The new (0ld?) MATERIALS ZOO

g ’s Ah, life in the 21st century. Isn’t it glorious? Every day
I wake up, it seems there is a new type of material, or a
new use for an old material, or a new materials process
that promises to make our lives more enjoyable. We live
in a wonderful world of materials, with engineered materials at the
nanoscale and atomic scale, including heterostructures, quantum
wells, quantum wires/nanowires, quantum dots/nanocrystals, 2D
materials, and a variety of new compounds and alloys (ternary,
quaternary, and quinternary materials). Some of these, such as
heterostructures and quantum wells, have been around for 30 years
or more. Others, such as graphene, have been known for much
longer, but have recently taken on new life.

Work on a broad class of so-called 2D materials emerged in
2004 with the identification and measurement of the properties of
single atomic layers of carbon in a hexagonal lattice.! The earli-
est work on record for this material involved discussions of the
energy-band structure of a single hexagonal layer of graphite.” The
more recent work, which started through exfoliation of graphite
from pencil lead, has been followed by suggestions of potential
applications in microelectronics, optoelectronics, flexible electron-
ics and sensors, among others. The reemergence of graphene was
followed quickly by reports of silicene, germanene, and a variety of
2D layers of transition-metal dichalcogenides (e.g., MoS,, MoSe,,
MoTe,, WS, WSe,).* Developments around these include nanorib-
bons, nanowires, heterostructures, and quantum wells.

Other fascinating new areas of materials science include
materials for spintronics*® and topological insulators.® Spintronic
materials and devices are based upon ideas of spin transport in
solid-state materials. Most fundamental semiconductor transistors
work on the basis of transport of charge carriers (electrons and/
or holes). Channels for electrical transport are formed and then
controlled by electrical biases. The movement of charge from one
region of a device to another is the foundation of modern integrated
circuits, including the microprocessors that drive our computers,
tablets, eReaders, phones, and automobiles.

As the need for higher processing power has evolved, transis-
tors have become significantly smaller in size. Transistors long ago
reached the point where some or all of their dimensions were com-
parable to the wavelength of the charge carriers, which means that
quantum mechanical effects have to be taken into consideration in

discussing their performance. At some point, this trend in down-
sizing (or, as one of my friends calls it, “smallifying”) has to end,
as fundamental limits exist below which transistors (at least those
based upon the common semiconductor-device materials) cannot
maintain their performance. Intel is currently producing micropro-
cessors with transistors with some dimensions on the scale of 14
nm. Microprocessors and other integrated circuits with transistors
scaled to the 5-nm node seem to be just around the corner. The
transistors in these devices may be nanowire field-effect tran-
sistors. It is not clear how much further we can go with these
approaches. Spintronic structures that use materials based upon
II-V semiconductors, including IlI-nitrides, and ferromagnetic or
antiferromagnetic compounds, including Heusler compounds,” may
offer a path forward toward higher levels of performance or lower
power consumption. They may also drive solid-state approaches
to quantum information applications such as quantum computing.

As is well known, surfaces have always been problematic,
which has supported many of our careers.® There are different
surface reconstructions depending on conditions. Dangling bonds
yield states that enhance trapping and recombination. They are
sensitive to growth of native oxides and contamination. Depending
upon how the materials are produced, the surfaces may have signif-
icant roughness and other defects. Forming reproducible contacts
to surfaces can be problematic. Growing other layers on top of
existing layers or substrates can be problematic. Trying to extract
bulk properties from measurement results can be difficult if surface
processes are also interrogated (e.g., extracting bulk carrier lifetime
from transient photoluminescence in the presence of strong surface
recombination effects).

Now, along come topological insulators:® 2D topologi-
cal insulators (e.g., HgTe) and 3D topological insulators
(e.g., a variety of bismuth-containing compounds). In 2D
topological insulators, the conductive states are edge states.
Three-dimensional topological insulators are materials whose
bulk properties are those of insulators, but that have surface
states that can be conductive. Under some conditions, these edge
or surface states are protected from disorder by their symmetry
conditions. Topological insulators may have unconventional
applications in spin transport, superconductivity, nanophoton-
ics, and plasmonics. The 2016 Nobel Prize in Physics was
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awarded to J. Michael Kosterlitz, F. Duncan M. Haldane, and
David J. Thouless for their work on these fascinating materials.

Who knew that bismuth would become so interesting? For most
of my life, the only application of bismuth with which [ was familiar
was for Pepto-Bismol for digestive relief. Pepto-Bismol is bismuth
subsalycilate.” Bismuth is a semimetal and has other interesting
properties. Recent work has revealed a superconducting phase
of bismuth at extremely low temperatures <0.53 mK that cannot
be explained by the conventional Bardeen—Cooper—Schrieffer
theory.! It has been shown that promising semiconductor mate-
rials can be made by adding small quantities of bismuth to the
II-V semiconductor compounds.!! These so-called dilute bismides
(e.g., GaAs Bi, , InP Bi ) have potential applications in opto-
electronics, including solar cells, lasers, and light-emitting diodes.
Other work has demonstrated that compounds such as Bi,Se, and
Bi,Te, are topological insulators.® These add to the small but
growing list of applications for bismuth-related materials.'

Some of you may be familiar with the idea of exploiting meta-
materials for optical cloaking,"* somewhat similar to the Cloak
of Invisibility invoked in the Harry Potter fantasy books, as one
of the three Deathly Hallows.!* “Meta” is a modifier to the word
“materials.” Many of us believe we know the definition of a mate-
rial.’® The modifier “meta” in this usage means above and beyond.
In metamaterials, responses to electromagnetic radiation or sound
or other stimuli are based on the structure of the objects at the
mesoscale or larger, as much as they are based upon the materials
properties themselves.'® Metamaterials have mesoscale objects
constructed to form artificial atoms on a mesoscale lattice.

