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Bond length contraction in Au nanocrystals formed by ion implantation
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Au nanocrystals(NCs) fabricated by ion implantation into thin SjOand annealing were
investigated by means of extended x-ray absorption fine stru¢EX&\FS) spectroscopy and
transmission electron microscopy. A bond length contraction was observed and can be explained by
surface tension effects in a simple liquid-drop model. Such results are consistent with previous
reports on nonembedded NCs implying a negligible influence of the [B&irix. Cumulant analysis

of the EXAFS data suggests surface reconstruction or relaxation involving a further shortened bond
length. A deviation from the octahedral closed shell structure is apparent for NCs of size 25 A.

© 2004 American Institute of Physid®©Ol: 10.1063/1.1803619

Nanocrystalg§NCs) have received increasing attention in either the increased surface-area-to-volume ratio or bulk dis-
recent years due to their unique structure and properties aratder.
their wide range of prospective applications. Metallic NCs  In the present letter, we have used EXAFS and TEM to
embedded in a dielectric matrix are particularly interestinginvestigate the size-dependent bond length and disorder of
because of their nonlinear optical properties with a high poAu NCs formed by ion implantation into thin S}JOOne
tential for application in optical filters, memories, or switch- difficulty associated with performing EXAFS measurements
ing devices: Generally, the unique properties of NCs resulton ion-beam-synthesized NCs is the sample preparation. The
from the limited number of atoms incorporated therein andimited amount of material implanted into the matrix and
the considerable influence of surface atoms due to the irscattering from the substrate material can yield a high noise
creased surface-area-to-volume ratio. These factors can lelg¥el in the fluorescence spectra. Our sample preparation
to a significant deviation of the crystallographic structuremethod enables us to obtain a superior signal-to-noise ratio
compared with bulk materidlBoth the synthesis technique, OVer a high photoelectron momentuf range. We find our
often dominated by kinetic processes, and the supporting maligh-resolution resqlts pontradlcF previous investigations of
terial can have equally important influences on the structureft NCs formed by ion implantation. .
evolution of NC4 For our experiments we implanted 4.5 Mé¥Au ions

The structure of Au NCs has been extensively studied"t© 2-#m-thick SiG, thermally grown on Si(100) sub-

both theoretically and experimentally, over the last deStrates. The samples were maintained at liquid nitrogen tem-

cades’® A variety of techniques has been used to resolveoerg}gre d”g{gg 'mp(')";‘i“a“g”- F%‘f; d'/ﬁi?m 'on dosées
their structure, including extended x-ray absorption ﬁnexeierét?é X dliffer’eln?[( 1I\IC’§2e ??s%ribu?iz:s )Svl\:f)rseeuigntro all
structure(EXAFS) spectroscopy, transmission electron mi'gamples were annealed in forming gas % .Nz and 5%/0 l_&)y
c_roscopy(TEM), and x-ray dlffraptlor(XR[_)). EXAFS pro- at 1100°C for 1 h in a conventional quartz furnace to pro-
vides a powerful tool for analysis of particles of nanometer . o ey precipitation and reduce irradiation-induced
d|men3|on§, giving - unique |nfor.mat|on about the. Iocaldamage of the host material. Essential information about
gtomlc.enwronment' (,)f the ellbsorbmg'at&?nThe technique shapes and size distributions of the NCs was extracted from
is particularly sensitive to interatomic distances and locakg\ analysis. Figure 1 shows representative high-resolution
di_sorder. A bond length co_ntraction of up to sever_al percentrem micrographs as a function of ion dose. The NCs were
with respect to bulk mate_rlzilllhas been observed in Au NCgperical and single crystalline. Decreasing ion doses lead to
fgbrlcast?gilgsmg evaporatidf' or chemical synthesis tech- gecreasing NC sizes. These observations are in good agree-
hiques.” =~ Conversely, only a very small contraction was ment with previous studie€. The corresponding size distri-
reported for ligand-stabilized, chemically synthesized NCs ptions were evaluated from micrographs covering the extent
and little or no reduction of the interatomic distance waspf the jon range. Mean particle diameters shown in Fig. 1
found for Au NCs produced by ion implantatiof:® Com-  were calculated by averaging over the particle volume
monly, an increase in the mean square relative displacemetirough cubic weighting of the extracted NC diameters. This
with decreasing NC size was observed and attributed t@s essential for comparison with the EXAFS results given
this technique represents a volume probe.

