set of tailor-made materials with adequate reactive aralalytic sites. They can dramatically modify the electronic
regenerative properties in a broader temperature range. properties as they add states to the band gap. This out-of-

Perovskite-type La/Sr/Mn oxides are already the masguilibrium situation is the fundamental driving force for all
commonly used SOFC cathode material. Replacing Mn femergy conversion and catalytic processes. Eventually, the
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dynamics of catalytic and energy conversion processes play @n view of a target-oriented approach, this plethora of pos-
vital role for the performance of materials. sible combinations demands theoretical models to predict
Control of the material properties by means of the elemahe material properties under operating conditions. In order
tal composition presupposes the precise knowledge of tbheminimize the risk of degradation in harsh environments,
above-mentioned correlations. Additionally, also the synthappropriate measures such as coatings, (nano-)composites or
sis method has a marked in uence on the properties througiodi ed microstructures have to be taken to ensure a reason-
for instance, density, surface area and microstructure of #ide service life. Therefore, a better knowledge of the mech-
compound. Only the appropriate consideration of all thearisms involved in surface and transport reactions (along
aspects allows development of improved and competitiméth improved operando characterization and modelling tech-
oxide materials. nigues) is the essential precondition to design materials with
better performance and stability for sustainable energy con-
Concluding remarks. Better energy conversion processegerters of the future.
require materials with desired properties tailored to the respec-The exibility of perovskite-type oxides facilitates to com-
tive application. The versatile perovskite structure ABXa ply apart from conversion efciency with additional very
suitable basis for this purpose. Its remarkable stability picaportant constraints such as abundance, toxicity and environ-
vides the opportunity to use most elements of the periodiental benignity. In the end, they have to be cost competitive
table as well as organic ions on the A-, B- and X-sites. with conventional technologies.
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9. Superconductivity in oxides: from processing to Current and future challenges. The electromagnetic perfor

applications mance of LREBgCwOy has reached the level required for
industrial applications and bulk superconducting magnets will

Miryala Muralidhar and Masato Murakami be able in a close future to enter the market as basic parts of

. various utilities. While at moderate magnetic elds nanoscopic
Superconductivity Research Laboratory, Graduate School 01[ 9 P

Science and Engineering, Shibaura Institute of Technolo Otlr?et.\-rhlzer d:fseeitsﬁ(;?: ant;rarllspé)rtgrrlitcrl(élseﬁélg\;fven;t?\?enilguilgjss_
3-7-8 Toyosu, Koto-ku, Tokyo 135 8548, Japan g yP P :

ful re nement of the secondary phase particles up to nanometer

Stat High temperature copper-oxide su erconductolrevel (‘gure 14, middle left) results in a considerable increase
aws. Hg P PP P super-current density. The (Nd,Eu,Gd)BeOy NEG-

(HTS, cuprates) possess signi cant potential for various hig 53 samples exhibit not only the higheseder reported for
eld applications due to their high superconducting transitior?

temperature (J and upper critical eld (&) values. However ulk samples but also enable (for the rst time) levitation at
C . T . .
the giant relaxation causes that the above limit of applicabillﬂlUIOI oxygen temperature (90 (gure 14, right) [139],

S . L other milestone in the LRE-123 materials performance
of HTS materials is reduced from:Bo By, the irreversibility was reached by doping the melt-textureddbﬁmiﬁdo )

eld. Due to rather strong anisotropy of cuprates, their irre; CwO, 35 mol% Gd;BaCuG (70nm in size) compos-

versibility eld is angularly dependent and reaches the Iowelt%e by tiny amounts of nanometer-sized Ma® Nb,Os par

value just for magnetic eld parallel to the c-axis, the con gu- . .
: . . e ticles. The doping led to a spontaneous formation of clouds
ration particularly important for many applications. The relax-

ation and thus also;Bvalue are controlled by the operatin of extremely small ( 10 nm) (Nd,Eu,GdBaCuxQ@ particles,

temperature and by effectiveness of pinning at this temper Mo, Nb (gure 15, left). As a result, the self- eld super-

: urrent at 7K was, respectively, two- and three-fold higher
ature. Anyway, cuprates can trap magnetic elds by an orcfﬁgm before, ( gure 15, middle left) [140].

of magnitude higher than the best classical hard magnets ang‘ correlated pinning disorder originating from chemi-

are therefore promising as permanept magnets.. In this rc.)('gjlacd'composition variation in (Nd,Eu,Gd)E2u:0, led to an
map, recent development in processing, production, ux PR hancement of ux pinning at high tic elds. It .
n p g at high magnetic elds. It mani

hing and applications of cuprates is presented and discuss ested itself as a lamellar structure composed of clusters of

In the po_I;_/crystalllne form th_e hlgthnaterlaI_s can carmy 5 normal and NEG/Ba-rich material in the NEG-123 matrix
only low critical current densities, due to grain boundaru;sg
e -

: . ure 15, middle right). The high magni cation TEM and
(weak links) and crystal anisotropy. The numerous attem . .
) i g . M showed that the nano-twins are in fact planes composed
to improve the critical current density have resulted in dev . S . . .
. . . of aligned clusters of 3 Am in size, aligned with and lling
opment of a variety of processing techniques among whi . . hal
. . nnels between regular twin boundaries. Such a new pinning
the most successful one is the top seeded melt-texturing [1 o .
ructure led to a signi cant improvement of Rip to 15 T

. i S
143]. Inthls process, the super_conductlng phase (EEB.@X’ at 77K and H//c-axis [141]142], which is the highest irre-
RE yttrium or a rare earth) is formed by a peritectic reac- ., .. .
: : - Versibility eld reported so far for highcIsuperconductors at
tion of RE;BaCuG; (211) with the liquid phase (BaCy@nd . . .
. 77 K (gure 15, right). The most challenging task is to transfer
CuO). The growth process of the superconducting phase st&lr.ts . . .
) . is technology to the second generation of magnetically levi-
from a suitable seed crystal and is accelerated by means of ne : . .
; . S ) tated vehicles (MAGLEVs), where operation cost reduction
homogeneously dispersed 2 phase in the liquid phase; rests_ | . : L
L o Is highly demanded. For this purpose, it is necessary to push
of the not reacted 21 phase serve as pinning precipitates d'ﬁﬁ o . :
) ; ) technology further by fabricating good-quality large-size
persed in the superconducting phase. Especially the mategg‘i’lﬁ1 les via batch production
with light rare earths, LREB&wO, (LRE: Nd, Sm, Gd, P P ’
NEG etc), produced by means of the oxygen controlled melt
growth technique show rather high irreversibility eld (5 Advances in science and technology to meet the chal-
T, H//c-axis) and critical current density;(bf the order of lenges. Recent success in batch production of melt-textured
1P A cm? at 77K [136]. Moreover, due to tendency of LRELREB&CwOy superconductors has indicated the way to
ions to exchange positions with Ba in the crystallographic labst reduction in production of these materials. For a suc-
tice, a special point-like disorder is formed in the LRE-12%ssful application of the bulk cuprate superconducting
materials that contributes to formation of the peak effect satper-magnets the mechanical strength is also an important
moderate magnetic elds [137]. The beauty of melt texturéssue. The mechanical performance of the ceramic material
LRE-123 materials is that a superconducting pellet can h@s been improved by silver addition and by epoxy reign
magnetized to a high external magnetic eld, and then, a laiggregnation. As a result, these bulk magnets can survive at
part of the eld is trapped in the pellet upon removing thew temperatures and even a very high Lorenz force. During
external eld. The eld trapping capability of melt-texturedcrystallographic transformation from non-superconducting
materials depends on the critical current density and the singlieagonal to the superconducting orthorhombic phase, a num-
grain size [138] ( gure 14, left). Thus, an improvement of thieer of micro-cracks is formed in the lattice, especially in the
critical currents, in particular at high magnetic elds and &a,b)-plane direction. When the superconductor traps a high
high temperatures above LMre crucial for the successfulmagnetic eld, a large electromagnetic force acts on the mat-

introduction of these new magnets to the market. erial. As the cracks are the weakest spots of the lattice, there
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Figure 14. A photo graph of batch processed as grown single grain Gd-123 samples prepared by the top seeded met growth process (left)
nanometer sized Gd-211 secondary phase dispersion in NEG-123 matrix (left middle); permanent Fe-Nd-B magnet stably levitating over a

NEG-123 material at 90K (right middle); a magnetized NEG-123 pellet suspended below another NEG-123 permanent magnet (right).
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Figure 15. TEM image of the NEG-123 sample with 35 mol% Gd-211 and 0.1 mol3®@Nkeft); the critical current density performance
for the same material around R 7H//c-axis (left, middle); STM image and critical current density forg(d8up 386Gy 29 BapCuzOy with
5 mol% of 211 (right middle and right).

is the highest probability that just at the cracks the mate@ahew path for variety of industrial applications like MRI,
will break. Epoxy resin can penetrate the cracks in the bNIMR, drug-delivery systems in medical applications, water
superconductor so as the new class of superconducting sugeaning, space, railway, and naval transport systems, UPS
magnets is able to trap magnetic elds as high as 17 Tkt 29ystems etc.
(about 1.5 T at 7K) without damage [144]. Taking advantage
of the new technology, a compact, lightweight, and mobincluding remarks. Nano-structured LRE-123 supercon-
permanent high-Tmagnet system was designed using tltRicting super-magnets are suitable for industrial super-mag-
Gd-123rings. net applications, capable of making rather dramatic changes
Another important application is in medicine; it is magnn daily life. The technology opens the way for more practical,
etic drug delivery system (MDDS) constructed and testedonomical and reliable production, if we can nd ways of
on rats and pigs with encouraging results. The drug delivérgw to control the matrix chemical ratio and/or the size and
can be controlled by the superconducting magnetic forcedistribution of the initially added nano-meter size particles in
the body and as a result, a high concentration of the drughis nal compound. The high critical current density and irre-
delivered to a targeted diseased tissue. In this way the dvegsibility eld at around liquid nitrogen temperature indicate
toxicity to the normal tissue can be signi cantly reducedhat the nano-structured LRE-123 are the right materials for
The drugs delivery to the tissues located deep inside the bty next generation of superconducting super-magnets of top
requires very strong small-size magnets. Only the supercquoality.
ducting ones can ful | such a task. The industrial production
of oxide superconductors already occurs, together with thaeknowledgment. The paper was supported by Grant-in-Aid
rst industrial applications. We believe that nano-structurgeD research budget code: 112261, Shibaura Institute of Tech-
cuprate superconducting super-magnets are able to opelogy (SIT).
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10. Silicon photonics enhanced with functional thin Ims with the required structural and optical proper

oxides: new opportunities ties is therefore a challenging task, and an intense research
is focusing on controlling intrinsic materials features.,VO

S Abel and J Fompeyrine can for example be grown within a wide oxidation range, and

N . . its thermo-optical properties are dominated by the oxidation
IBM Research GmbH, Sdumerstrasse 4, CH-8803 Riischlikg b brop . y
: State, as well as by the dopants [147]. With the advent of new
Switzerland . . o : .

generic techniques to grow epitaxial perovskites on silicon,

Status. Photonics is the backbone for high-speed intern@gh quality BaTiQ Ims can be grown on silicon ar_ld e_xh|b|t ,
.~ a.strong Pockels effect [148]. In this case the epitaxial strain
across the world. In recent years, the need for bandwidth_in . S .
a§ a strong impact on the direction of the ferroelectric polar

servers drove the development towards a tighter mtegratlonI Z(% ion, and the optical device design must take into account

electro-optical systems. Silicon photonics is becoming the le . . . .
. i ) . e microstructure [149]. For the integration of functional
ing baseline technology for integrated optics, as CMOS was fQFf R .

oxides with silicon photonics, two methods are explored, each

integrated microelectronics. The key advantages of silicon pho- .~ . : . : .
. " P having its speci c challenges. First, direct growth on silicon
tonics are low fabrication costs and reduced circtotstprint, . o
. T n rst be employed, using standard deposition methods.
enabled by the large contrast in refractive index betweep S

and Si. Alike CMOS. one can envision new materials as criti sfsides the structural characteristics described previously, the
' ’ “fhs must also result in very low optical propagation losses

add-ons to the future of silicon photonics. Such materials wi . . :
) : . ¥v en processed in waveguides. Recent reports have pointed
either enhance device performances, or enable functionalitie . . . o
SRR .. out that propagation losses in Ba%i@rown on silicon can
that do not exist in silicon. For long range data communicatign : .
. . € substantially reduced [150], with values of a few dB/cm
LiINbO3 modulators are the standard technology, albeit pro-

. . .Wwithin reach. Direct wafer bonding is however another prom-
vided as discrete components. They demonstrate that functlonarf g P

. : o . .(|j5|ng approach, as it enables to optimize the oxide layer inde-
oxide materials are already today crucial in photonics. Besides . . : . : .
eéndently from integration aspects including for its optical

numerous properties that are appealing for real-world appli S5ses. This method has been successfully used to integrate
tions in the electrical domain, many oxides have also interesth T " . o

. L . T iIRbO3 thin Ims onto silicon photonics circuits [151], as
optical characteristics. Their refractive indices can be altered . X

: ; . . well as for magneto-optical devices based on garnets [152].
by applying an electric, magnetic, thermal or mechanical strain
eld, as summarized in guré6. This gure illustrates also that . .

