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The Fe-Si system is one of the environmental-friendly materials because of their abundant existence on the
earth’s crust and no chemical pollution. Especially j -FeSiz has a great potential for the application of
optoelectronic and thermoelectronic devices due to its very useful physical properties such as a direct band-gap of
0.8-0.85 eV, a high absorption/Seebeck coefficient, resistance to chemical attack. In addition, it can be
epitaxially grown on Si substrates. Among these properties, it has been pointed out that the origin of the light
emitting property is due to a difference of lattice strains in S -FeSis. The fabrication of well-isolated B -FeSi2
nanoparticles on a Si substrate has attracted much attention because it is one of the possible ways to control the
strain state by adjusting the particle size. On the other hand, a fabrication of homogenous S -FeSiz thin film is
needed to apply for a thermoelectric device. Until now, semiconducting JB -FeSiz nanoparticles were
synthesized by a variety of techniques. An electron-beam evaporation technique is one of the possible ways to
fabricate B -FeSis, but the formation of JB-FeSiz is difficult because of the formation of a variety of iron
disilicides polymorphism and/or metastable phases. In addition, there seems to exist lots of misunderstandings
and controversies on the microstructure analysis. Therefore, we fabricated a variety of iron silicides in
nano-scale using an electron-beam evaporation technique, and investigated their nanostructures and formation
processes by means of transmistion electron microscopy.

In Chapter 1 were explained the various physical properties and the history of researches as a background of
this work. Chapter 2 gave the general procedure of electron-beam evaporation technique. In Chapter 3,
investigation of various kinds of FeSiz nanoparticles formed by electron-beam evaporation in combination with
thermal annealing is described. Well-isolated nanoparticles of «-, B-, and 7y -phases with an average size of
~10 nm were successfully formed by Fe deposition onto a single crystal Si(100) substrate. The FeSis
nanoparticles had a specific morphology and epitaxial relationships with Si substrate depend on their types of

phases. The more careful investigation of microstructures on each FeSi2 nanoparticle revealed that the
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morphology is closely related to the strain between nanoparticles and Si substrate. Newly in this work, we
found that the B -FeSiz nanoparticle in Si matrix is inclined to form the interface plane with epitaxial
relationship of (é 10) 8 121 i)si. In addition, we revealed that the columnar nanoparticle, which was previously
proposed as a strained B -FeSig, is the vy -FeSis.

In Chapter 4, we applied solid phase epitaxy process on electron-beam evaporation technique to improve the
productivity of B -FeSiz2 phase and investigated the effect of growth conditions on morphology change during
thermal annealing. It was found that the microstructures of as-deposited film with a thickness of 2 nm depend
on the pre-baking temperature. (i) At the pre-baking temperature of 823 K, an oxide layer remains on the Si
substrate and the deposited layer consists of Fe nanocrystallites. (ii) An amorphous layer was formed due to
solid state amorphization of Fe and Si in the case of the 923 K pre-baked substrate. The annealing-induced
microstructures as a function of deposition thickness were as follows : nanoparticles (the deposition thickness of
2-4 nm), a discontinuous layer (6-8 nm), and a continuous layer (>10 nm). The samples with the deposition
thickness of 2 nm consisted of ¢ -FeSi and B -FeSiz phases, while B -phase became dominant with increasing
the amount of Fe deposition. From these result, we found that Fe deposition thickness for the well-isolated J
-FeSi2 nanoparticles is around 4 nm, and at least 10 nm of deposited Fe thickness is necessary to form a complete
continuous f -FeSiz layer.

In Chapter 5, the formation process of B -FeSiz2 nanoparticles is described which was investigated by means of
ex-situ and In-situ TEM observations. With increasing annealing temperature, the following five stages of
structural change occurred successively : (i) a formation of amorphous iron silicide (as-deposited state), (i) a
crystallization into ¢ -FeSi layer, (iii) a formation of a discontinuous v -FeSis layer with particle-like ¢ -FeSi
phase, (iv) a formation of isolated v -FeSiz nanoparticle, and finally (v) a transformation of v -FeSiz phase to
triangle-shaped B -FeSi2. Furthermore, a dark field TEM analysis suggested that the phase transformation
from ¢ -FeSito vy -FeSizis caused by the reduction of Fe atoms from ¢ -FeSi phase. The entire phase evolution
process for the formation of B -FeSis starting from the reaction between the deposited Fe and the substrate Si as
a function of annealing temperature is as follows :

Amorphous Fe-Si = ¢ -FeSi = vy -FeSi2 = S -FeSiz

In chapter 6, all the results in this dissertation were summarized.