One of the most publicized aspects of metamaterials is their abil-
ity to manifest what is apparently a negative value for the real part
of the index of refraction. This means that electromagnetic radiation
entering these materials will alter their paths in manners different
than normal refraction. Cloaking using metamaterials appears to
work somewhat differently, and in a much more limited fashion,
but is being vigorously explored by the community. Metamaterial
concepts have also been discussed for isolating buildings and other
structures from the effects of earthquakes.!” For those of you who
have lived through a major earthquake and know how absolutely
terrifying that experience is, we would appreciate anything that
could isolate us from those effects.

Finally (at least for now), I recently ran across the word
metamictization. Not knowing the meaning, I looked it up. It is an
intrinsic materials response that takes a crystalline material to an
amorphous phase over time.'® Examples include crystalline materi-
als that contain radioactive species. The emitted radiation and the
recoiling nuclei can slowly amorphize the crystalline material. As
someone interested in radiation effects, this process intrigued me,
and I naturally wondered about the word. After all, it contains the
modifier “meta,” which means above and beyond. And yet, “micti-
zation” does not seem to be a word by itself. At least, in the searches
I’ve done, I’ve found no dictionary references to it, nor have I found
any usage of that word. Consequently, “metamictization” is a word
in and of itself, and the “meta” part of it is not just a modifier.

‘When [ was a student, life was much simpler. We were expected
to know about silicon, germanium, and a few other semiconductor
materials, some simple metals, and oxides. The processing and
characterization of these materials was fairly simple. We watched
with trepidation and awe when some of our colleagues investigated
more exotic materials such as HgCdTe. Today, the materials zoo is
extremely complex and growing more so every day. We materials
zoologists are expected to know these and many other materials,
their synthesis, their properties, how to characterize them, and
their potential applications. And I haven’t even really touched
Ruddlesden—Popper phases,'*?° Heusler alloys®! and half-Heusler
alloys,* dilute nitrides® and antimonides,* or auxetic materials,”
just to name a few. Isn’t it great?

Steve Moss

References

1. K.S.Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V.
Grigorieva, A.A. Firsov, Science 306 (5696), 666 (2004).
P.R. Wallace, Phys. Rev. 71 (9), 622 (1947).

3. A.V.Kolobov, J. Tominaga, Two-Dimensional Transition-Metal Dichalcogenides
(Springer, Berlin, 2016).

4. S. Bandyopadhyay, M. Caahay, Introduction to Spintronics (CRC Press, Boca
Raton, FL, 2008).

5. V. Litvinov, Wide Bandgap Semiconductor Spintronics (Pan Stanford Publishing,
Singapore, 2016).

6. G. Tkachov, Topological Insulators: The Physics of Spin Helicity in Quantum
Transport (Pan Stanford Publishing, Singapore, 2016).

7. R. Sahoo, L. Wollmann, S. Selle, T. Hoche, B. Ernst, A. Kalache, C. Shekhar,
Adv. Mater. 28 (38), 8499 (2016).

8. A.Zangwill, Physics at Surfaces (Cambridge University Press, UK, 1988).
https://en.wikipedia.org/wiki/Bismuth_subsalicylate.

10. 0. Prakash, K.A. Anil, A. Thamizhavel, S. Ramakrishnan, Science (2016), doi:
10.1126/science.aaf8227.

11. K. Forghani, G. Yingxin, M. Losurdo, G. Luo, D. Morgan, S.E. Babcock, A.S.
Brown, L.J. Mawst, T.F. Kuech, Appl. Phys. Lett. 105 (11), 111101 (2014).

12. https://en.wikipedia.org/wiki/Bismuth.
13. W. Cai, U.K. Chettiar, A.V. Kildishev, V.M. Shalaev, Nature 4, 224 (2007).

14. J K. Rowling, Harry Potter and the Philosopher’s Stone (Bloomsbury Juvenile
UK, 2014).

15. S.C. Moss, MRS Bulletin 37 (1), 95 (2012).

16. A.A. Maradudin, Ed., Structured Surfaces as Optical Metamaterials (Cambridge
University Press, UK, 2011).

17. S.-H. Kim, J. Acoust. Soc. Am. 131 (4), 3292 (2012).

18. https://en.wikipedia.org/wiki/Metamictization.

19. S.N. Ruddlesden, P. Popper, Acta Crystallogr. 11, 54 (1958).

20. S.N. Ruddlesden, P. Popper, Acta Crystallogr. 10, 538 (1957).

21. PJ. Webster, Contemp. Phys. 10 (6), 559 (1969).

22. G.J. Poon, Semicond. Semimet. 70, 37 (2001).

23. N. Tansu, N.J. Kirsch, L.J. Mawst, Appl. Phys. Lett. 81
(14), 2523 (2002).

24. M.G. Mauk, A.N. Tata, J.A. Cox, J. Cryst. Growth °
225 (2), 236 (2001). s ”.

25. J.-W. Jiang, S.Y. Kim, H.S. Park, Appl. Phys. :' S
Rev. 3 (4), 041101 (2016). °

256 W MRS BULLETIN - VOLUME 42 + MARCH 2017 - www.mrs.org/bulletin
https://doi.org/10.1557/mrs.2017.52 Published online by Cambridge University Press


https://doi.org/10.1557/mrs.2017.52


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