. o . . . . Advances in science and technology to meet chal-
modulation, switching or optical isolation are essential fun|c— : L . .
. L : énges. Once integrated in silicon, devices can be fabri-
tions when transceiving data between or on chip. In the follow- . . L .

ted that exploit the oxide properties in silicon photonics

ing sections we present a short review of the state of the art QUices. In the recent years, the potential of this approach has

silicon photonics enhanced by functional oxides I’]i(“:]h”(-:]hti'peen demonstrated in various device types, as illustrated in

that op.tlca_l plropertles n o>§|des can be mapped to speci Cfun&ﬂre 17. The phase transition of ¥as been utilized in
tionalities in integrated optics.

ultra-compact optical switches such as ring resonators with a
diameter of 3 m [153]. Broadband absorption switches have
Current and future challenges. As of today, most of the been demonstrated as well for 0.5 m length, using the varia-
challenges are related to the growth of materials with thien of the complex part of the refractive index inGuch
appropriate optical properties, and to the methods requiN@,/Si hybrid photonic devices are typically designed as stan-
to integrate such materials with the silicon photonics baskard silicon photonic structures that are locally covered with
line technology. For most of the properties highlighted & thin VG, layer. The interaction length is then restricted to a
gure 16, the relevant optical characteristics are often tightlpw m, so that the insertion losses of the devices remain low,
related to structural features. The Pockels effect descrileeg. 2 dB. Recently, the demonstration of an electrically
for example the change of refractive index n for a materiahduced metal-to-insulator transition has been reported [154],
upon application of an electric eld E n(E) r E. The opening the path to fully integrated electro-optical switches
Pockels coef cient r vanishes for centro-symmetric crystalsising VQ. Switching and modulation in active BaEi@evices

and this effect is therefore only non-zero in materials wholsas been also recently reported. Passive and active ring reso-
crystalline structure is non-centrosymmetric, such as LiNb®@ators and Mach Zehnder modulators with a bandwidth of up
or BaTiGs. Giant thermo-optic effects are also present o 5 GHz and 0.8 GHz, respectively, have been demonstrated
oxides that exhibit metal to insulator transition as a functigh55, 156]. Remarkably, the corresponding effective Pockels
of temperature. A large change in the real and imaginary pawef cient in the BaTiQ layer is almost an order of magni-

of the refractive index can be observed when the transitioriide higher than in LiNb@modulators. Besides applications
crossed, such as in ¥(QL45]. The transition is here directlyfor high-speed switches, optical devices might also exploit the
correlated to a structural transition to a rutile phase, and ¢atkels effect in very ef cient, low-speed tuning elements
also be strongly impacted by lattice distortions [146], henagnich are necessary in highly scaled, resonant silicon photonic
by the mechanical strain eld in the Ims. Finally, magnetoeircuits. In [155] the resonance of a BaTikased race track
optic effects can be exploited in materials with a strong Verdesonator could for example be tuned with only 4 W hm
constant, provided the crystal structure does not favor mix®@de of the current challenges in this eld is to disentangle the
valences that could translate in high optical losses. Growicontribution of physical effects intermixed with the Pockels
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Figure 16. (Left) Optical properties present in functional oxides that can potentially be exploited in the (upper right) optical data
transmission chain implemented in (lower right) integrated photonics.

Figure 17. Summary of device demonstration for (a) BagFliased low-power tuning device, (b) Ba%ibased high speed modulator
(adapted from [156] with permission of OSA, The Optical Societyy-M&ed electro-optic switch (adapted from [154] with permission of
OSA, The Optical Society), YIG-based optical isolator (adapted from [152] with permission of NPG).

effect, which is necessary to ultimately boost the bandwidthiofroduction of oxide-based materials enable functionalities
the devices to 40 GHz and higher. Finally, integrated devidbat are complex to implement in silicon only.

exploiting non-reciprocal light transmission have been also

demonstrated [152]. Direct growth as well as wafer bondi@gncluding remarks. Together with the advent of integrated
on silicon waveguides have been achieved, mainly using gdlicon photonics, the need to expand CMOS technology
nets based on yttrium and iron. Although the gure of meiiteyond its limit helped new deposition and integration tech-
are moderate and quite strongly impacted by high propagatioques to emerge. This is in particular true for the science and
losses, this device demonstration nicely illustrates how tteehnology of functional oxides: seminal works have been
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reported in the last years, where the unique optical propertiesing a technology like silicon photonics cross-fertilized
of such materials are exploited in devices co-integrated withifith novel materials concepts, new research directions might
a silicon photonic platform. The primary eld of applicationsrise in applications as different as quantum photonics, brain-
remains centered on data communications. Neverthelésspired computing, or high-performance integrated sensors.
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11 New oxide microcavities applications: from
polariton lasers to fundamental physics at
room-temperature

J Zuniga-Perez

CRHEA-CNRS, Rue Bernard Gregory, Sophia-Antipolis,
06560 Valbonne, France

Status. If an emitter is embedded within an optical cavity

and their interaction strength becomes larger than the inter
action strength of the emitter and cavity modes with their
respective environments, then the emitter-cavity system
will enter the strong-coupling regime. The system can be no

longer described in terms of independent emitter and cav-

; ; : . mi~figure 18. Scanning electron microscopy images of the two typical
ity photon states, but rather in terms of mixed states: m'cgﬁo-based microcavities: planar, on the left, and microwire-based,

cavity polaritons (polaritons, in the following). The recendy the right.

interest in these quasi-particles arises from the combina-

tion of a particular energy dispersion, with a minimum at aforementioned measurements in one and the same ZnO
koaralel O, and the bosonic character of polaritons, which ~Mmicrocavity would close any further debate.

behave as bosons as far as excitons do so (i.e. below the MgttThe fabrication of planar ZnO microcavities is much more
density). These two properties allowed the observation of complex and less controlled than that of GaAs-based
Bose Einstein condensation in a solid-state system, and the Microcavities, mainly due to the lack of ideal Bragg re ec-
fabrication of a new type of lasers in which the gain mech- tors [157,158,162]. One might consider this argument
anism is no longer stimulated photon emission but polariton €qually valid for fundamental and for applied physics;
scattering stimulated by nal state occupancy. Interestingly, however, the room-temperature operation argument is
the operation temperature of these polariton lasers is limited Strong enough to prevail when devices are considered.

by the temperature stability of the excitons. In this context, A most attractive option would be to combine fundamen-
ZnO appears very appealing due to its 60 meV exciton bingr ang applied physics in existing ZnO microcavities. Indeed,
ing energy, which assures exciton stability, and small Bolany of these cavities, especially microwires, are multimode;
radius 2nm, which assures exciton bosonic behaviour YRerein, exciton resonances are coupled to several cavity
to large particle densities. . modes, resulting in a ladder of polariton branches [158 161].

_ In recent years, the development of ZnO-based microcayfese cavities are, as illustrated in gui@, perfect candi-

ties has enabled polariton lasing in planar microcavities, T§htes for achieving parametric processes at room-temperature
at low temperature [157] and then at room-temperature [1%@]59, 163] (e.g. for generation of entangled photons).

as well as the obsewation of. polqriton parametric scattering, exploit these parametric processes it would be necessary
at roomtemperature in ZnO microwires [159] (see gur8). 5 gevelop adapted spectroscopic techniques, which are com-
Furthermore, the large exciton-cavity photon interaction strengfa at telecommunication wavelengths but rare in the UV, as
in some ZnO microcavities, characterized by Rabi energies,jg|| as to improve microcavity fabrication. These advances
excess of 200 meV, has allowed to explore new types of condgiyyid be accompanied by the possibility of polariton con-
sates with excitonic fractions attaining 97% [1661], which  gensates (and polariton) manipulation, not only optically but
are in general not accessible in other materials systems. 450 electrically, which would open de nitively the doors for

] practical polariton-based ZnO devices [164].
Current and future challenges. In spite of the recent real-

izations [158,160], including the rst hints for weak-lasing
within a condensate of interacting bosons [161], ZnO
mostly considered as a material for applied polaritonics rat
than for fundamental physics. There are probably two m
reasons for this:

,%dvances in science and technology to meet challenges. In

ﬁéper to manipulate polaritons and polariton condensates,

ghese should live as long as possible. Even if the last genera-

tion of planar ZnO microcavities display quality factors well

above 1000 [158162], enabling to achieve polariton lasing

1. The polariton condensatehecklist has not been yet at room-temperature, larger quality factors and more homo-
fully provided for the ZnO system: (i) extended spatigleneous photonic landscapes are necessary to ease polariton
coherence i.e.gl(r) has been scarcely measured [160fhanipulation. If we refer to the more mature GaAs system,
(i) two-threshold behavior has never been reportethis means employing homoepitaxial ZnO-based distributed
(iii) other footprints, such as the spontaneous spin syBragg re ectors [165] with a large number of pairs (typically
metry breaking, have not been reported either. Whilerger than 30), due to a reduced refractive index contrast;
there are already sufcient facts proving the polaritoalternatively, new techniques for cavity report onto dielectric
nature of the observed nonlinear emission [151], the mirrors [158] would be extremely challenging but very rich in
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Figure 19. (@) Emission intensity below threshold measured at room-temperature along the thickness gradient in a fully-hybrid planar ZnO
microcavity showing 4 lower polariton branches (the cavity thickness changes from 3 /2 to 3). is the wavelength corresponding to the
excitonic resonance, shown as solid line. (b) Fourier-space photoluminescence mapping of a ZnO microwire cavity under four different
pumping powers. Reproduced with permission from [159], copyright 2012 by the American Physical Society.

terms of future possibilities, since the fabrication of the actieéose to the microcavity active region without degrading its
region and of the mirror would become completely decouplgmtoperties (neither the excitonic nor the photonic).

Direct electrical injection of ZnO polariton lasers is for the
moment unrealistic because of the dif culties in achievinGoncluding remarks. The access to an unprecedented range of
reliable and large enough p-type doping. In this sense, gojaritons (from photonic to very massive ones) combined with
progress in developing-type oxides compatible with ZnO,room-temperature operation promise new discoveries and appli-
in particular with a suitable band alignment, would be a readtions in ZnO-based polaritonics. Besides, new types of ZnO
breakthrough that would have an enormous impact. On taities increasing the richness of the topic can be already envis-
other hand, electrical manipulation of polaritons does naged, either by extending the wavelength spectrum addressed by
need such p-type material: in this case, the technological &ftO cavities [166] or by exploiting its piezoelectric character,
culty lies in the fabrication of electrical contacts suf cientlywhich leads naturally to the eld of cavity optomechanics.
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12. Multiferroic bismuth ferrite Given that spin-orbit coupling is the source of the canted
moment in the bulk of BFO, can this enhanced moment be
R Ramesh explained based on the strain and con nement imposed on

. . . . . the R-phase? What is the state of the Dzyalozhinski Moriya
Departments of Materials Science Engineering and I:)hySIC\%ctor in such a strained system? Are there other pathways to
University of California, Berkeley, CA 94720, USA y : P Y

enhance the canted moment arising from D M interactions,
erhaps through engineering the crystal symmetry of BjFeO

Status. Qomplgx oxides pre;ent a broad range of interexts es, does this also present a pathway to switch the magnetic
ing functionalities, such as high temperature superconductl 3te with the application of a magnetic eld?
ity, colossal magnetoresistance, (anti-) ferromagnetic, (ana'siElectric eld control of ferromagnetism is.the most excit-
ferroelectric, piezoelectric and more recently multiferroic devel | : .
roperties. BiFe@(BFO) is the only room temperature mult-9 development, gurel. Element speci ¢ x-ray spectromi-
PTOpE » . . . croscopy, magnetotransport and scanning electron microscopy
ferroic (antiferromagnetic and ferroelectric) so far, which ha% larization analysis has demonstrated the direct coupling
attracted great interest and extensive investigation in the Fgaestfviveen the canted moment in a domain and the moment in
decade. It has a rhombohedral unit cell, built with two diﬁie CoFe ferromagnet [17476]. Figure21: The coupling
tqrted. perovskite ceIIs_ connected along a pseudocuhiil:][:ll between a CoFe layer (FM) ;lnd. the BFO éan be probed using
%l(raelcttéo; [:?;jrisl'fl'i;;ls[g Oa O?;r{geaEisntger;rgt:n?;?:vtvxt% standard spin valve like structure, shown schematically in
P ymmetry-aliows ’l(A); the corresponding schematic of the exchange coupling
small canted moment due to the Dzyaloshinskii Moriya inte

action [169]. The hybridization between the two 6s eIectroﬁg the CoFe BFO interface is shown n (B).' F|gl£é(C)_
. . : . ilustrates the essence of the coupling studies. In red is the
in Bi [170] with surrounding oxygen ions leads to a lar

