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Accomplishments

1. Major goals of the project

The lack of materials that can function reliably under extreme electric fields is a critical
roadblock to achieving higher energy efficiency and extended service lifetime of devices in
electricity generation, transmission, and consumption. Materials typically fail at two or three
orders of magnitude below their theoretical dielectric breakdown strength. Identifying the origins
of premature dielectric breakdown using state-of-the-art characterization tools will, therefore,
enable the design and discovery of transformational materials capable of approaching their
intrinsic limits. The vast improvement in the resolution power of imaging tools, combined with
the recently developed in situ electric biasing technique, has made high resolution observations
of dielectric breakdown as it happens possible. The overall goal of the project is to directly
image the dynamic processes of defect formation, accumulation, and interaction with pre-
existing defects (e.g., dislocations, domain walls, and grain boundaries in crystalline dielectric
films) under electric fields up to 1,000 MV/m with a temporal resolution better than 5
microseconds. Using the newly acquired, custom-made Hysitron P195 transmission electron
microscopy (TEM) specimen holder, in situ TEM observations of breakdown at the sub-
nanometer resolution will be made on representative dielectric compounds with progressive
complexities: the linear dielectric SiO2, CuO, and TiO», the ferroelectric BaTiO3; nanocrystals
and nanocubes. Through direct observation of the breakdown event at high spatial and temporal
resolutions, the nanoscale mechanisms for the failure of dielectrics under intense electric fields
will be identified. The results of the project will be applied to the design and processing of new
dielectric materials with higher efficiency, improved reliability, and a prolonged lifetime. Such
new dielectrics are urgently needed for modernizing energy infrastructures.

2. Tasks accomplished

e The Pl installed and tested the PI-95 specimen holder on the Tecnai TEM at the Sensitive
Instrument Facility at the U.S. DOE Ames Laboratory.

e The co-PI has prepared high-quality TiO2, CuO, and PZT films on the small Si-wedge
substrate. The non-planar nature of the substrate makes the processing quite challenging.
The sample configuration has been redesigned and films were fabricated using the dip-
coating method with a conductive LaNiO3 buffer layer. The co-PI has also attempted
alternative approach by depositing TiO2 and CuO directly on the W probe tip.

e [n situ TEM experiments have been carried out on the Si wedge substrate with a native
Si0; film. We directly observed the amorphization of Si single crystal under electric bias
in the contiguous region of its native oxide layer. We further showed that the amorphized
Si can be recrystallized under a bias of reversed polarity. Electron energy loss
spectroscopy and energy dispersive X-ray spectroscopy analyses indicate that the
amorphization and recrystallization of the crystalline Si is a result of directional migration
of oxygen which originally comes from its native oxide layer. The findings are reported in
Journal of Applied Physics.

e [nsitu TEM experiments are employed to characterize the structural and compositional
changes of amorphous TiO> under extreme electric field (~100 kV/mm) in a Si/Ti0O2/W
system. Upon applying voltage pulses, the amorphous TiO> gradually transformed to
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crystalline sub-stoichiometric rutile TiO2x and the Magnéli phase Ti30s. The transitions
started from the anode/oxide interface under both field polarities. Preferred growth
orientation of rutile TiO.x with respect to the Si substrate was observed when Si was the
anode, while oxidation and melting of the W probe occurred when W was the anode. We
associate the TiO> crystallization process with the electrochemical reduction of TiO.,
polarity-dependent oxygen migration, and Joule heating. The experimental results are
supported by our phase-field modeling. These findings provide direct details of the defect
formation process during dielectric breakdown in amorphous oxides and will help the
design of electronic devices with higher efficiency and reliability. The results are reported
in ACS Applied Materials & Interfaces.

