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Abstract

Molecular dynamics simulations of various Ar clusters, with the size ranging 1 to 50000 and the en-
ergy up to totally 50keV, impacting on Si surfaces were performed. The cluster size and incident en-
ergy dependence on damage formation was examined. Two cluster-size depending parameters, the
threshold energy to cause displacements and displacement yield, were proposed and modeled. These
two parameters showed non-linearity depending on cluster size. The model function using above pa-
rameters reproduced the characteristics of damage formation by cluster ion impact. Two specific clus-
ter sizes to cause maximum and no displacements on the surface were discussed, which is expected to
provide useful information about optimized cluster ion beam conditions for various surface modifica-
tion and thin film formation processes.
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PACS:

61.80.Lj (Atom and molecule irradiation effects)

36.40.-c  (Atomic and molecular clusters)

45.50.-j (Dynamics and kinematics of a particle and a system of particles)

INTRODUCTION

Cluster is an aggregation of large amount of molecules and its impact process on solid sur-
face is very different from that of monomer ions. The difference is due to that, in the collisional proc-
ess of cluster and surface, large number of interactions occur between cluster and surface atoms within
very narrow region (~100nm square) and within very short time (~several ps). This high-density colli-
sional process causes ‘non-linear effect’, which cannot be explained by the simple summation of in-
dependent event by monomer ion impact.

Various applications are expected by utilizing the non-linear effect of cluster ion impact [1-3].
The non-linear effect depends on various parameters of cluster ion irradiation, such like the atomic
species, incident energy and cluster size. In order introduce the cluster ion beam process to industrial
applications, it is important to clarify the relationship between the non-linear effect and the irradiation
condition of cluster ion.

In this paper, the computer simulations of cluster ion impacting on solid surface were per-
formed. The relationship between the number of displacements and energy and size of incident cluster
were modeled. We discuss the suitable cluster size and energy for surface modification and thin-film
formation.

SIMULATION MODEL

In order to study the collisional process between large cluster and solid surface, molecular



dynamics (MD) simulations of Ar cluster impacting on Si(001) surface were performed. MD simula-
tion is one method of computer simulation to solve numerically the Newton’s equation of motion for
each atom in the system using difference equation technique, so MD can make it possible to trace the
time evolution of coordinates and velocity for every atom with high resolution. In this simulation, the
interatomic potentials were described with Stillinger and Weber model [4] for Si-Si, and ZBL (Ziegler,
Littmark, and Biersack) model [5] for Ar-Si, and Ar-Ar. The detail about simulation program is written
in ref. [6].

Under recent experimental condition, large Ar gas cluster is generated by inletting
high-pressure Ar gas source through laval nozzle [7]. The size of generated cluster ranges from several
hundreds to several tens of thousands. Then, these neutral clusters are ionized, accelerated to several to
several tens keV, and irradiated on the solid target. In this work, the similar simulation condition to
experiments were performed; Ar cluster with the size ranging from 1(monomer) to 50000 were irradi-
ated at the energy of up to 50keV. Large Si(001) target which consists of about 2000000 atoms, with
the dimension of 400Ax400Ax200A was prepared. This is because that irradiated Si target should be
enough large to receive the energy induced by cluster impact; for example, when 20keV of total en-
ergy are deposited on the target, each target atom gains 0.025¢eV.

In this study, the number of displacements at the cluster impact is examined. The displaced
atom is defined as an atom which is below 2.5A from the surface level and which potential energy is
above 0.2eV from bulk status [8]. The MD simulations were performed for 8ps, which is enough long
to observe the impact process of cluster and solid target, such like penetration and re-evaporation of
cluster atom, formation and relaxation of displaced target atoms.

RESULTS AND DISCUSSION

Fig. 1 shows the snapshots of Aryy clusters with various incident energies impacting on
Si(001) surface, 8ps after the impact. Large and small circles indicate Ar and Si atom, respectively,
and displaced Si atoms are indicated as small gray circiles. When incident energy is 10eV/atom (to-
tally 20keV), the Ar cluster penetrates the Si surface. Large number of Si atoms are displaced spheri-
cally and a crater-like damage remains on the surface after the re-evaporation of incident Ar atoms.
This crater-like damage is confirmed by in-situ STM observation of Si surface bombarded with Ar
cluster ions [9]. As the incident energy decreases, penetration depth of cluster, depth and radius of cra-
ter decreases. When the incident energy is as low as 1eV/atom, as shown in Fig. 1, the cluster does not
penetrate the surface but break-up on the surface. During the collisional process, some surface atoms
are displaced, but the displaced length is small, so that, these displacements recover and no damage
remains on the surface within several pico-seconds after the impact.

The size and energy dependency of the number of displacements is examined using MD
simulations. Fig. 2 shows the energy-per-atom (£,) dependence of the number of displacements per
atom (D,) for various sizes of Ar clusters. D, is given by dividing total number of displacements by the
cluster size N. Fig. 2 indicates two N-depending trends;

1. There is a threshold incident energy (7) to cause displacements in the target. 7 depends on the
cluster size.

2. If the incident energy is larger than 7, D, increases proportionally to the incident energy. The
increasing ratio (4) depends on the cluster size.