. . . . erroelectric hysteresis, while the blue d i i
displacement of the Bi cations relative to the oxygen octa- y ' ata s the resistance

L . ) odulation of the spin v i i . -
hedral along the [11] direction with a Curie temperature o pin valve with an electric eld. For com

1103K and the spontaneous ferroelectric polarization of abcﬁﬁlnson’ t_he magr_1et|<r:1 eld (_Jlepender;t modulation of the spin
90 Ccm? [171]. Valve resistance is shown in (D). There are ample opportu-

nities to improve on this. First, switching from a spin valve

The synthesi.s of high quality epitaxial t_hin Ims through a tunnel junction will yield at least an order of magni-
variety of techniques (pulsed laser deposition (or laser MB dde improvement of the resistance modulation. It would be

sputtering, MBE, CVD) has already been well-establishe
. ) extremely valuable to study approaches to grow out-of-plane
[172]. In thin Ims, both 71 and 109 domain walls are agnetized ferromagnets and tunnel junctions on the BFO
observed. Figurg0 shows the magneto-transport behavior 8? g 9 J '
109 domain walls, an atomic resolution image of which is
shown in gure20(a). Conducting atomic force microscopyurrent and future challenges. The eld of multiferroics
(AFM) based measurements, guz8(b), show that the walls and magnetoelectrics is poised for some exciting times in the
are less resistive, (compared to the domain itself) typicafigxt 510 years. While a signi cant amount of fundamen-
by 2 3 orders of magnitude [173]. Macroscopic magnetdal understanding has been gained, it is now time for these
transport studies, Figur@9(c) and (d) show the existence ocienti ¢ discoveries to be translated into the rst stage of
a large magnetoresistance when the transport direction gaahnological applications. Indeed, this could be said of the
magnetic eld direction coincide along the wall plane. Loventire eld of oxide electronics, where the science has always
temperature magnetotransport data, gw®@(d), shows a been well ahead of the technological implementations. If a
positive temperature coef cient, i.e. it decreases with decreagem temperature multiferroic with a spontaneous magnetic
ing temperature. It would be fascinating to study the posgioment (canted or otherwise) that is an order of magnitude
ble emergence of metallic behavior at the domain wallshagher than that in BFO, then this would be a game changer.
grand challenge for the eld of complex oxides [174]. Larg€&here is quite a bit of worldwide effort focused on this. In
compressive epitaxial constraint induces a phase transitiba meantime, a focused effort on using exchange or strain
to a super-tetragonal phase. Partial relaxation of the epitaxialipled heterostructures may be the most available pathway
constraint by increasing the Im thickness leads to the falo demonstrate devices. Perhaps the biggest focus area has
mation of a mixed phase nanostructure which exhibits tteebe low power electronics, since this is the most important
coexistence of both the R- and T-phases. The highly distorgelfantage of going to electric elds compared to magnetic
R-phase in this ensemble, shows a signi cantly enhancettls. At a higher level, it is important to explore new device
ferromagnetism. These observations raise several questioosicepts as well as new product markets that take advantage
() rst, what is the magnetic state of the strained R-phasef’the coupling between electricity and magnetism.
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Figure 20. (@) An atomic resolution TEM image of the 109 domain wall; (b) conducting AFM image of transport through such domain
walls; (c) macroscopic magnetotransport data through an array of 109 walls showing the signi cant MR for transport and H parallel to the
wall while transport and/or H normal to the wall shows very little MR; (d) temperature dependence of the resistance and MR behavior.
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Figure 21. (A) A schematic of the spin valve test structure on BFO; (B) a schematic of the exchange coupling at the CoFe BFO interface;
(C) ferroelectric hysteresis (red) and MR hysteresis (blue) of the spin valve; (D) the corresponding R H plot of the spin valve.
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13. Novel functionalities at oxide (multi)ferroic While the phenomenon of electrically conducting ferro-
domain walls electric domain walls was at rst believed to be a property

of multiferroics, it was soon after demonstrated in the con-
Nicola A Spaldin ventional ferroelectrics lead zirconium titanate (PZT) [182]

?nd BaTiQ [183]. In the PZT case, the walls were nominally
heutral with no polar discontinuity, although high-resolution
transmission electron microscopy indicated many small steps

. o which would require local screening. In the Ba&ample,

There has been tremendous interest recently in interfagces . .
between insulating oxides with different electrical polarizat 20 0-head and tail-to-tail walls were created by so-called
9 P frustrated poling, and stabilized by the combined availability

tions, in which electrostatic stability requires screening of th? . ) .
of free carriers and coupled ferroelastic clamping.

so-called polar discontinuity by either free or bound Charge'Additional evidence of the importance of the interaction

The resulting accumulation of carriers in a narrow almost 2D . . .
. ) . . eéween ferroelectric domain walls, defects and clamping was
region has been associated with a range of phenomena, includ-

. ) . i rovided by an intriguing study of the relationship between
ing electrical conductivity, magnetism and even supercond b y guing y P

LS : ) YEmain walls and conductivity in strained multiferroic stron-
tivity (for a review see [177]). In most cases, such mterfaC{Tnﬁm manganite, SIMN[184]. First, the theoretically pre-

are er_lgmeered using Igyer-by-layer grO\_/vth of twp dlﬁerealcted ferroelectric polarization in tensile-strained Ims of
materials, and the location of the screening layer is therefci;

Materials Theory, ETH Zurich, Wolfgang-Pauli-Strasse 2
8093 Z rich, Switzerland

. L . ) - fMnO; was con rmed using second harmonic generation
xed statically within the material. Particularly exciting, an % g 9

. . N HG). Electrostatic force microscopy then revealed an unex-
to date less well studied, are polar discontinuities generated at ) Py

) . : cted behavior: The ferroelectric domains were found to
ferroelectric domain walls through head-to-head or tall—to—t$|1e

. L . qrm discrete chargeable nanodomains with distinct conduct-
components of the ferroelectric polarization. In this case, a : .
ances (gure23). A model was proposed in which oxygen

of the physics of a static discontinuous polar interface is c3p: . . . . .
. . . o ancies, which are stabilized by the tensile strain, accumu-

tured, with the additional desirable feature that the position,Q . . .
. ) . late at the domain walls and create a potential barrier to charge
a ferroelectric domain wall can be changed using an applte

electric eld. Here we review the progress in this area to da reansport between the domains,
' prog "While the focus of this short road map is on electrical con-

mention some other novel functionalities at ferroic and multj- .. . . . )
. . : . S uctivity at ferroelectric domain walls, we mention that other
ferroic domain walls, and discuss likely future directions. . = . . . .
intriguing properties have been reported at the domain walls in

. various ferroic systems, including a net magnetism at the fer
Status. The rst observation of room temperature electri- , . . . . .

L . X .roelectric domain walls in otherwise antiferromagnetic mul-
cal conductivity in a ferroelectric domain wall occurred

i . )
thin Ims of the prototypical multiferroic, BiFeg[178]. The tierroic BiFeG; and (my personal favourite) the occurrence

original data is reproduced in qug®. Ferroelectric domains of BCS superconductivity at the ferroelastic twin boundaries
9 P guizz. in Na-doped W@ [174]. (For a review of other functionali-

. . : . . i
were written and imaged using piezoforce microscopy (PF'\{{:)GS see [177].) While simple model explanations exist the

and local conductivity was measured using high-resolutign T . .
. . . .. Superconductivity is likely due to the higher concentration of
conductive atomic force microscopy (c-AFM). Conductivi

t . .
was observed at 18@nd 109 domain walls and associatet?am.ers. compared with the buII_< sample, and the net magnet-
Ism is likely related to changes in structure and bonding at the

in band gap across the wall; subsequently the dimain i¥&rface the details of these and related phenomena remain
. to be fully understood.
walls were also shown to be conducting [179]. Clever pattern-
ing of domain walls of various orientations in BiFe@sing
scanning probe microscopy techniques later proved that herent and future challenges, and advances required to
accumulation of carriers is indeed governed by the magnitudeet them. Much remains to be understood mechanisti-
of the polar discontinuity at the wall, and demonstrated thally regarding the nature and origin of electrical conductivity
this polar discontinuity can be tuned dynamically [180]. at multiferroic domain walls. Here a combination of rst-
A particularly interesting development was the report gfinciples and phenomenological theories with a wide range
conductivity at the ferroelectric domain walls in the multiferof detailed and careful characterization tools addressing dif-
roic hexagonal manganites [181]. Here the improper natdiegent time- and length-scales will be required for progress. In
of the ferroelectricity leads naturally to a domain structugarticular, the interplay between the detailed atomic structure
with coexisting neutral, head-to-head and tail-to-tail wallsf the walls, the screening of associated internal electric elds
The authors showed that the electrical conductance in hesgh minority or majority free carriers and/or bound charge,
agonal ErMnQ@ varies continuously with the domain wall ori-and the role of ionic point defects still remain to be eluci-
entation, with the tail-to-tail walls, which are screened by tldated. None of these properties can be measured straightfor
accumulation of positive charge, having the highest condweardly, with characterization of point defects such as oxygen
tivity in this p-type material. vacancies being particularly challenging. Electronic structure
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Figure 22. First observation of conducting ferroelectric domain walls in a multiferroic material. Left: out-of-plane piezoforce microscopy
image of a written domain pattern in a monodomain Bi-&®, showing up (U) and down (D) components of ferroelectric polarization.

Right: corresponding conducting atomic force microscopy image showing conduction at the domain walls. The scale bar is in picoamperes
From [178], reproduced with permission.

calculations for domain walls are also not routine due to both
the computational demands of the large supercells required to
model realistic domain wall spacings and defect pro les, and
the state-of-the art methods required to appropriately incorpo-
rate physically meaningful electrostatic boundary conditions.
The material chemistries and crystal structures that have been
explored to date remain rather limited, and doubtless new
behaviours, as well as clari cations of existing ones, will be
achieved when a broader chemical and structural palette is
explored. Regarding potential for devices, while it is hard to
be predictive, such sub-nanometre sized, electrically tunable,
conducting entities are certainly seductive. For consideration
for practical applications there are two outstanding challenges:
An increased current density at the wallgerhaps even dem-
onstration of a metainsulator transition should be achieved,

as well as a route to controlled manipulation of their position.

