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Abstract - In this study, a single p-type Si nanowire - Au 
nanoparticles nano floating gate memory (NFGM) device is 
successfully fabricated and characterized their memory effects by 
comparison of electrical characteristics of p-type Si nanowire-based 
field effect transistor (FET) devices with Au nanoparticles embedded 
in the Al2O3 gate materials and without the Au nanoparticles. Drain 
current versus gate voltage (IDS-VGS) characteristics of a single 
p-type Si nanowire - Au nanoparticle NFGM device show 
counterclockwise hysteresis loops with the threshold voltage shift of 
∆Vth = 3.0 V. However, p-type Si nanowire based top-gate device 
without Au nanoparticles does not exhibit a threshold voltage shift. 
This behavior is ascribed to the presence of the Au nanoparticles, 
and is indicative of the trapping and emission of electrons in the Au 
nanoparticles.

1. 서    론

  The nanomaterials such as nanoparticles and nanowires have 
received attention in recent years. Semiconductor and metal 
nanoparticles were used as charge storage nodes for memory devices 
due to their charge confinement effect, which motivates the so-called 
nano-floating gate memory (NFGM) devices [1]. NFGM structures 
containing nanoparticles embedded in dielectric layers have attracted a 
great deal of attention, because of their low voltage operation, good 
endurance, and fast write/erase speed, compatible process to 
conventional silicon process technology as well as even better 
scalability than conventional floating gate memories [2]. Among the 
metal nanoparticles, Au nanoparticles with a work function of 4.83 eV 
are expected to be excellent for the charge storage nodes in floating 
gate memory devices. On the other hand, nanowires have clear 
advantages when used as a channel of nanodevices as a result of 
their high crystalline quality, excellent electrical properties and charge 
transportation characteristics [3]. It is desirable to use hybrid 
nanostructures consisting of metal nanoparticles incorporated into 
nanowires to maximize both their charge storage and transportation 
capabilities. This motivates our research on top-gate single p-type Si 
nanowire-based NFGM device with floating gate nodes consisting of 
Au nanoparticles on top of the nanowire channels.

2. 본    론

  The full fabrication procedure of p-type Si nanowire - Au 
nanoparticle NFGM devices developed in this work described below. 
At first, for the formation of Au nanoparticles on the p-type Si 
nanowires, the prepared p-type Si nanowire were coated with an 
Al2O3 tunneling oxide layer with a thickness of 5 nm using an 
atomic layer deposition (ALD) method and dispersed in a solution of 
HAuCl4 (10mL, 0.1M) with the aid of ultrasonication to give a 
suspension. The suspension was supersonicated for 30 min, aged for 
1 hour, and was air-dried at room temperature. Finally, the p-type Si 
nanowires wrapped highly dispersed Au nanoparticles are obtained by 
heating them upto 300 ˚C at a rate of 5 ˚C /min and keeping them at 
that temperature for 1 hour under Ar atmosphere [4].
 The p-type Si nanowires wrapped with Au nanoparticles are 
dispersed on a heavily doped p-type Si substrate capped with a SiO2 
layer having a thickness of 300 nm. Then, source and drain 
electrodes are patterned on a single Si nanowire selected from the 
dispersed Si nanowires by a photolithographic process under an 

optical microscope and etched out Al2O3 layers using H3PO4 solution 
on the patterned source and drain regions for the contact with the 
electrode metals. The metal electrodes were formed by the thermal 
evaporation of Ti (70 nm)/Au (30 nm) and the channel length 
between the electrodes was 6 μm. The 25nm thickness of Al2O3 layer 
for control oxide layer was uniformly deposited on the single Si 
nanowire by the ALD method and Ti (70 nm)/Au (30 nm) are 
deposited on the channel part of the p-type Si nanowire - Au 
nanoparticle NFGM device after the patterning of the gate region 
between the source and drain electrodes by the photolithographic 
process. For a comparison, a reference device was also prepared by 
the same processes described above except the process of Au 
nanoparticles formation. For the more correct comparison, source and 
drain electrodes are patterned on a single p-type Si nanowire selected 
from the dispersed p-type Si nanowires by the same fabrication 
method and Al2O3 layers having a thickness of 5nm and 20 nm are 
deposited over two steps on the selected Si nanowire by ALD for the 
formation of a gate dielectric layer. Also, Ti (70 nm)/Au (30 nm) are 
deposited on the gate region of a single Si nanowire field effect 
transistor(FET) device.

<Fig.1> (a) TEM image and (b) HRTEM image of a selected 
p-type Si nanowire - Au nanoparticle nanomaterial and (c) 
the cross-sectional schematic and the (d) microscopy image 
of the p-type Si nanowire - Au nanoparticle NFGM device.