e [n situ TEM experiments have been conducted to show distinctly different defect-related
and intrinsic breakdown processes in individual, single crystalline TiO> nanoparticles. As
the applied electric field intensity rises, rutile-to-anatase phase transition, local
amorphization/melting, or ablation are identified as the corresponding breakdown
processes, the field intensity thresholds of which are found to be related to the position of
the intensified field and the duration of the applied bias relative to the time of charged
defects accumulation. Our observations reveal an intensity-dependent dielectric response
of crystalline oxides at breakdown and suggest possible routes to suppress the initiation of
premature dielectric breakdown. Hence, they will aid the design and development of next
generation robust and efficient solid dielectrics. The results are reported in ACS Nano.

e [nsitu TEM experiments are carried out on two types of copper oxides (CuO and CuxO) to
reveal the structural and electrical property changes under voltage bias. In both types of
oxides, dynamic conductive path formation and dissolution are observed. The decrease in
resistance of CuO film is found to be accompanied with the formation of CusO3 phase
where the electric field strength is highest. We also find that the decrease in resistivity of
Cu20 film is more extensive and occurs in an area depending on the level of current
compliance. The physical mechanisms responsible for the observations and their
implications for the formation of conducting regions in copper oxide-based memristors are
discussed. The results are reported in IEEE Transactions on Devices and Materials
Reliability.

e [n situ TEM experiments are conducted on BaTiO3 perovskite nanocrystals. We
discovered that formation of oxygen vacancies due to electrical stressing renders the oxide
amorphizable under electron beam illumination, suggesting the presence of a threshold
concentration of oxygen vacancy affecting the structural stability of BaTiO3 crystals upon
high energy radiation. In contrast to the structural change, the resistivity of the nanocrystal
seems not liable to the amorphization prior to dielectric breakdown at higher voltage bias.
We propose that an increase in oxygen vacancy content promotes oxygen mobility in the
perovskite structure allowing electron beam induced electric field to modify the local
structural and composition. Our in-situ observations reveal the central role of oxygen
vacancies in the structural stability of perovskites which is of paramount importance to
their applications in extreme environments and suggest a potential new route to micro-
processing perovskite oxides using the electron beam via oxygen vacancy management
without severely compromising the electric property. The results are reported in Advanced
Functional Materials.
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In situ TEM experiments are conducted on individual pristine and doped BaTiO3
nanocubes to measure their electrical properties. The dimensions of the nanocubes tested
are between 10 and 20 nm. We characterized 4%Cr and 5%La doped BaTiO3; nanocubes
and compared them with the properties of pristine BaTiO3 nanocubes. We found that the
resistance of all three types of nanocubes when displayed in log-scale show a nearly linear
dependence on the applied electric field over a wide range of electric fields (50 — 900
kV/cm). Compared with pristine BaTiO3 nanocubes, the resistance of both 4%Cr and
5%La doped nanocubes showed reduced variation rates with respect to the electric field,
with 5%La doping demonstrating a better reduction in the variation rate. By developing
techniques capable of evaluating the properties of individual BaTiO3; nanocubes, we
expect that our work to open the door to the use of BaTiO3 nanomaterials in the design of
future ferroelectrics-enabled nanodevices with novel functionality. The results are reported
in Applied Physics Letters.

3. Training and professional development opportunities

Two postdocs, Dr. Joshua Hoemke and Dr. Xinchun Tian, have been trained to operate the
transmission electron microscope and the most critical PI-95 picoindentor with electrical
characterization module. Both of them have accumulated extensive experiences with in situ
biasing TEM techniques and deep understanding of nanoscale mechanisms of dielectric
breakdown.

One M.S. student, Ms. Chloe Cook, was fully supported and one Ph.D. student, Ms. Valerie
Jacobson, was partially supported by this project. Both were trained on solution process of
thin films and produced TiO,, CuO, and Pb(Zr,T1)O3 films on Si narrow wedge substrates.
They also acquired general knowledge on ceramic synthesis and microelectronics
technologies.

