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Self-healing of GaAs nanowires: An atomistic study
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Summary Fractured GaAs nanowires (NWs) with a zinc-blende structure can spontaneously self-heal throughout Ga—As re-bonding
at fracture sites. In this paper, a systematic molecular dynamics study has been made with focus on the influence of lateral
dimensions of GaAs NWs, multiple fractures and atomistic diffusion on the self-healing process. The results show that, as the lateral
dimension increases from 2.31 to 9.23 nm, GaAs NWs lose their 46.0% capacity of self-healing. After 24 repeated cycles of fracture,

the restored tensile strength of a NW reduces by 64.4%. Atomistic diffusion enhances the healing efficiency by eliminating
mismatch of atoms.

INTRODUCTION

Self-healing is a widely observed phenomenon in natural materials, particularly in biomaterials such as the healing of a
small cut in skin and restoration of fractured bones. It has been one important emerging field in nanotechnology since
self-healing behaviors have been observed in a wide range of nanostructured materials. In synthetic materials, there is
no circulatory system to mimic biochemical components of self-healing, and thus, a more direct route to self-healing is
re-bonding of atoms at fracture sites. However, it is difficult to happen in a macroscopic system because damaged
surfaces are so rough that even mechanical contact is impossible. At nanoscale, surface roughness is limited by the
characteristic dimension of a structure. With the distance between two fractured surfaces being substantially reduced,
atoms on one surface can react with their counterparts on the opposite side. It can thus be expected that self-healing
might be an intrinsic property of one dimensional nanostructured materials at least under near-vacuum conditions. This
study is motivated by in-situ deformation experiments that demonstrated repeatable self-healing of fractured GaAs
nanowires (NWs) inside a transmission electron microscope [1]. Based on molecular dynamics simulations of the self-

healing process between fractured sections of GaAs NWs, our focus is on the influence of lateral dimensions, multiple
healing cycles and atomistic diffusion.

RESULTS AND DISCUSSION
The self-healing behavior in a GaAs NW can be assessed in three steps: loading, self-healing and re-loading. Firstly, a

uniaxial tensile load is applied on a GaAs NW until its fracture. Then, two fractured sections are attached along their
axes. Finally, a uniaxial tensile load is re-applied and mechanical properties of the restored NW are evaluated.
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Figure 1: (a) The self-healing process of a fractured GaAs NW, where insets are patterns at two peaks (A and B) in the healing stage. (b) Stress versus
strain curves of virginal and self-healed GaAs NWs.
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A typical self-healing process consists of three stages: attaching, contacting and healing, as shown in Fig. 1(a). (i) As
the distance between two fractured surfaces is more than 1.0 nm, no interaction can be detected. (ii) As the distance
reduces from 1.0 to 0.7 nm, a substantial surface attraction emerges. The attractive force per unit area is about 0.1 GPa,
which enables a small amount of broken Ga—As bonds between two fractured surfaces to be rebuilt. (iii) With a further
decrease of the distance, the surface attraction between two fractured surfaces reaches a maximum of 0.87 GPa, which
is much stronger than that in the contacting stage. The two peaks of surface attraction in Fig. 1(a) correspond to two
healing events: the partial healing in rough regions (peak A) and the full healing of fractured NWs (peak B). The tensile
test on a self-healed GaAs NW shows that the tensile strength can reach 7.19 GPa. In comparison with its original
strength of 9.27 GPa, 77.6% (the healing efficiency) tensile strength is restored, see Fig. 1(b). Here, it is of interest to
note that the second brittle failure happens at the same location [2].

With the lateral dimension of a GaAs NW being from 2.31 to 9.23 nm, the roughness of its fractured surface increases,
see insets in Fig. 2. As a result, the healing efficiency reduces by 45.2% from 83.9% to 46.0% (Fig. 2). Based on tests
of repeated fracture and cure of a GaAs NW with a lateral dimension of 5.54 nm, the restored tensile strength reduces
dramatically by 64.4% from 7.19 to 2.56 GPa as the healing cycle reaches 24. During first 24 healing cycles, there is an
attenuation trend. Further, the restored tensile strength is stable around 2.50 GPa, which accounts for 27.0% of the
virginal strength (9.27 GPa), see Fig. 3. A bigger lateral dimension and multiple fractures increase the roughness of
fractured surfaces, which cause con factors on self-healing such as a substantial reduction of surface attraction,
mismatch of atoms during a healing process and local defects left in a self-healed GaAs NW. To improve the healing
efficiency, enhancing atomistic diffusion is a better strategy to eliminate the mismatch of atoms between self-healed
sites. To this regard, the self-healed NW after 32 healing cycles is annealed at 1400 K for 1 ns. The tensile test on the
heat-treated sample shows that the healing efficiency dramatically increases from 27.0% to 85.5%.
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Figure 2: Healing efficiency versus lateral dimension. Figure 3: Healing efficiency varies with healing cycles.

CONCLUSIONS

In summary, molecular dynamics simulations have been carried out to investigate self-healing mechanisms of fractured
GaAs NWs. The results show that smooth fractured surfaces are a precondition for self-healing of fractured GaAs NWs.
In a healing process, the strong surface attraction, due to electrostatic interaction in the near-field region, contributes
the Ga—As re-bonding. However, a bigger lateral dimension and repeated fractures increase the roughness of fractured
surfaces, which are against self-healing of GaAs NWs. Atomistic diffusion can improve healing efficiency by
eliminating mismatch of atoms. This study provides a deep understanding on the self-healing behavior of GaAs NWs and
other nanostructured materials, which can help the design of novel nanostructured materials with the ability of self-
healing.

This work was supported by the Australian Research Council (Grant No. DP0985450), the National Natural Science
Foundation of China (Grant Nos. 11172024, 11172305, 10932011, 11072014, 10972218 and 11021262), the China
Postdoctoral Science Foundation (2011M500211), the National Basic Research Program of China (2012CB937500)
and the U.S. National Science Foundation (CMMI-0758535). Computations were performed on computer clusters at
the CNIC Supercomputing Center, and the iVEC through the use of advanced computing resources located at
iVEC@ARRC.

References

[1] Wang Y.B. et al.: Self-Healing of Fractured GaAs Nanowires. Nano Lett. 11:1546,2011.
[2] WangJ. etal.: Self-Healing of Fractured One Dimensional Brittle Nanostructures. Appl. Phys. Lett. 2012 submitted.




<<
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /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 /Preserve
  /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 [
    /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