Concluding remarks. Novel and emergent properties at-fer

roelectric and multiferroic domain walls offer arguably one

of the most interesting new research directions in the eld of

complex oxides and will undoubtedly continue to be actively ) o
pursued in the next years. While a direct route to applicatid:rr%"e 23. Normalized conductance of a multiferroic SrMnO

is not vet entirelv ciear. the technoloaical potential is h measured using electrostatic force microscopy. The degree of
! y Irely ! gl P fal 1 ngc?rightness indicates the conductance of each stripe-like ferroelectic

and provides an additional driver for progress, in addition d8main. The scale baris 0.5 m. From [184], reproduced with
the desire to understand the intriguing fundamental physicgermission.
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14. Switchable 2D electron gas at the multiferroic change of M is crudely estimated using the coercive gld E

interfaces [192]: M ~ E ., where is the magnetoelectric coupling
coef cient. Meanwhile, among all magnetically ordered cubic

Sergey Ostanin, Vladislav Borisov and Ingrid Mertig perovskitesABO;, the overwhelming majority are antiferro-

Institute of Physics, Martin Luther University Ha"e_magnenc (AFM). and insulating. Some of them are in a gpod
Wittenbera. Von-Seckendorff-Platz 1. 06099 Halle GermanIattlce match with FEs and, therefore, the AFM/FE oxide
9 ' ' Mterfaces can be grown epitaxially. For instance, LFO/PHTIiO

- is a good candidate for externally tuned 2DEG. It should be
Status.. surprisingly, a 2D electrc_m gas (ZDE.G) can appeRhiag that manipulation with the FE polarization alon@1p
at the interface between.robustly insulating oxides. This fas|Cs|_n0t trivial. Robustly switchable epitaxial FEs are thicker
ir;]atll_r;g']o\%jg(r)_lr_? 8: CEE’Ag%CThoV)Va?S r;:tﬁgjg;ess[gg?’limits than 5 u.c. and since they grow in complete unit cells, their

A . ’ o y — surface termination and interfacial composition are correlated.
LaO/TiOy-terminated (@1) perovskite mterfa_ce. To eXpIamI-{ﬁnce the target Titerminated interface of FE means that
Fhe emerged 2DEG the researchgs, assuming mostly thattheeother termination or surfaceA©-terminated. Until now,
interface is perfect and stepless, invoke the arguments rel?%?sdnot clear whether the depolarization eld coming from the
to the issue of polar catastrophe. Since LAOIPrepresents P 9

alternately charged planes [LaCind [AIQy] . each interfa- surface affects the ferroelectrically driven 2DEG. Regarding

: . tpe AFM side, its thickness-dependent scenario of the 2DEG
cial La transfers _electron into the next and formally neutraas well as the role of its interfacial defects need a careful stud
TiOo-layer of STO. Therefore, the oxidation state of interf Y-

cial Ti decreases. This scenario for th&Tivalence state and% ;:tr Ig;:tarllellryvligaetlor; fo;ézeigi& v(\)ndet?] mu':;'?gi' ;:(())rfr;?ared o
corresponding d-orbital reconstruction, which results in 2DEtg gap ’ pen g ’

at the LaO/TiQ interface, was modeled [187] from rst prln_Advances in science and technology to meetchallenges. The

ciples. However, all epitaxially grown oxide heterostructur%se sity functional theory suggests that the 2DEG emerged

contain intrinsic imperfections, such as oxygen vacancies a : S .
I : o . . at the multiferroic interface may occur with no defects and,
substitutional intermixing of cations across the interface. Eac . . , -
. : . moreover, without La species. This has been anticipated [193]

type of these interfacial defects causes additional charged car

riers, namely, electrons for oxygen vacancies and holes {c(J)rm rst principles by combining BTO and the G-type AFM
! Y. Y9 insulator, SrTc@ (STcO), which possesses the orthorhom-

the Sr sgbstitutes [.18$89]' Thus, both of these dGfeCt_basegicalIy distorted perovskite structure and whose lattice mis-
mechanisms contribute to the 2DEG effect as well but meq|

- :  or o .
ate it differently. For instance, the Sr/La intermixiB§% match_W|th BTO.(GM) 'S .1A)' Since the experimental gap of

. . STcO is not available, this value was modeled betweesM).5
completely destroys the 2DEG. There is a family of COMhd 2V, using the Hubbard parametrization. Two types of
posite perovskites for which the LaO/%i@ermination is ; i

formed unavoidably. In particular, 2DEG can appear betweggﬁqmlnatlons of BTO/STcO, i.e. BaO/Tg@nd TIG/SIO as

STO (001) and LaFe@(LFO). Recently, Li et al [190] have own in gure24, were simulated using superlattice geome-

: , o try and a supercell with vacuum, which both mimic differently
reported that the crystalline and partially amorpha the electrostatic boundary conditions. The interatomic force

STO (A La, Pr,Ndand B Al, Ga) interfaces become con-_." .~ " " . . T .
minimization results in the ionic displacements near the-inter

ducting for ABQ thicker than 4 unit cells (u.c.). High Crys_faces, which change locally the FE and magnetic properties so

tallinity of the interface is crucial for the polar catastropi} at the system screens off the chemical potential mismatch
mechanism of 2DEG. After oxygen annealing (when the ES%Veen the two materials

redox mechanism is removed) the interfaces prepared at at sing the site-projected density of states (DOS), calculated

ésa%daaﬂogz)ozzcggecgnns dulii?izg Hg'cl;]e Tﬁ%ﬂizstr:)gaéfsfgr each atomic layer of BTO/STcO, one can disclose [193]
. . 9 - - I?1ow the valence- and conduction-band edges vary toward the
underlying 2DEG mechanisms and their interplay,aiheni-

. ; . . . interface and how the electron (hole) carriers appear in the
tio calculation show that, with increasing amount of interfa- e : . .
. . aéa, within few interfacial u.c., as shown in gu2d. Then,

cial defects for each of the Sr substitutes and O vacancﬁe : : o .

. . V Integrating the DOS tails occurring in the gap, the induced
these two mechanisms act oppositely. . : .

charges, their electron (hole) character and spin polariza-

tion were evaluated. For each termination, the character
Current and future challenges. Presently, the focus of dis-of the 2DEG carriers changes from electrons to holes upon
cussions around the 2DEG shifts gradually toward its furtbe polarization reversal. This conclusive theoretical result
tionality and switchability. Here, the so-called multiferroieveakly depends on the optionally used electrostatic boundary
TiO,-based interfaces seem very promising. When the St@nditions, the Im thickness and degree of electronic correla-
component of the composite system is replaced by a roltimts. The 2DEG effect, which is controlled by the FE state of
ferroelectric (FE), such as BaT{@BTO), this may create anBTO, is anticipated for the defect-free and atomically sharp
extra functionality due to its switchable polarization. Indeethterfaces of BTO/STcO.
the LAO/BTO heterostructure was fabricated already [191].
On the other hand, when LAO is replaced by a magneticaflgncluding remarks. Multiferroic interfaces between the FE
ordered perovskite, this allows to change the magnetizatiand AFM insulating perovskites, as the contemporary theory

M, of magnetic side by the BTO polarization reversal. Theiggests, may form such 2DEG, for which the charge character
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Figure 24. The layer-resolved energy positions of the valence and conduction bands, calculated for each termination of BTO/STcO and for
dually polar BTO. The hole (electron) charge carriers induced in the band gap are shown by red (blue) shaded area.

of ferroelectrically induced carriers changes from the p- itterfaces offer extremely promising applications. Until now,
n-type by the polarization reversal. The effect should robusthe theory is not able (i) to suggest the voltage needed for the
appear at the perfect interface even if the defect-based médh-switch of 2DEG and also (ii) to claim which polarization
anisms of 2DEG, originated due to the interfacial cation migtate of BTO is initially formed under the non-equilibrium
ing, oxygen vacancies and interstitial species, were excludgdwth conditions. Nevertheless, these ndings could stimu-
from consideration. The dominant mechanism of ferroelectidgte further studies, which include the effect of spin-orbit cou-
cally driven 2DEG is the electron/hole transfer that goes so thhihg in non-centrosymmetric composite oxides.

charged carries are accumulated near the interface, within a few

layers. When BTO is forced to be paraelectric the effect dissknowledgement. This work was supported by Sonder
appears. This suggests another scenario of a thermally drif@schungsbereich SFB 762, Functionality of Oxide
2DEG, which can be switched on and off. Thus, the FE/AFMterfaces .
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15. Magnetoelectric coupling in multiferroic epi- magnetoelectric voltage coef cient g was determined using
taxial thin Im composites an inductive AC-method byyve  dV/(tdH), where Vis the
voltage induced by the exciting AC magnetic eld &hd t

is the thickness of the sample, see [I¥H] and references
therein. Up to now, the highest magnetoelectric voltage coef-
cient of 49V cm ! Oe ! at 30K and 1kHz has been reached

in a multiferroic (BaTiQ BiFeQ;) 15 superlattice with total

Status. Recent progress in materials science and technold kness of 208m, which is correlated to atomically coherent
erfaces, see gure 25 and [201].

and the hope for realization of novel device functionalities hasSac ; 1 1

renewed research interest in multiferroic and magnetoelectri)cs'.m'Iglr.Iy h'gh. me Of 43V cm = Oe - at 300(() was
materials [194195]. In particular, complex oxide heterostruco galng N & Series .Of chemically homogenc_)us 67% BBaT'Q
tures offer the possibility to realize next generation electro ?A’ BiFeQ composite Ims [202]. In comparison, a ceralmlc
ics, such as novel data storage devices [195]. Magnetoele rlﬁ:elo"’ bulk sample showed only v 7.1 mv 1cm
multiferroic composites consisting of several closely coupleae ! and_a sllgh_tly higher value of 9.15 mv _cho_e was
phases show advantages compared to single-phase ma? I%l_eved_ In a BigG e bulk sample. lEpltaxllal single-
toelectrics in terms of value of magnetoelectric coef cient, ase _B|Fe@ Ims ?hOW ve 24V .cm _Oe . At the
control of its temperature dependence, and design of tailoraye fme, the BaT"OCOF.QO"' nanocomposite system, con-
materials for applications [19498]. Important for applica- sisting of CoFg0, nanowires in a BaTiOmatrix, showed

1 .
tions is the strenath of maanetoelectri ina. ; ME around 80 mV cm! Oe %, in agreement with values _
g g fic coupling. The IIn(?%gbl|shed by Ramesh et al, see [202]. As a proof of the reli-

and nonlinear coupling coef cients in single phase magne ity of the used maanetoelectri t setup. th
electrics are usually low [194]. However, indirect coupling d "y e u 9 ric measurement setup, the
g coefcient measured across a non-magnetoelectric Fe

to strain effects, i.e. inclusion of piezomagnetism and magneto® .

striction, or piezoelectricity and electrostriction, can be ord nm) LiNbOf (100 m) heterostructure amounted only 0.05

of magnitude higher in two-phase composite materials [19H]. cm = 0e -

Because not only the elastic coupling at the interface, but also

exchange-bias effects, or modulation of the charge carrier cGnsrent and future challenges. Not well understood are the

centrations can mediate the indirect magnetoelectric couplidgferent temperature and DC magnetic eld dependences of

its distinct identi cation in multiphase composites is a mattéhe magnetoelectric voltage coef cients of BaTiBiIFeO3

of current research [195]. superlattices and homogeneous composite Ims, see g-
Among the possible composite geometries of the coupleets25 and 26, and [199 202]. In a rst attempt, we were

phases, the multilayer structure, i.e. a so called 2-2 compalisle to correlate theye values of the superlattices with den-

ite consisting of pairs of 2D stacked layers, is expected todiy of oxygen vacancies and antiphase octahedral rotations

far superior to bulk composites. This is because out-of-pldd€9]. Interestingly, interface-engineered oxygen octahedral

leakage currents in the low-resistive ferromagnetic phase eoepling was recently used to manipulate the magnetic and

considerably reduced, and because piezoelectric thin lay@ectronic anisotropy in manganite heterostructures, see [276].

can be easily and almost homogeneously poled electricalpreover, the magnetic spin structure was found to affect the

[196]. Both effects may enhance the magnetoelectric couplicttpracteristics of ye in an external magnetic eld [200].

in superlattice composites by orders of magnitude. Vaz poinfeetailed investigation of the microscopic strain in multiferroic

out, that magnetoelectric coupling in composites is interfacglperlattices requires high-resolution TEM investigations, as

in origin, and that the three different, above mentioned med#town in [201]. In the homogeneous BaFB)FeO ; compos-

tion types elastic strain, charge, and exchange bias providelms, the magnetoelectric coupling seems to be correlated

different characteristic responses and functionalities [197].to an oxygen vacancy superstructure [202]. The temperature
Among the many possible combinations of ferroelectridependence of e of the homogeneous composite Ims is

ferromagnetic, or multiferroic materials in composites, thEpposite to that of the superlattices, so that strain-mediated

BiFeO; BaTiOssolid solution is mentioned dsighly exciting coupling alone cannot explain its origin [202]. Probably,

towards the realization of a room temperature single phase nehiarge-mediated magnetoelectric coupling may be important

tiferroic magnetoelectric materiahs pointed out by Priya et aladditionally [202, 203].

in [198](p 103 ff). In order to further illustrate the current status

of magnetoelectric composites with special emphasis on efdvances in science and technology to meet challenges. In

taxial BaTiQ; BiFeQ; superlattices, we show in the followingaddition to the above mentioned microstructural methods,

recent examples how to correlate the magnetoelectric voltagelear forward scattering of synchrotron radiation is an ideal

coef cient e with microstructural features and the magnet@pproach to access the local magnetic spin structure on the

spin structure. Figur@5 shows the temperature-dependentanoscale. The measured scattering spectra for a BiFeO
me Of two epitaxial BaTi@Q BiFeQO; thin Im superlattices, thin Im and a (BaTiQ BiFeO3) 15 multilayer together

and illustrates the chemical and structural homogeneity with the ts are presented in gur@6(a). The ts show a

the well ordered highqye sample grown at 0.2Bbar with spin reorientation in the highly strained BiFg@yers within

atomically smooth, coherent interfaces [18@1]. The (linear) the multilayer compared to the single Im, see insets of

Vera Lazenkal, Michael Lorenz?