4. Research findings dissemination

The research findings of this project were reported in six articles published in top-rated
technical journals, including Advanced Functional Materials (Impact factor 19.92) and
ACS Nano (Impact factor 15.88).

The results were presented at the MRS 2020 Spring Meeting and the Materials Science
and Technology 2020 Annual Meeting.

The project has been featured in the lowa State University College of Engineering Spring
2019 Research Magazine.

Products

1. Publications:

X.C. Tian, T. Ma, L. Zhou, G. Brennecka, and X. Tan, /n situ TEM study of the
transitions between crystalline Si and nonstoichiometric amorphous oxide under bipolar
voltage bias. Journal of Applied Physics 125, 245304 (2019). DOI: 10.1063/1.5100310.
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e X.C. Tian, C. Cook, W. Hong, T. Ma, G. Brennecka, and X. Tan, In situ TEM study of
the amorphous-to-crystalline transition during dielectric breakdown in TiO; film. ACS
Applied Materials & Interfaces 11, 40726-40733 (2019). DOI: 10.1021/acsami.9b08146.

e X.C. Tian, G. Brennecka, and X. Tan, Direct observations of dielectric breakdown in
Ti0; single nanocrystals. ACS Nano 14, 8328-8334 (2020). DOI:
10.1021/acsnano.0c02346.

e X.C. Tian, S. Yazdanparast, G. Brennecka, and X. Tan, In situ TEM study of dielectric
breakdown in copper oxides. IEEE Transactions on Devices and Materials Reliability
20, 609-612 (2020). DOI: 10.1109/TDMR.2020.3015398.

e X.C. Tian, G. Brennecka, and X. Tan, Structural instability in electrically stressed,
oxygen deficient BaTiO3 nanocrystals. Advanced Functional Materials 30, 2004607/1-9
(2020). DOI: 10.1002/adfm.202004607.

e X.C. Tian, G. Caruntu, B. Kavey, and X. Tan, In-situ TEM measurement of electrical
properties of individual BaTiO3 nanocubes. Applied Physics Letters 118, 192901/1-5
(2021). DOI: 10.1063/5.00494717.

2. Techniques:
e Anin situ TEM technique for studying dielectric breakdown nanoscale mechanisms is
developed.

Participants

Xiaoli Tan, PI. Email: xtan@jastate.edu; Phone: 515-294-3355
Contributions: Oversees the project; advises the postdocs; conducts regular research progress
meetings; revises manuscripts; reports to sponsoring agency.

Geoff Brennecka, co-PI. Email: gbrennec@mines.edu
Contributions: Oversees the film deposition process, advises the graduate students, analyzes
data and revises manuscripts.

Xinchun Tian, postdoc
Contributions: Prepares samples; performs the in situ TEM experiments; analyzes data;
drafts/revises manuscripts for publication.

Joshua Hoemke, postdoc
Contributions: Prepares samples; performs the in situ TEM experiments; analyzes data.

Chloe Cook, M.S. student
Contributions: fabricates TiO2, Pb(Zr,T1)O3, and PbZrOs thin films on the Si wedge substrate.

Valerie Jacobson, Ph.D. student
Contributions: fabricates CuO and Pb(Zr,T1)O3 thin films.


mailto:xtan@iastate.edu
mailto:gbrennec@mines.edu


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /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 1.4

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /sRGB

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions false

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /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 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /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 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /PDFA1B:2005

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly true

  /PDFXNoTrimBoxError false

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <>

    /CHT <>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-bestanden te maken die moeten worden gecontroleerd of die moeten voldoen aan PDF/A-1b, een ISO-standaard voor de langetermijnopslag \(archivering\) van elektronische documenten. Zie voor meer informatie over het maken van PDF/A-compatibele PDF-documenten de Acrobat-gebruikershandleiding. PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>





    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/A-1b, an ISO standard for the long-term preservation \(archival\) of electronic documents.  For more information on creating PDF/A compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