@Electronic mail: patrick.kluth@anu.edu.au . TQ prepare the fsa}mples for EXAFS measurements, the
P’Now at Laboratorio Nacional de Luz Sincrotron, Campinas, Brazil. thin SiG, layer containing the NCs was isolated by removing
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( 3 10 e important structural details, particularly disorder and anhar-
% '. * g 3\’,‘0.1_0 monicity in the first coordination shelf The fluorescence
‘ 2 & D =103A EXAFS measurements at the A3 edge(11.919 keV were
{ » §°<5 performed at the Photon Factory, Jagaeamline 20-B in
. ‘ % E an energy range between 11.70 and 13.48 keV, the latter
"3 €00 corresponding to & value of 20 A*. Data were collected
100A Q 70 50 100 150 200 250 300 350 using a ten element Ge solid-state detector. The_Adluo-

Nanocrystal diameter in A

¢

et

rescence signal comprised between 10% and 50% of the in-
1x10"” coming count rate, with the latter maintained well within the
linear region of the detector. Measurements were carried out
at a temperature of 10 K to reduce thermal vibrations. A
1000-A-thick Au foil was used as a reference standard.

The spectra were analyzed using tReFFIT program
packagel.9 EXAFS spectra were Fourier transformed over a
:lanf,';rysgl diameterin A k range of 4.7-18.3 A Structural parameters were ex-

- tracted from the first coordination shell which was isolated
a2 g by inverse transforming over a non-phase-corrected radial
D =34A distance range of 2.2—3.2 A. The spectra were then fitted to
the standard EXAFS equation including third-order
cumulants. The amplitude reduction factoi%) and thresh-
old energy(Ey) were determined from the reference standard

% % 4@ 5 and kept constant for fitting the NC spectra. The photoelec-
Nanocrystal diameter in A tron scattering-path amplitudes and phases were calculated
i %96 ab initio using FEFFE® for a fcc structure of Au with a first
nearest neighbor distance of 2.8850 A. The refined fitting
parameters are given in Table 1.
The phase corrected?-weighted, Fourier-transformed
| | EXAFS spectra are shown in Fig. 3. The Au foil spectrum is
nl_ ] consistent with the fcc structure with the first to fourth near-
kanocryz‘s’tal i est neighbors apparent. This pattern is present for all NC
samples representing octahedral closed shell structures with
FIG. 1. Cross-section TEM images and size distributions the exception of the lowest ion dose. The reduced amplitudes
of Au NCs for the four different ion doses:) 8x 10" ions/cn?, (b)  of the peaks reflect the decreasing average coordination num-
1x10'ions/cnf, () 3x 10 ions/cnt, and (d) 1x10°ions/cnt. The  per and the increasing Debye—Wall@W) factor with de-
mean NC diameters are indicated by the solid liageraged over NC creasing NC size. Both factors result from the increasing
volumes. surface-area-to-volume ratio. The increasing DW factor is
consistent with surface relaxation or reconstruction of the
the Si substrate via mechanical polishing and selective weN|C surface atoms. An asymmetric deviation from a Gaussian
chemical etching in a KOH solution. To obtain an improvedbond length distribution is manifested in the third cumulant
fluorescence signal in the EXAFS measurements, multiple,. A negative value ofZ; indicates a bond length distribu-
layers of the thin implanted SiOwere mounted on the tion skewed to shorter bond length. A possible explanation
sample holder. Using this sample preparation method, weor the observed negative values @§ for the three largest
enhance the relative Au concentration and eliminate scatteNC sizes would be a surface relaxation or reconstruction of
ing from the substrate. The reduced noise levels yield excelatoms at the NC surface involving a shortened bond length.
lent data over a higk range as reflected in tHé-weighted  This agrees with observations of the reconstruction of planar
spectra in Fig. 2. The extendé&dange is necessary to reveal Au surfaces™ For the lowest ion dose, a considerable distor-
tion of the higher neighbor shells with respect to the fcc
pattern is apparent from the Fourier-transformed spectrum in
Fig. 3. A concomitant change to a positive value €@y as
well as a deviation of the bond length contraction from a
1/D dependenceésee the following however, indicate a de-
viation from the octahedral closed shell structure.
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%10‘ A significant bond length contraction with decreasing