1 KU Leuven, Leuven, Belgium
2 Universit t Leipzig, Leipzig, Germany
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Figure 25. (@) Temperature dependent magnetoelectric (ME) voltage coef cient of two (BBIF®O3) 15 superlattices grown at the
indicated oxygen partial pressures with pulsed laser deposition on;O0D). (b) HAADF and EDXS maps of Ba, O and Bi of a typical
(BaTiO; BiFeO3) 15 superlattice grown at 0.8%bar with state-of-the-art magnetoelectric coef cient. Note that the giStiGstrate is

on top in the images in (b). The Ti and Fe maps (not shown) are similar to that of Ba and Bi, respectively. The scalehgc)sHiR-

TEM image of the supperlattice from (b), demonstrating the coherent and strain-free growth of the layers near the surface qfighe high-
superlattice. Images adopted with permission from [201].

Figure 26. (@) Nuclear forward scattering time spectra of a BiFéad Im and a (BaTiQ/BiFeQ;) 15 multilayer. The spectra were

recorded at room temperature and zero external magnetic eld. The solid lines are the model ts of the spectra. The insets in (a) are
schematic representations of the tting model for the thin Im and the multilnyerthe magnetic moment of the BiFgl@yer(s) ank

is the wave vector along the photon beam. Figures reprinted from [200] with the permission on AIP Publishing. (b) Magnetoelectric (ME)
coef cient as a function of DC bias magnetic eld at 30€r the BiFeQ BaTiO 3 multilayers with the indicated number of double layers

from 2 to 20. The inset in (b) isye of a single phase BiFe@hin Im for comparison. It shows different characteristics.

gure 26(a) [200]. We correlate the enhanced magnetic a@dncluding remarks. With the knowledge about magnetoelec-
magnetoelectric properties observed in the multilayers witfic coupling mechanisms and the correlation to the particular
the suppression of the spiral spin magnetic structure whitlicrostructure and magnetic spin structure a design of novel
is due to high epitaxial strain in the multilayer and interfarti cial thin Im composites will be possible. Tailored cou-
cial interaction between ferroelectric Bagieénd multiferroic pling parameters could meet the requirements for future appli-
BiFeO; [200]. In our latest work we show the tunability otations in magnetoelectric sensors and memories 2038,

the magnetization and of magnetoelectric coef cient in the

multilayered BaTiQ BiFeO3 system by varying the numberAcknowledgements. We acknowledge nancial support of

of interfaces. A nearly perpendicularly magnetized multilayéte Deutsche Forschungsgemeinschaft (DFG) within SFB
with 20 layer pairs was fabricated that shows the highest vallé&2 Functionality of Oxide Interfacesand of the Fund for

of magnetoelectric coef cient in this series of superlatticeScienti c Research Flandern (FWO) and the KU Leuven
see gure 26(b). Concerted Action (GOA 14/007).
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16. Self-assembled multiferroic nanocomposites to well-ordered mm-size superstructures is of importance for
applications in useful technologies [212]. Traditional lithog-
G Srinivasan raphy techniques are not viable for fabricating mm-size struc-

tyres with nm-periodicity [211212]. Assuming an assembly
rate of 18 s!, for example, would require hGin for a
10° 10 3 2D planar array of unit blocks and nearly 80@r

3 3 . .
Status. Multiferroic materials that exhibit two or more ofa 16 10° 10 ° array. Chemical and DNA/RNA assisted

. . . . .self-assembly and external stimuli such as magnetic and elec-
the primary ferroic properties (ferromagnetism, ferroelectng-. . ; : .
I;&C elds for instantaneous assembly are of interest in this

ity, ferrqelasticity) have been of in_terests in recent years. A [208 210]. Modeling efforts on such self-assembly
composite made of a ferromagnetic and ferroelectric phat%ggmiques and theory of ME coupling in assembled super

is an engineered multiferroic in which coupling between th(te . . .
. . ._structures are lacking at present. It is necessary to consider the
ferroic phases could occur through a variety of mechanis

8)&ctric and magnetic dipole-dipole interactions in modeling

including transfer of strain, charge, or spin torque at themtﬁ{e assemblies and for theory of low-frequency ME effects

face. Our focus here is on strain mediated magneto-eleciric . oo .
and coupling at individual and collective resonance modes

(ME) coupling in the composites and is de ned as induce . L . .
T . . . of the composites. Similarly for modeling ME coupling at
polarization in an applied magnetic eld (direct ME effect) o . .
erromagnetic and magneto-acoustic resonances one has to

an induced magnetization (or anisotropy eld) in an electri : . )
eld (converse ME effect) [204205]. Strong ME coupling &evelop theory of magnetic modes in assemblies [204].

was reported in oxide composites with ferrimagnetic spinel
and hexagonal ferrites or ferromagnetic manganites and fewdvances in science and technology to meet chal-
electrics such as barium titanate (BTO), lead zirconate titanteges. Focused efforts are essential on assembly of the
(PZT), and lead magnesium niobate-lead titanate. Effortsremomaterial into superstructures with strong ME coupling
far on the multiferroic composites have focused on the natatelow-frequencies and at resonance modes. Recent studies
of ME coupling at low-frequencies and at mechanical resoa chemical-, DNA-assisted, and magnetic and electric eld-
nance modes and applications such as magnetic sensors,dineeted assembly techniques are noteworthy in this regard.
able inductors and capacitors, dual electric and magnetic- €ljJi Chemical assembly: core shell nanoparticles of NFO and
tunable signal processing devices such as resonators, t&§0O were assembled by attaching complementary chemical
and phase shifters for use at 1 110 GHz, in energy harvestiggoups, azide and alkyne, to the particles and then assembling
solar cells, and random access memories [204, 205]. them by Cu(l)-assisted click-reaction [207]. Studies by SEM
and scanning microwave microscopy (SMM) at 126 GHz

Current and future challenges. The strength of strain medi-showed the core-shell structures with well-de ned interfaces
ated ME interactions is expected to be strong in nanocomplgtire 27). Evidence for strong ME coupling was observed
ites due to a surface-to-volume ratio that is a factor td.0 through magnetic eld induced polarization and magneto-
10° higher than for thin Im composites in which substratdielectric effects. (i) DNA-assisted assembly: a click meth-
clamping weakens the ME coupling. Such clamping can bdology was used to covalently attach alkyne functionalized
easily overcome in nanopillars in a host matrix, core-sheligomeric DNA (ODN) to azide-functionalized nanoparticles
bers and core-shell particles [206 209]. Synthesis of nan@nd bers. The ODN groups allowed for speci c reversible
pillars of ferrites in BTO, PZT or BiFefnatrix was reported DNA-DNA hybridization for the formation of core-shell par
by several techniques including pulsed laser deposition [20@]les, PZT ber coated with ferrite particles, and bundles of
Ferrite-ferroelectric core shells nanotubes were synthesizeadre shell nanowires [213]. Figur&8(a) and (b) show SEM
on porous anodized aluminum oxide (AAO) or membramsd SMM images of DNA-assembled NFO BTO core shell
templates by a combined sol gel and electrochemical depmarticles. Although employment of DNA as a linker has been
sition technique [204205]. The use of electrospinning waseported for nanoparticle assembly, essentially no work has
reported for core-shell ber synthesis [207]. The techniqueeen reported using RNA [20210]. Like DNA, RNA can
utilizes electrical forces to produce bers of diameters ipase-pair with complimentary RNA (or DNA) with the addi-
the range 100 to 1000n ( gures 27(a) and (b)). Synthesistional ability of base-pairing with complimentary sequences
of core shell particles of ferrite and BTO or PZT by techen the same strand. It is expected that RNA will have slightly
niques including surfactant-assisted thermal method andvisgaker binding characteristics than DNA thus allowing for
hydrothermal annealing process were reported. In recent sioder melting temperatures used in restructuring morpholo-
ies particles of BTO and spinel ferrite were functionalized lgjes. The ability to custom synthesize DNA and RNA with
attaching complementary coupling groups and a core-sHHIO or greater nucleotides, provides us with a wide range of
particulate composite (gures 27(c) and (d)) was formed kpossibilities for controlling the interaction strength and speci-
covalent bonds between the two particles with the addition oty between nanoparticles, leading to superior control in
a coupling agent [208, 209]. generating macrostructures.

Although nm-scale multiferroic oxide composites with Building blocks of core-shell particles and coaxial bers
core shell structures have been synthesized and characterieedld be assembled in uniform or nonuniform magnetic elds
in recent years [207 209], further assembly of nanomaterigtsand in DC or AC electric elds E ([20213] and references

Physics Department, Oakland University, Rochester,
48309, USA
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Figure 27. (a) AFM topography and (b) scanning microwave microscopy (SMM) phase images for bers of nickel ferrite (NFO) core
and PZT shell made by electrospinning. (¢) SEM and SMM images for a particle with NFO core and BTO shell synthesized by chemical
assembly. (d) SMM capacitance image for NFO core-BTO shell particle.

Figure 28. (a) SEM and (b) SMM images for DNA-assembled NFO shell-BTO core particle. (c) and (d) SEM images for superstructures
of NFO-BTO core-shell particles assembled in a uniform and rotating magnetic elds, respectively.

therein). Models predict the assembly to result in a variety € eld with the speed of assembly and resulting con gura-
superstructures, such as rings, chains, bundles, and arraydidoeare dependent on the strength and frequency of the AC
to magnetic dipole moment and electric polarization associateldl, dielectrophoresis was reported in DC elds as well. In
with the nanostructures. In the case of H-directed asseméiyne studies a combined AC and DC electric elds and AC
one could apply either a uniform eld or a eld gradient [214]E- eld and staticH- eld were used for orienting nanostruc-
Under a uniform eld H (at angles other than 0 or 180) tures and for their assembly. The superstructures could also
magnetic moment will be subjected to a torque that aligns thee assembled in crossed E and H- elds that offers enhanced
moment along H. A eld gradient, however, exerts an attra@xibility in types of assembled structure.
tive force on the moment associated with a particle or ber and
moves and aligns them in the regions of high eld strength®oncluding remarks. Composite multiferroics are of fun-
As the assembly proceeds, magnetic dipole moment of be&mmental and technological importance. The strain mediated
will create a nonuniform eld and exerts a force on neighbotoupling is expected to be much stronger in nanocomposites
ing nanostructures leading to local variation in the assemiiyan in thin Im structures. It is however necessary to assem-
symmetry. For modeling H-driven assembly, it is necessadie superstructures of such nanomaterials for basic studies on
consider the in uence of magnetic moment, size and shapev coupling and for a variety of applications. Several viable
the nanostructures. paths for instantaneous assembly of the nanocomposites have
The assembly of a nanomaterial in an AC electric eld tseen discussed here. We anticipate new phenomena, theory
due to dielectrophoresis, i.e. motion of a high aspect ratio nand novel applications to emerge from this research.
oparticle due to induced polarization in E. The techniques has
been successfully used for alignment and assembly of cénknowledgement. GS is supported by grants from the
ducting, semiconducting and nonconducting nanowires afidny Research of ce, the National Science Foundation and
particles [215]. Although the assembly is usually done in @ARPA.
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17. Combinatorial substrate epitaxy: a novel substrate. The orientation and structural quality of the substrate

approach of epitaxy for oxide Ims and Im grains are investigated locally (and mapped) using
electron backscattering diffraction (EBSD). The physical prop-

Wilfrid Prellier erty of the Ims can also be mapped using local probes, such as

scanning probe and near- eld microscopy methods.
This combined approach, was applied to heterostructures
of conducting La;SthaMnO3z and multiferroic BiFe@ Ims

" . . rown, using pulsed laser deposition, on polished polycrystal-
Status. Transition-metal oxides attract attention because Bf g puise P . POTIS poyery

. L . . . Iine LaAlO; ceramic substrates, fabricated using spark plasma
their fascinating properties, including superconductivity, magne-_. . . L . . )
. e . . sintering. This system is interesting since Bigen Ims
tism, ferroelectricity or insulator-to-metal transitions. There has

been a arowing activity in the development of thin. Im trans-ave been widely studied on low-index orientations, such as
" 9 9 y €lop . 00), (110), and (1.1), of single crystal perovskites [221].
ition metal oxides because of their relevance to device appli-

! ; . : . pical images (see gur@9) indicate that the Im epitaxy
cations, because properties can be modi ed owing to thin IETs%ldominated by local substrate-driven growth events that are

strains, especially epitaxial coherency strains. As a CONSeqUeNCE. .+ with each perovskite layer adopting a cube-on-cube

metastable polymorphs/phase arrangements with novel ph Pitaxial orientation relationship, for nearly all grain orien-

cal properties have been fabricated as thin Ims. Reducing Ea%ons of the substrate. The epitaxial Biét@terostructure

thickness of the layer down to a few unit cells is also interestin . . , . . ,
. . : s also investigated using piezoforce microscopy (PFM), in
since novel properties can emerge at the interfaces between_two . . . .
Similar fashion to BiFef) Ims grown on single crystals.

oxides. Be_Iow, we WI|| analyze necessary developments in @}eure 30 shows the topography, out-of-plane PFM and in-
area of epitaxy of oxide Ims, and introduce the novel approag . . o
. . . plane PFM images, respectively, after the local application of
called combinatorial substrate epitaxy (CSE) [21&]. o SO . .
a positive 1% bias in the central region that includes sev-

. .__eral grains and grain boundaries. A clear polarization reversal
Current and future challenges. The main approach to design g g P

metastable compositions in the transition-metal oxides Ims asl%omparing the central region to the outer regions) is observed
b inthe OP image, as the PFM contrast is reversed. The observed

generate novel electronic properties is the use of strain enginegr , . .
: . . . change in the out-of-plane contrast with a speci ¢ voltage
ing where little changes can drastically modify the electronic,_ =~ . . . .