Figure 1(a) and 1(b) shows transmission electron microscopy (TEM) 
and high resolution transmission electron microscopy (HRTEM) image 
of structure of the p-type Si nanowires wrapped Au nanoparticles. 
The average particle size of the wrapped Au nanoparticles in the 
composite p-type Si nanowires is 6 ± 0.5 nm. Also, it noted that the 
Au nanoparticles are well dispersed on the surface of the p-type Si 
nanowires without any aggregation. The surface density of the 
nanoparticles was estimated to be 1.2 × 10

12
 cm

-2
. The 

cross-sectional schematic and the microscopy image of the p-type Si 
nanowire - Au nanoparticle NFGM device are shown in Fig. 1(c) and 
1(d). The cross-sectional schematic exhibits an ideal case of the 
cross-sectional view of the p-type Si nanowire - Au nanoparticle 
NFGM device and the microscopy image reveals that top-gate 
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<Fig.2> IDS – VDS sweep curves at the various VGS values 
obtained from (a) the p-type Si nanowire - Au nanoparticle 
NFGM device and (b) conventional p-type Si nanowire 
based top-gate FET device without Au nanoparticles

electrode is formed successfully between source and drain electrodes.
 The memory mechanism expected for our NFGM devices under this 
study is briefly described here. The F-N (Fowler-Nordheim) 
tunneling of holes from the nanowire channel to the nanoparticles 
happens easily when the gate voltage is negatively biased. These 
holes are stored within the Au nanoparticles. The valence band offset 
built at the interface between the Au nanoparticles and the Al2O3 
layer at the gate blocks the leakage of the stored holes from the Au 
nanoparticles to the nanowire channel. On the other hand, the 
removal of the stored holes occurs when the gate voltage is 
positively biased. The charging and discharging of the holes is the 
source of the memory characteristics of the NFGM devices.
 The holes are trapped within the deep potential well for the long 
time due to the valence band offset built at the interface between the 
Au nanoparticles and the Al2O3 layers. These expected characteristics 
were confirmed throughout the electrical measurements as shown 
below. 
 The various electrical characteristics of p-type Si nanowire - Au 
nanoparticle NFGM device were measured by an HP4155c 
semiconductor parameter analyzer (Agilent) and shown in Fig. 2 and 
3. The memory effect is characterized by measuring the threshold 
voltage shift after charging and discharging the Au nanoparticles.  
The measured drain current versus drain voltage IDS-VDS curves for 
the p-type Si nanowire - Au nanoparticle NFGM and reference 
devices are shown in figures 2(a) and 2(b). The graphs show that 
the drain current increases linearly with increasing drain voltage. The 
straight form of the IDS-VDS curves indicates their ohmic 
characteristics and, the IDS-VDS curves of them are fully depleted by 
specific positive gate voltages.  From these results, we confirmed 
that the Si nanowires are p-type materials and the majority carrier 
of our devices is holes. 
 Figure 3 shows that the IDS-VGS characteristics of p-type Si 
nanowire - Au nanoparticle NFGM device and without Au 
nanoparticles as a reference sample under multiple drain voltages of 
1V, 0.75V and 0.5V. Figure 3(a) exhibits that Au nanoparticles have 
been used as charge storage nodes of NFGM device. The behavior of 
device is remarkably changed when Au nanoparticles are formed on 
the p-type Si nanowire. Au nanoparticles were charged during the 
gate voltage sweeping, and the charges in the Au nanoparticles lead 
to the threshold voltage shift by screening the applied gate voltage. 
A threshold voltage shift of 3V is attained at a sweep gate voltage 
from -10V to 10V. The counterclockwise hysteresis loops of p-type 
Si nanowire - Au nanoparticle NFGM devices are attributed to the 
charging and discharging processes of holes in the NFGM devices. 

<Fig.3> IDS – VGS sweep curves at the various VDS values 
obtained from (a) the p-type Si nanowire - Au 
nanoparticle NFGM device and (b) conventional p-type Si 
nanowire based top-gate device without Au nanoparticles.

When a negative gate voltage applied to the gate, the charge 
trapping in the floating gate composed of the Au nanoparticles 
originates from the injection of holes from the p-type Si nanowire 
into the Au nanoparticles. When a positive gate voltage applied to the 
gate, the holes which remained in nanoparticles are extracted.
 On the other hand, IDS-VGS curves of conventional p-type Si 
nanowire based top-gate device without Au nanoparticles which is 
fabricated as a reference sample are shown a negligible threshold 
voltage shift which indicates that the effect of the charge traps in 
the Al2O3 layer or mobile ions is negligible.

3. 결    론

    Au nanoparticles can be successfully formed on the surface of 
the p-type Si nanowires which have coated with 5 nm Al2O3 layer as 
tunneling oxide and the p-type Si nanowire - Au nanoparticle NFGM 
device is successfully fabricated by a conventional photolithographic 
process. From the IDS-VGS curve, counterclockwise hysteresis loops 
which caused by tunneling of holes from the channel to nanoparticles 
and 3V threshold voltage shift which is generally obtained from 
NFGM device are characterized. On the other hand, from the IDS-VGS 
curve of p-type Si nanowire based top-gate device without Au 
nanoparticles, the threshold voltage shift is not obtained, resulting 
from the absence of charge storage nodes. These results reveal that 
our p-type Si nanowire - Au nanoparticle NFGM device has a 
sufficient substitutability for the conventional memory devices.

[참 고 문 헌]

[1] Han, K. Kim, I. Shin, H. J. "Hole and Valence Band Electron 
Tunneling in a P-Channel Si Nano-Crystal Memory", Korean Phys. 
Soc. 37, 907, 2004.
[2] Guo, L. Leobandung, E. Chou, S. Y, "A Silicon Single-Electron 
Transistor Memory Operating at Room Temperature", Science, 275, 
649, 1997.
[3] Cui, Y, Lieber, C. M, "Functional Nanoscale Electronic Devices 
Assembled Using Silicon Nanowire Building Blocks", Science, 291, 
851, 2001.
[4] X. Yan, T. Xu, S. Xu, G. Chen, Q. Xue, S. Yang, 
"Polymer-assisted synthesis of aligned amorphous silicon nanowires 
and their core/shell structures with Au nanoparticles", Chem. Phys. 
Lett., 397, 128, 2004 



<<
  /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