g NC size is observed from the fitting resulisee Table )l

* 5 axr0® This agrees with previous observations of nonembedded Au

£ NCs>” " The inset in Fig. 3 shows the relative lattice con-

= 1 x10" traction with respect to the reference standard plotted as a
0- function of the inverse NC diamet@r. The data for the three

. . highest implanted ion doses are clearly linearly dependent on

15 18 1/D (the smallest NC size was excluded due to the apparent
structural change A macroscopic explanation for this be-

FIG. 2. k%weighted EXAFS spectra at 10 K of Au foil and NCs for differ- Navior can be found in terms of surface stress due to the high

ent ion dosesin units of ions/crA). surface-area-to-volume ratio. The relative contractioR
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TABLE |. Refined fitting parameters from EXAFS analysis of the first coordination shell as a function of ion
dose(in units of ions/crA). N, R, o2, andC; are the coordination number, bond length, Debye—Waller factor,
and third-order cumulant, respectively.

Au foil 3X 10 Au 1x 10 Au 3x 10 Au 1x 10 Au
N 12 (fixed) 10.3+£0.5 9.3+£0.8 9.9+0.8 8.4+0.9
R(A) 2.858+0.006 2.854+0.002 2.839+£0.004 2.838+£0.002 2.836x0.005
d?(10°3 A?) 1.8+0.1 2.0+0.1 3.4+0.2 3.8+0.2 5.0+0.4
C3(10‘4 A3) -0.4+0.3 -0.7+£0.1 -0.9+0.3 -0.8+0.3 1+0.5

4C; was included in the fit for the Au foil to provide a reference for the following fits of the NC samples and
can be interpreted as a small off$Bef. 23.

due to the surface tensidrcan be expressed by a liquid drop =33 A retain the fcc structure where increasing disorder
modef given by AR:—gKRbf(llD), whereK is the bulk  with decreasing NC size is attributed to atoms at the NC
compressibility, andr, the bulk metal bond length. Using a surface. A negative third cumulant is consistent with a sur-
bulk compressibilityK of 5.99x 1073 GPa* for Au, we ob-  face reconstruction involving a shortened bond length. In
tain a surface tensioh of 3.6+0.8x 1074 J/cn?, similar to ~ NCs with a diameter of 25 A a significant deviation from the
the value of 3.46+0.42 1074 J/cn? reported by Balernat  octahedral closed shell structure was apparent.
al.’ for evaporated Au NCs. The similarity of our results _ o
compared with those of Balernet al. implies a small or P. K. is grateful to the Humboldt Foundation in Germany
negligible influence of the SiOmatrix on the bond length in  for support. PK., B.J., A.C., CJ.G., G.dM.A., G.J.F, and
the Au NCs. Our results also agree with the value of 4M.C.R. were supported by the Australian Synchrotron Re-
% 1074 J/cn? obtained from TEM analysis by De Marcht ~ search Program.
al. for ion-beam-synthesized Au NCs in Si
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