. . . polarity (inducing up to downward OP switching only in our
properties [218]. It is, for example, possible to tune the crili-

. : . on guration) further validates the interpretation of the direc-
cal temperature in ferroelectric or superconducting Ims [21%

S : on of the OP polarization component. This demonstrates
.220]' l.n that case, the sgbstra_de ch0|c_e Is of utmo§t |mporta[hcaet the ferroelectric properties of BiFg@re maintained for
in designing and preparing high-quality Ims. Typical Slnglet_hese many orientations in the heterostructure on the LaAIO
crystal substrates are SrElQ‘ aAlOs; or NdGa@ but DyScQ substrate. The local epitaxial growth of pulsed laser depos-
have also been used. In spite of the large number of Observatfpe%SC@Mnm Ims on polycrystalline spark plasma sintered
and promise of epitaxial oxide thin Ims, prior investigation

. §r2T|O4 substrates was also investigated to determine phase
have nevertheless largely focused on Ims on low-index cop. : o . . . .
: . ) . ormation and preferred epitaxial orientation relationships for
mercially available single-crystal substrates (typically10

110 or 111). However, their cost and availability limit detailedsoStrUCturaI Ruddlesden Popper heterqepltaxy [2.22’ 223] .
: C : o . These results demonstrate the potential of CSE in the design
investigations to a narrow region of special interfaces/orienta-

. . . and growth of a wide range of complex functional oxides.
“O.“S' As an example the grovyth, k_lnetlcs apd gnderstandlr) gy also open new directions for materials scientist and con-
anisotropic functional properties (i.e. polarization, magnetlzg- nsed matter physicists that could impact several areas. When
tion, resistivity, etc), which are dependent on the orientationé) '

: . . E is coupled with scanning property measurements, high-
the Im with respect to the surface is extremely dif cult to ana; P . 9 property ' N9
. ) . . throughput correlations can be generated between functional
lyze. Also, growing a Im on a single-crystal is a one at a time . . . . .
. . . properties, Im-substrate pairs, and crystal orientation, provid-
serial process. Nevertheless, the conventional approach is well” . . , .
a library of physical property observations and expanding

o . X n
optimized for making devices, and works well. To expand theg ; . . o o
: . oyr understanding of engineering function into transition metal

study, one required the development of radically new approach . g o
) ) , - Toxides. From the potential applications, it is further expected
such as the combinatorial substrate epitaxy (CSE), which was

recently developed at Carnegie Mellon University, USA [21 at this method could become a general rapid, conveni-

) " i . ht approach, for the search of metastable oxide Ims with a
217]. We believe it is an exciting area, which can be used to foy. .. I .
. . relatively low-cost fabrication, and this is probably one of the
the development of oxide electronics.

major topic to be explored. This will de nitively speed the dis-
covery of unexpected properties in oxide thin Ims.

Laboratoire CRISMAT, ENSICAEN, CNRS UMR 6508,
6 Boulevard Mar chal Juin, 14050 Caen, France

Advances in science and technology to meet chal-

lenges. Rather than depositing on commercial single crySoncluding remarks. These examples demonstrated that
tals, a new strategy used well-characterized polycrystallisieucture-property relationships can be investigated for com-
samples where each grain of the substrate can be viewed plexoxide heterostructures using the combinatorial substrate
single crystal of a particular orientation. Thus, there are thapitaxy approach, a high-throughput method for investigating
sands of substrates in any given Im deposition. If one can ptee local epitaxy and properties of Ims deposited on poly-
pare a ceramic, the surface can be simply polished, and usestystalline substrates. Generally, efforts need to be intensi ed
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Figure 29. Inverse pole gure (orientation) maps of (a) the LaAKhbstrate, (b) the BiFedm, and their corresponding colour code (c).
The white boxes indicate grains in the same region, con rming the Im follows a grain-over-grain growth. Adapted from [221], with the
permission of AIP Publishing.

Figure 30. Polling measurements of BiFgdms across triple junctions ((a) (c)) and grain boundaries ((d) (f)). (a) PFM Topography,

(b) out-of-plane, (c) in-plane, (d) PFM topography, (e) out-of-plane, and (f) in-plane. PFM contrasts were recorded after local application
of a 12 V bias showing a 180 switching event. The images con rm the Im gronw on ceramic has similar properties as those grown on
single-crystals. Adapted from [221], with the permission of AIP Publishing.

to rapidly prepare metastable phases in the form of thin Im&sknowledgement. Partial support of the Conseil R gional
and CSE is one of the potential approach to be used. Basse-Normandie (Programe Asie) is acknowledged.
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18. Topological oxide electronics correspondent properties such as edge current or ctitious
eld robustly emerge in the unit of quantum conductance
Masaki Uchida and Masashi Kawasaki (€?/n) or ux (h/e). On the other hand, detailed perfor

mances of these topological properties, which are strongly
dependent on fundamental parameters including electron
correlation, spinorbit interaction, and magnetic exchange
Status. In the past, oxide materials have been compleménteractions, as well as band gap and carrier concentration,
tarily used in conventional semiconductor technologies aretjuire further improvement for their future applications.
devices. In particular, polycrystalline or amorphous oxide thibixide materials having the wide-ranging physical param-
Ims with a large band gap have been widely adopted as gaters are highly desirable for this purpose, and actually, sev-
insulators, capacitors, or transparent conductors. In recerdl candidates in oxide Ims, interfaces, and superlattices
decades, on the other hand, a number of unprecedented fanre-just beginning to be reported, as explained one by one
tionalities such as high temperature superconductivity, coldsthe following.
sal magnetoresistance and electroresistance, and multiferroics
have been discovered and attracted burgeoning attentiondfoirent and future challenges. Several perovskite and pyro-
unique electronics applications as well as emerging new phgislore oxides with heavy elements such as iridium and bis-
ics only realized in oxide materials. These properties anmlith or their superlattices have been theoretically suggested
functionalities essentially originate from strong electron caio exhibit novel topological insulator or semimetal phases,
relation in charge, spin, and orbital degrees of freedom. Teutkrich originate from interplay of strong spin-orbit interaction
nical advances in epitaxial Im growth have opened the doand electron correlation [227]. For example, the discovery of
to utilize the functional oxide thin Ims and also to explorea large gap topological insulator will lead to effective use of
atomically controlled oxide interfaces showing further emethe dissipationless surface conduction at room temperature.
gent phenomena. Interface superconductivity and ferrom@g illustrated in gure32, in addition, control of the topo-
netism are their examples demonstrating great potentiallagical phase domains and the correspondent dissipationless
oxide heterostructures [224]. conductions is one of the signi cant goals for developing
In the eld of condensed matter physics, more recentlyture low power consumption devices. Magnetic topological
there is a growing awareness of other important degreesefmimetals as expected in pyrochlore iridatg¢s8;, as well
freedom, topology. Topology is the term used to describeaw magnetic topological insulators, are candidate systems for
classify properties maintained for a continuous deformatiachieving magnetic control of the topological domains and
in a given space. A topological state is thus intrinsically steenductions [228].
ble against perturbations favoring other different states, pro-Regarding quantum Hall systems, most efforts have
ducing novel functionalities suited for storing and processifgcused on the even-denominator fractional quantum Hall
information as a state variable. Typical topological systerstate observed in the GaAs system. Its ground state has been
and their materials are summarized in g@® One exam- extensively examined in the context of a non-abelian state,
ple is a topological insulator, where the bulk bands hawdere quasiparticles obey non-abelian braiding statistics and
non-trivial topology in momentum space, giving rise to #eir exchange operation is expected to be applied in topo-
symmetry protected conductive surface state [225]. This slagical quantum computation [229]. Clean oxide 2D electron
face state is directly con rmed such as in bismuth selenidggstems can be alternative candidates for further advancing
and bismuth tellurides, showing promise for dissipationlesss research. In particular, ZnO/(Mg,Zn)O heterointerface,
electronic devices. A more complicated state, connecting twbere the even-denominator state has been con rmed besides
sides of the surface state through the bulk, is also obsertrezl GaAs heterostructure [230], is promising due to its higher
in transition-metal arsenides, called a topological semimetabntrollablility of the ratio between Zeeman and Landau split-
Quantum Hall systems represented by high-mobility Gadiag energies. Determination of the non-abelian state, such as
heterostructure are another example of the topological phdsedemonstrating e/4 charge and full spin polarization, will
leading the research of edge states from the early period. phee the way for application to the quantum computation.
other example of topological systems is a magnetic-skyr Magnetic skyrmions have much potential for applica-
mion, where the spin textures have non-trivial topology in re@n in future nonvolatile memory device, which has advan-
space, giving rise to a topologically protected macroscopéges such as high memory density and low driving current,
spin object [226]. Typically, spins in two dimensions increasempared to the magnetic bubble and racetrack memories
ingly twist towards the center and show a vortex-like arrand@31]. While skyrmion crystals have been observed both in
ment, as directly observed in chiral metals such as manganmaséals and insulators, the discovery in magnetic semicon-
silicides and germanides and a chiral insulator. The skyrmiductors is one of the important challenges for controlling
behaves as a quasiparticle in a magnet, attracting rising atekyrmion states through the carrier doping. Among many
tion as a stable information carrier. magnetic oxides, for example, ferromagnetic semiconductor
The topological states are more generally characteriZdO is one of the leading candidates, because topological
by topological numbers, which are respectively de ned &all effect resulting from the ctitious magnetic eld has
integral of some spatial variances in the given space, &w®kn conrmed in its Im form [232]. For creating small

University of Tokyo
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Topological Quantum Hall Skyrmion
phases systems states
B
Typical Bi2Ses, (Bi,Sb):Tes, MnSi, (Mn,Fe)Ge,
materials CdsAs», TaAs GaAs/(Al.Ga)As Cu,0Se0s
Candidates R2Ir207, EuO,
in oxide films superlattices, etc. Zn0/(Mg,Zn)0 interfaces, etc.

Figure 31. Typical topological materials and their candidates in oxide Ims.

Edge current Topological quantum Skyrmion
device computation memory
M
Advantages dissipationless error toI(_arant high memory density,
current operation low driving current

Figure 32. Concepts of topological electronics devices.

skyrmions for high memory density, it is necessary to modier identifying the ground state such as by mesoscopic mea-
late magnetic exchange interactions in materials, especiadlyrements. For demonstrating basic operations in skyrmion
the DzyaloshinskiiMoriya interaction, which favors a catingmemory, an experiment combining transport measurement
of the two neighboring spins. Magnetic oxide heterostruand direct observation using magnetic force microscopy or
tures with tunable magnetic interactions at the interface ar@nsmission electron microscopy is of key importance. Direct
a highly promising system for realizing size-controlled skyobservation of interface skyrmion states is also technologi-
mion states, as atomic-scale skyrmions have been alreealy signi cant.
demonstrated in metal heterostructures [233].