MXEBEORRNDEE

# (Fe) £ Var (Si) DILEMTHLERT VI A N, 77—V EAEENGRD & & bIT, ZORVEN
MOBEREITE LWAMEHE LT ST b, Fe-Si2 suRGalRRE ., I IF L TRx 2B E 2 /1 51k
B EIEAT DD, RS8R B -FeSie 1T E 1.55 u m OFRNFMEE R L, Si HEREK E~OT B & X3 v LEk
EWARER Z e n, WA T b= 7 =27 2k e UTHR v, TR IR 72 ST 5,

B -FeSiz | TM#EEBRERTH LD, K T2 ETELZ LICL V EEERANEERIZRD Z ERTHISAT
W5, B-FeSie ICHMNCERZ G 2 DIT1E, Si BiEGRER Lo/ #imx R S EMRERZFI AT 2 HIERE 2
bILD, EBE. B-FeSis 7/ fOAIRIZI I NE CEODLOREFINGEET D, LoLenn, 8k V3o Rk
FATBW T AR R BB TAAE L2 WIEREM A AR L, BN E 35 B-FeSia F / #f OIERUIE S Thvy, M
2T, T/ R ORERITERICE L TOLRRDIET NVRORSTET = NREEIN TV DLIONRBRTH 5, AFET
I, B —LZEEE T SRR ER RIC8EZEE L, BVUIRIZIES B-FeSie 7/ fidn DTE MBI % 5181
WENRICE VT LI b DO TH D, EREREEZENTHELUTO®EY Th 5,

(1) @& e E T BMEEE, 7/ E— BT EYHEIC L V8 D VoA R ) b OREERENT 217, AR & I RE DB
. Bt E T /R OFMBRERA LML TS, £z, ZRETEAR B-FeSiz RSN TV T/ hifo=

— 636 —



Y RTA NI, $ERE y -FeSis fHE S OEAVICEDET LRICERT A a3 A A=Yy Ialb— a2k
MEEL TV S,
2EER PARINBNR A, BEIRE, Fe HFESEZL(L S, B-FeSis EMRDRBERMLMLL TWD, TORER, &
WP HMEEEE 923 K, FiRE 300 K. Fe VHMRE 4 nm LT TN Lz F /B3 Si (100) ZEHR EICIBR T
5T EEHLMILTNG,
(3 Ak % 923 K T TPNEM%Z, iR T Fe # 2 nm HfE S ® 2 & SI MR LIZT L7 7 REGENTERL I ND Z & &
BN LTW5, BT REMED AN L OB ZNFHEIZLY . ZoBIEXEHETELT 7 MU X VBRI T
ENT 7 AFeSi THDHZEEWLNITLTNS,
@7 ENT 7 A Fe-Si 16 B-FeSie T/ KM AT Dilfe % . MEAK L F —& Wi 12035 & RMEEILEIC
FVEBHL TG, TOfE., 7ENLT 7 A Fe-Si JEIT ¢ -FeSi ISR MLE ., HBRIR ¢ -FeSilc&bd 52 &,
e FHE Si HROMNCHEL EFD v -FeSiz AR L, BVLELZ PRI R i AT EERR O v AR S D Z L%
ERWIEZLTWD, ZOyHPEHE - MEL, RV A X2B2 25 & BHICERT 2 REMEZ /B L TWVWD,
LD LS RFastidsks U A M) b+ ORGE#ENTE L OB -FeSie DAERFGRRIZ DWW TH LR A 52 T
BY., MEBTLFORRBICHLGTHEZABKEN, LoT, KU LHLE LTIMESH 2 b0 LR 5,

— 637 —




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <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