From these characteristics, the size and energy dependency of displacements can be modeled by the
following formula;

Du(N, Ex) = A(N)x(Es—T(N)), (1)

where T and A4 are aforementioned threshold energy and displacement formation yield, respectively.
For each cluster size, fitting parameters for 7(N) and A(N) in eq. (1) are calculated by least-square



method. The size dependence of each parameter is shown in Fig. 3. As shown in Fig. 3, it is supposed
that both 7(N) and A(N) can be written in simple power-law equations;

T(N)=TN*,T, =10.38[eV],7 = -0.25

2
A(N)=AN*,4, =0.076[atoms/eV], &« = 0.26 @
In eq. (2), T} and 4, indicate the threshold energy and displacement formation yield for monomer ion,
which are appropriate values compared to physical constant such like binding energy of Si-Si and pa-
rameters used by TRIM simulations. The power indices on VN, 7 and «, mean the degree of non-linear
effect. The decrease of threshold energy and the enhancement of displacement yield are due to
high-density particle irradiation effect by cluster impact.
Eq. (1) and (2) lead the relationship between N, E, and D,,

Di(N,E)= A(N)x(Ea—T(N))=AN“(Ea—T,N7), 3)
and the model function provides the total number of displacements (D),
D(N,E)=NxDa(N,E/N) = 4 (N“Et—TlN‘H”l) , 4)

where E; is total incident energy of the cluster and is equal to NXE,. Fig. 4 shows the comparison of
the model function and simulation results, size dependence of number total displacements by cluster
impact. Two model functions at £=10keV, 20keV and 50keV are indicated by dashed lines, while
symbols show the results calculated by MD simulations. The model function is formed from the re-
sults at N < 4000, but it agrees with MD results at the region of N > 4000 in the viewpoint that, at the
E. of 20keV for example, D; reaches maximum at the cluster size of several thousands and gives 0 at
the size of several tens of thousands. Eq. (4) gives the cluster sizes where a cluster causes no dis-
placement (&) or maximum number of displacements (V). These characteristic cluster sizes are

given by,
E -+ E 1.33
() (54"

1

o+l
Now = (LEJ =0.146N, . 6)

and

a+t+1T,

Fig. 5 shows the N, and N, for various total incident energy of cluster ion. Considering current irra-
diation condition of gas cluster ion beam ranges from several keV to several tens keV in acceleration
energy, and from several hundreds to several tens of thousands in cluster size [6], it is supposed that
various characteristic irradiation effect can be realized by selecting cluster size and incident energy.
For example, when cluster ion is used for surface modification process, such as sputtering and surface
smoothing, many surface atoms should be moved by cluster ion impact. Thus, it is considered that the
preferable size distribution for these processes is around N,,; i.e. 4000 of mean size at 20keV of total
incident energy. On the other hand, cluster ion assisted thin-film deposition is another expected appli-
cation. In the case of thin film formation, it is important to deposit kinetic energy by ion impact with-
out damage on the surface. As shown in Fig. 5, if the mean cluster size is 2000, required incident en-
ergy not to cause displacements on the surface is less than 3keV. However, it is reported that
high-quality thin film, such like diamond like carbon and transparent conductive film are formed at
5~7 keV of incident energy [2,3]. It is considered that the energy deposition effect is not sufficient at



the energy of 3keV and the size of 2000, so the development of more large cluster formation is ex-
pected to establish more high-quality thin film formation technique using cluster ion beam.

SUMMARY

Molecular dynamics simulations of large Ar cluster impacting on Si surface were performed.
The cluster size and incident energy dependence on damage formation was examined. Two cluster-size
depending parameters, the threshold energy to cause displacements and displacement yield, are intro-
duced. These two parameters show non-linearity depending on cluster size. As the cluster size in-
creases, the threshold energy decreases and the displacement yield increases. The model function us-
ing above parameters reproduced the characteristics of damage formation by cluster ion impact. When
total incident energy is constant, the number of displacements increases with increasing cluster size,
but there is specific number (V) to cause maximum number of displacements. If the cluster size is
larger than that condition, the damage is reduced as the cluster size increases and reaches the cluster
size where no displacement is generated (V,). These two specific cluster sizes, N, and N,, are expected
to provide the information about suitable cluster ion irradiation conditions such like cluster size and
irradiation energy for various surface modification and thin-film formation technologies.
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FIGURE CAPTIONS

Figure 1: Snapshots of Ar,gg cluster with various incident energy-per-atom impacting on Si(100) sur-
face, 8ps after impact.

Figure 2: Incident energy dependence of the number of displacements for various sizes of Ar clusters.
Figure 3: Cluster size dependence of two modeling parameters of damage formation by cluster impact
— threshold energy to cause displacements (left) and displacement formation yield (right).

Figure 4: Cluster size dependence of total number of displacements by Ar clusters with total accelera-
tion energies of 10, 20 and 50keV. The dashed lines are model functions given by eq. (4).

Figure 5: Total energy dependence of the cluster size to no displacement (thick line) and maximum
number of displacements (dashed line).
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Figure 1: Snapshots of Ar2000 cluster with various incident energy-per-atom impacting on Si(100) surface,
8ps after impact.
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Figure 2: Incident energy dependence of the number of displacements for various sizes of Ar clusters.
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Figure 3: Cluster size dependence of two modeling parameters of damage formation by cluster impact —
threshold energy to cause displacements (left, 7) and displacement formation yield (right, 4).
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Figure 4: Cluster size dependence of total number of displacements by Ar clusters with total acceleration
energies of 10, 20 and 50keV. The dashed lines are model functions given by eq. (4).
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Figure 5: Total energy dependence of the cluster size to no displacement (thick line) and maximum number
of displacements (dashed line).



	Abstract
	INTRODUCTION
	SIMULATION MODEL
	RESULTS AND DISCUSSION
	SUMMARY
	Acknowledgement

	REFERENCES
	FIGURE CAPTIONS


<<
  /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