Concluding remarks. Manipulation of topological proper
Advances in science and technology to meet challenges.  For ties in materials by external stimuli will trigger revolutionary
directly con rming the topological surface state in candidathanges in the present framework of electronics. The above
Ims or superlatticesin situ characterization integrating Im described concepts are just a few examples that are expected
growth and angle-resolved photoemission spectroscopytdse realized in the typical topological systems topological
remarkably helpful. Microscopy techniques for visualizinghases, quantum Hall systems, and skyrmion states. Once
topological phase domains and/or the correspondent surfageh basic operations of topological properties are demon-
conductions are also needed to be developed for strongfiated in oxide materials, it holds great promise for develop-
promoting this research eld. Regarding quantum Hall syBig next generation innovative devices contributing low power
tems, advances in oxide molecular beam epitaxy technigumsumption, quantum information, and magnetic memory
will enable us to create new high-mobility 2D electron sysechnologies. The beginning of topological oxide electronics
tems. Development of process techniques is also importsenvisaged on this frontier eld.
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19. Control of orbital reconstruction, metal-to-insu- This metal-to-insulator transition (MIT) is driven by the inter
lator transitions and topologically nontrivial phases play of quantum con nement, electronic correlations and strain
at oxide interfaces and emerges from a disproportionation of Ni into two inequiva-
lent sites with different magnetic moments but similar total
Rossitza Pentcheva charges ( gure 34(b)) [238], similar to the mechanism identi ed

. . . in bulk nickelates [23%40]. Upon increasing the thickness of
Theoretlcal F.’hy5|cs,_ Department of Physics and_ Cemer {nerz LaNiQ; layer the system quickly undergoes a dimensional
Nanointegration Duisburg-Essen (CENIDE), University o

. . crossover to a metallic state [2242]. In particular, the modi-
Duisburg-Essen, Lotharstrasse 1, 47057 Duisburg, Germané/ . [2282] P ' . .
ation of bond angles and octahedral tilts under tensile strain

Status. Technological demands driven by the fundamentgvecwely controls the bandwidith, triggering the MIT.

limits of miniaturization of electronics devices call for th jances in science and technology to meet challenges.  Cur-
development of materials with tailored functionality that ha\@nﬂy, the interest is shifting from the much studie@1()
the pc.)t.enual to supsntute e.g. conventional semlqonductqgﬁemed perovskite systems to thd {J-crystallographic orien-
Transition metal oxides (TMO) emerge as a promising clasgion. In the [11] direction the stacking changes to Aénd
ofsuch_ ma}terials. Alrgady in the bulk they_ exhibit a rich rangeayers (see gurd3), where each B layer forms a triangular
of fascinating properties such as magnetism, superconduglitice. In contrast to the (L) oriented superlattices, where the
ity and ferroelectricity as a result of the interplay of charggital polarization is limited due to the inherent covalency of
spin, orbital and lattice degrees of freedom [234]. MOreovgge jn-plane NiO bond, a strong control of orbital polarization
at their interfaces novel electronic phases can be stabiliggd] e achieved in {1)-oriented (LaNi@)y/(LaAIOs), [243] or
that are not available in the parent compounds. This OPRNiO,),/(LaAlOs), [244] superlattices. The spatial decoupling
new avenues .to d§S|gn nanoscale materials W|t_h enhanggfle NiQ; octahedra either through layering ( gure 34(c)) [243]
and new functionality. The past few years have witnessed @ niiferromagnetic order [244] suppresses the covalency and
unprecedented activity in the eld of oxide interfaces [186]. naples orbital polarization. The strong in uence of the crystal-
is of paramount importance to achieve a fundamental Undgpaphic orientation coupled with the inherent high frustration in
standing of the emergent physics at oxide interfaces. To #§ (111)-oriented superlattices makes these systems very prom-
end, material-speci ¢ density functional calculations (DFTiking to host exotic electronic phases. Recently, the stabilization
can bring invaluable insight to identify and explore systemagj 5 polar metallic state in NdNi@rown on LaAIQ(111) was
cally the parameters that control this complex behaviour. r’éborted, that is not accessible in theXPorientation [245].
the following we will discuss the role of symmetry breaking, A new research area aims at designing topological states
strain, exerted by the substrate, polar discontinuities, con Ng-gxide superlattices with (11) crystallographic orientation
ment, as yveII as variation in crystallqgraph|c orientation (SF£46]. A bilayer in this con guration comprises a combina-
gure 33) in designing novel electronic ground states. tion of two triangular lattices and forms a buckled honeycomb
o lattice which is known to host nontrivial behavior. This com-
Current and future challenges. The rami cations of a polar pineq with the correlated, multi-orbital nature of transition
discontinuity are evident in the case of the LafbTIOs metq| jons leads the emergence of a Dirac-point Fermi surface
(001) interface. The AO/Bstacking in the perovskite struc- grTio, and LaXQ bilayers (X Mn, Co, Ni) sandwiched
ture ABQ; along the (01) direction leads to alternating posienyeen LaAlQ as a spacer (see guré(d) and (e)). These
tively and negatively charged layers in LaBlQAO) and  gtates are interaction-driven (i.e. arise for a non-zero Hubbard
formally neutral layers SrTi©(STO) and consequently any) and are protected by symmetry [24344, 247, 248].
excess of 0.5at the TiGQ/LaO interface (see guré3). SITIQ  gypjattice symmetry breaking of different origin leads to a
quantum wells con ned within LaAl@with symmetric n-type ot insulating gap. An interesting case emerges for LayinO
interfaces are experimentally more challenging to realiggere a topological transition takes place from a Chern insu-
than the commonly investigated thin LaAldms on StTiO;  |ator with a sizeable band gap of ~150 meV to Jahn-Teller
(001), but bear analogies to the recently investigated GATiQistorted trivial Mott insulator [248].
SrTiOs superlattices [177]. DFT U results predict that in the
thinnest quantum wells (N 2) the electrostatic doping resultsConcluding remarks. The results achieved so far point to a
in a charge and orbitally ordered state (alternadingdy, at series of parameters that can be used to tune the properties of
Ti® ) sites accompanied by strong octahedral tilts and rotatianxdéde surfaces and interfaces in order to realize novel charge,
that are not observed in bulk STO ( gure 34(a)) [235]. magnetic and orbitally ordered states and enable control of
Novel effectively 2D behavior can be achieved even withofuinctionality for applications in electronics and spintronics
a valence discontinuity. An example are heterostructures cdsvices, as well as in energy conversion. Some major chal-
taining the paramagnetic metal LaNi@nd the band insula- lenges for the future are the improvement in the theoretical
tor LaAlOs. Although the initially proposed control of orbitaldescription of strongly correlated systems e.g. by using hybrid
polarization by strain [236] could only partially be realizefinctionals or dynamical mean- eld theory, and, furthermore,
[237], intriguing electronic behavior was detected in this systetine mastering of growth of highly polar surface orientations as
con nement of a single LaNiglayer leads to an opening of ahe (111)-orientation, which has recently been demonstrated
gap under tensile strain (using e.g. Sgl&S a substrate) [238].for nickelate superlatties (e.g. [24245]). Systems with this
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Figure 33. Side views of perovskite heterostructures along tidd Y@nd (111) crystallographic directions along with parameters
controlling the behaviour at oxide interfaces: symmetry breaking, strain, polar discontinuities, nite size effects. etc.

Figure 34. Mechanisms of electronic and orbital reconstruction at oxide interfaces obtained from DFT U calculations: a) charge and
orbital order at a polar (LaAl)/SrTiO3),(001) superlattice with a very narrow STO QW (N 2) [235]; b) Band gap opening in
(LaAlO3),/LaNiO3)1(001) under tensile strain due to Ni-site disproportionation [238]. In contrast, a strong control of orbital reconstruction
is possible in the double perovskite,N&AIO ¢ ¢) which corresponds to a (LaAle/LaNiOg);(1 1 1) superlattice [243]. A Dirac-point

Fermi surface in d) (LaAlg),/SrTiOs),(111) [245] and e) (LaAlg)4/LaNiO3)(111) [243] is unstable with respect to symmetry lowering

that opens a gap.

crystallographic orientation promise an even richer spectriwknowledgments. Research supported by the German Sci-
of possibilities concerning orbital reconstructions and topence Foundation within SFB/TRR 80 From electronic- cor
logically nontrivial states. relations to functionality .
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20. Kitaev exchange in hexagonal iridates and zigzag antiferromagnetic ordering below T 15K. While

rhodates the observed spimrbital entanglement of uctuations above
Ty directly points to the dominance of the Kitaev interac-

Philipp Gegenwart tion [253], small admixture of additional interactions, which

Experimentalphysik VI, Center for Electronic Correlationg'® allowed by_crystal structure symmetry_ inzmg, pre-
b Phy ent the formation of the QSL. These are in particular next-

d M ti i [ ) . . . .
gr;rmar?}?ne ism, Augsburg - University, 86159 Aungurﬁ’elghbour Heisenberg and off-diagonal anisotropic exchange

interactions as well as various further neighbour couplings
Status. The honeycomb Kitaev model [249] describes [254]. The isoelectronic birOs crystallizes in three different
novel spin interaction which couples a spin with its thresructures illustrated in gur86. Honeycomb -Li»IrOz has
neighbors in a special way: each of the three different bors@sfar only been synthesized in polycrystalline form [255].
realizes an Ising like coupling of one spin component, egempared to NdrO3 it has compressed lattice parameters
Se S, or S, respectively. Consequently along an x-bond tr&nd a reduced gap ~048. The Curie Weiss temperature
x-components of the spins are coupled and respectively @fie 33K is signi cantly smaller than for NrO3z ( 116 K).

two other bonds couple the two other spin components. TA incommensurate magnetic ordering appears & 15
leads to a strong exchange frustration between the spinswhgse exact structure is yet unknown. Isostructural honey-
these cannot simultaneously align with all neighbours preféemb LpRhO; with R is another most promising candi-
ring distinct quantization axes. The exchange frustration pagate material for Kitaev exchange [254]. Polycrystals did not
hibits even for ferromagnetic coupling a nite-temperaturshow long-range ordering, but this needs to be con rmed on
ordering and leads to a highly correlated, but strongly uctudtigh-quality single crystals.-RuCk is another honeycomb
ing low-temperature regime called quantum spin liquid (QSLyaterial with spinorbit Jer ~ 1/2 moments [256]. Advan-
Kitaev s model requires a three-fold coordinated structu@geous compared to honeycomb iridates and rhodates, the
It has attracted much attention, because it hosts a QSL viRCk octahedra in this material are likely closer to cubic
Majorana fermion excitations that could potentially be repymmetry because of only very weak van der Waals forces
evant for topological quantum computation [249]. éxper between the honeycomb layers. This is ideal for undisturbed
imental realization is thus highly desired. However a bondikgtaev physics.

directional coupling of varying spin components in matter is

generally quite unnatural and thus dif cult to engineer. ~ Advances in science and technology to meet chal-

In a seminal work, Jackeli and Khaliullin have predictégnges. Crystal quality is a very important aspect for the
Kitaev exchange to arise in a certain classjin orbit Mott .characterlzatlo'n of candldate.materlals such 4s,IrO3 or
insulating transition-metal (TM) oxides [250]. Figu8(a), isostructural LiRhG;. Clean single crystals are required in
shows the d electron levels for heavy TM atoms in oct@rder to determine the magnetic ground state and the dynami-
hedral oxygen environment, as relevant e.g. for iridates Wﬁﬁ| prope'rties related to the Kitaev ir!teracf[ion. Furthermore, it
5 electrons in the 5d shell. Here, the sixevels are split by IS Promising to search for new materials Wlth' oth'er than planar
spin-orbit coupling (which amounts to ~@¥ for iridates) Noneycomb structures. The three-fold coordination needed for
in four Ly 3/2 and two Je  1/2 states, the former beingitaev physws can also pe reallged in 3D structures. Fifure
lled, the latter being half lled [251]. The resultingy; 1/2 shows dlfferent. synthesized variants ojl@g which realize
pseudospin has a wave function with orbital and spin contriBYP€r- and stripy -honeycomb con gurations [257]. Unfor
utions and one complex component. For the case of a §fnately, - and -Li»IrOz both display long-range magnetic
TM O TM bonding angle, as illustrated in gur&5(b), there ordering at 3&, though the con guration of the spins within
appears a destructive interference between two different hii}t ground state could only be explained by a highly domi-
ping processes. This leads to a bond-directional Ising typRfing Kitaev exchange. In order to achieve a Kitaev QSL,
magnetic exchange (gure 35(c)) where only the Jl/2 ~ N€ tuning of struictu'ral properties by ch'emlcal composition,
components perpendicular to the plane formed by the two -fmdrostatlc or qmama] pressure is required. Respectively for
atoms and its O connections are coupled, like in a quantffifl Ims epitaxial strain can be used.
compass [251]. In N#rOs, edge-shared IrQoctahedra are N ad.dl.tlon to.the s.earch for new candidate materials, it
connected as displayed in guB5(d), leading to a honey-IS Promising to investigate signatures of Kitgev physics in
comb con guration with three different bonds that couplg x, dynamical properties. Recent Raman scattering on -BuCl

andz-components of thivy 1/2 pseudospins, respectively, has shovyn a broad conti.nuum below KO@hich cannot
as required for the Kitaev exchange. be explained by conventional two-magnon scattering and

is compatible with theoretical expectations for fractional-
Current and future challenges. NalrOg crystallizes in a lay- ized Majorana excitations in Kitaev materials [258]. Further
ered C2/m structure with alternating stacks of Na-hexagonighamical investigations e.g. by inelastic neutron secatter
layers and Ir@honeycomb layers lled by another Na-atoning, magnetic resonant x-ray scattering and ultrafast optical
[252]. Its electronic and magnetic properties indicate a Majiectroscopy are following this direction.
insulating state with a gap of order 0636 and spinorbit
coupledJe¢ 1/2 moments. However, instead of displayingoncluding remarks. Driven by the discovery of topological
the desired Kitaev QSL ground state the material showsnaulators and motivated by the theoretical proposal of various
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Figure 35. Kitaev magnetic exchange in spin-orbit Mott insulators. Splitting of 5d levels in an octahedral oxygen crystal electric eld in the
presence of strong spin-orbit coupling (a) Reprinted gure with permission from [250]. Copyright 2008 by the American Physical Society.
Active bonds (in color) for edge-shared TM octahedra (b) Reprinted gure with permission from [251]. Copyright 2009 by the American
Physical Society. Bond dependent Ising interactions in structural units wiliM@@ TM bonds (c). Design of the Kitaev model by
combination of those units (d) Reprinted gure with permission from [251]. Copyright 2009 by the American Physical Society.

Figure 36. Various structures with three-fold con guration required for the Kitaev interaction that are derived from the planar honeycomb
structure by out-of-plane rotations and their realization in various materials. Reprinted gure with permission from [257]. Copyright 2014
by the American Physical Society.

novel states in correlated materials with large spin orbit comaterials have been shown to realize Kitaev exchange. Struc-
pling, transition metal compounds with 4d and 5d elemeritsal ne tuning by chemical substitution, hydrostatic and
such as Ru, Rh or Ir are currently the focus of strong interastiaxial pressure or strain by choosing proper substrates
One eld of intensive research concerns the search for sdiid thin Ims can diminish additional exchange interactions
state realizations of the Kitaev magnetic exchange. The latiich currently are spoiling pure Kitaev physics in real mat-
ter induces strong dynamical frustration and supports a Q&ials. Furthermore, the dynamical signature of Kitaev phys-
with emergent Majonara fermion excitations that can be used can be investigated in the paramagnetic state at elevated
for topological quantum computation. The required bontemperatures.

directional exchange between differing spin components can

be realized in three-fold coordinated structures of spin orbcknowledgments. Research supported by the German Sci-
coupled moments. Several planar and hyper honeycomice Foundation within SFB/TRR 80 and SPP1666.
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21. A European action tracing the roadmap towards gap presently open between fast volatile memories currently
oxide electronics: perspective on nonvolatile employed for code storage and execution (e.g. dynamic ran-
oxide memories dom access memories, DRAMs) and the slower non-volatile

devices employed for data storage (traditionally magnetic
Fabio Miletto Granozio?, Josep Fontcuberta? and Nini Pryds®  hard disk drives and now, increasingly, ash NANDS). In the

1 CNR-SPIN UOS Napoli, Complesso Universitario di Montléit)rggE\gl’afs(;lIr%vélrr:%rsgle]\’/i?ezrizz(?\/%iﬁ?gTvz\l?)tﬁr;&];tg?ve'
Sant Angelo, Via Cinthia 80126, Napoli, Italy

2 |nstitut de Cincia de Materials de Barcelona (ICMAB—typlcal’ for which the involvement of industry has already

) .~ started, and emerging , for which research is still largely lim-
CSIC), Campus UAB, Bellaterra 08193, Catalonia, Spain .itef to the academic sector. Highlighted in bold in the lists
0

3 :
Department of Energy Conversion and Storage, TechmB% w are the storage class memory types where oxides are

University of Denmark, RisCampus, Roskilde 4000, Denmark
expected to play a key role.

Prototypical non-volatile memory technologies are;) (P
Status. The TO-BE COST action towards oxide-based elefFeRAM (ferroelectric-RAM); (B) PCM (phase change mat-
tronics (TO-BEYS, funded by the European Commissiogrials); (R) MRAM (magnetic-RAM) and (P STT-RAM
through the COST Association within the EU Framework Prgspin transfer torque-RAM).
gramme Horizon 2020, was started in 2014 and will run until Non-volatile memory technologies classi ed as emerging
2018. The action gathers, at a European level, scientists figi@: () ReRAM (redox-RAM); (k) ferroelectric memo-
29 European countries. TO-BE aims to create a strongly n@és (FeFET, ferroeletric eld effect transistor and FTJ, fer
worked community of EU scientists active on synthesis, angdelectric tunnel junction); @ Mott memories; (&) carbon
ysis, modelling and applications of transition metal oxidegiemories and (& molecular memories. According to recent
with special emphasis on epitaxial heterostructures. TO-Bdviews from Marinella [25%61], the performances of these
organises and funds semestral (spring and fall) meetingsvices are schematically reported and compared in table
biennial training schools and frequent international scientilgere, we restrict our revision only Redox-RAM andfer-
missions between participating laboratories. The scientirgelectric memories, labelled as;fand & in table 1.
activity is framed into three main work packages (WPs), asRedox-RAMs (ReRAMSs), presently considered as the
sketched in gure37, named fundamental understandingmost promising candidates for next-generation NVMs, are
growth control and towards application . The last WP isyo-terminal passive device consisting of a nanometric thin
focused on a wide range of applications as nanoelectroniggide Ims, e.g. TaQ TiO,, Al,Os, HfO,, or SiQ, sand-
microactuation and microsensing, and energy conversion. wiched between two metal electrodes. Under an applied elec-
TO-BE main objectives include the publication by 201fic eld, a migration and redistribution of oxygen vacancies
of an International Technology Roadmap for Transition Metglkes place [260], resulting in a large, measurable, reversible
Oxides (ITR-TMOs). Our future roadmap aims to (i) trigger &nd non-volatile resistance switch between a high resistance
paradigm shift within the oxide-related research communitytate (HRS) and a low resistance state (LRS). Classi ed as
helping the scientists in the eld to more effectively contextemerging NVMs in 2013, ReRAMs are substantially shift-
alize their research in the framework of the needs and trepgitowards the prototypical class. ReRAM-based devices are
of the mainstream semiconductor industry; (ii) identify oxideommercially availabf today and are at the core of the 3D
material and oxide-based devices that are really bound to pi@bint technology jointly released in 2015 by Micron and
arole in the industrial development of novel technologies, (iinte’®. ReRAMs are expected to be scalable belowni0
increase awareness of the perspectives offered by oxide maatt have been shown to possess large endurance, good reten-
erials among the solid state community, the semiconduci@h and short latency (i.e. short access times). Their fabrica-
industry, the general public and the policy makers. This séen processes can be made CMOS compatible and allow for
tion contributed to this roadmap is a rst output of the activityhultilayering.
that will eventually produce the future TO-BE roadmap. ReRAMs can be divided in different classes [261]. In
table 1, the potential of (E1.1) electrochemical metallization
Current and future challenges. An overview of current and bridge, (E1.2) bipolar lamentary, (E1.3) unipolar lamen-
future challenges related to oxides is extensively providgly, and (E1.4) bipolar non- lamentary ReRAMs is assessed.
by the other section published in this roadmap. To compl&geme present weaknesses of ReRAM technology are related
such an overview, it is mandatory in our opinion to include the undesirable initial forming steps, to the requirement of
non-volatile memory technologies, a crucial topic in ouarge switching currents, to the subsequent limitations due to
action activity. We limit ourselves for brevity to emphasizingrosstalk in high density cell arrays and (for bipolar devices)
the role of oxides in so-called storage class memory deviagsthe need for a bipolar power supply. The generation/creation
These are non-volatile memory (NVM) devices, i.e. memo-
ries that retain their information when power is switched

off. They show promise to bridge the latency (time-accesé$ee e.g. the Panasonic MN101L Resistive RAM based on a onca TaO
layer http://electronics360.globalspec.com/article/4246/embedded-reram-
gets-into-distribution

2Fyrther details about the MP1308 TO-BE COST action are found at the?® See e.g. www.micron.com/about/emerging-technologies/3d-xpoint-

action web site http://to-be.spin.cnr.it/ technology
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Figure 37. (@) Map showing the EU and associated countries currently participating to TO-BE COST action. (b) Schematic represé@ation
of the scienti ¢ activities.

of oxygen vacancies in thin Ims and their role in the lamenfurther investigations. Integration with present semiconduc-
tary process is an important issue which need to addressedechnology is made possible by recent progresses on the
and understood before these materials can be widely used gnaavth of epitaxial complex functional oxides on Si [268].
device [262]. While FTJ fabrication on Si platforms [26270] has been
Ferroelectric tunnel junctions (FTJs), being the only demonstrated, processing is not yet thoroughly CMOS-
family of ferroelectric memories to which we restrict hereompatible and the full potential of integrating FTJ-on-Si has
our interest, are rapidly progressing within the larger claset been yet exploited [271].
of emerging ferroelectric (FE) memories. In FTJs a FE tun-
nelling layer is typically grown on a metallic oxide backe€oncluding remarks. Beside extending the impressive trend
electrode and covered by a (different) top electrode. Lamgfeminiaturization, speed increase and unit cost reduction seen
tunnelling electroresistance (TER) ratios between ON aimdlast decades, oxide-based devices can be the key players
OFF states, depending on the polarization direction of téthin a revolutionary more-than-Moore approach to non-
FE barrier have been obtained [263]. Typical FE materialslatile memories. A major example is given by memrigtors
employed so far include BaT#) Pb(ZxTii, )O3 (PZT), [272], presently considered as the key components of a future
and BiFeQ. Once the use of ferroelectric doped KH{@64] neuromorphic networks technology [273]. The rst claim that
will be demonstrated for application in FTJs, it would offea device based on resistive switching, based on a ReRAM-like
notable potential advantages. Being based on epitaxial hvice architecture, could be seen as the missing memris-
erostructures, FTJs are at the core of the TO-BE action. Theewas reported in 2008 [274]. More recently other kinds of
tunneling conductance across the device is determined byXh&Vis, including FTJs [275], have been proposed as an alter
FE polarization direction and by the asymmetry in the screemative to ReRAM for the fabrication of memristive devices.
ing length of the electrodes. This simple picture has guidddn-volatile memories appear therefore to be one of the elds
the tremendous progress achieved in the last few years. Maiere oxide-based technologies may have a large impact, in
values exceeding 1% (at room temperature) have beenext decade and beyond. This is an important challenge for
achieved in micron-size patterned devices and even largeride electronics that the TO-BE action aims to support in
values may be expected by performing modi cations to thierms of research, networking and dissemination.
basic metal/FE/metal structure design. Such strategies include
the introduction of slave layers behaving as Mott insulatoksknowledgements. This work has been partially supported
[265] and the use of appropriate semiconducting electrodgsthe TO-BE COST action MP1308. J F acknowledges
[266] also allowing to modulate the effective barrier thicknancial support from the Spanish Ministry of Economy and
ness [267]. From a more general perspective, additional cQompetitiveness, through the Severo Ochoa Programme
trol parameters of the memory state as light or strain canfoe Centres of Excellence in RD (SEV-2015-0496) and
exploited. In spite of itspotential, FTJ technology is as yetMAT2014-56063-C2-1R, and from the Catalan Government
immature. Scalability below 5tm, endurance, retention and2014 SGR 734). F.M.G. acknowledges support from MIUR
sample-to-sample variability in patterned devices all neddough the PRIN 2010 Project OXIDE .

22Memristors are non-linear passive two-terminal electrical components rst
postulated on the base of their circuital properties principles, and regardless
to their implementation, in 1971 by Leon Chua [272].
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Table 1. Synoptic table summarizing and evaluating different novel memory technologies, as reported in the ITRS-2013 ERD.

Prototypical Emerging
E1.1 E1.2 E1.3 E1l.4 E2 E3 E4 E5
P1 P2 P3 Conducting Bipolar Unipolar  Bipolar Emerging FE Mott, carbon,

Parameters FeERAM STT-MRAM PCRAM  bridge lamentary lamentary interface effectmemories  molecular
Scalability ?
MLC ?
3D integra- ?
tion
Fabrication ?
cost
Retention ?
Latency ?
Power 2
Endurance ?
Variability ?

Note: Freely rearranged fror2g1]. The number of plus marks is intended to quantify how successfully of the single device types have been meeting speci c
parameters.
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