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Deposition of Fe clusters on Si surfaces
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(Received 10 December 1999; accepted 5 September) 2000

We have used an ultrahigh vacuum scanning tunneling microscope to investigate the deposition of
mesoscopic iron clusters from a gas aggregation source. The size of the clusters was found to be in
the range 1-7 nm. The effect of exposure of the iron clusters to the atmosphere results in a
significant increase in cluster size, which we believe is consistent with total oxidation of the clusters.
A specially designed quadrupole mass filter is incorporated inside the cluster source. We have
investigated the sizes of the clusters deposited using different quadrupole settings and find that it is
possible to size select the clusters prior to deposition. Finally we have studied the effect of sample
surface reactivity and annealing on cluster distribution. 2@0 American Vacuum Society.
[S0734-211X00)10606-7

I. INTRODUCTION ture of ~1600 °Q into a chamber filled with cold He gas.
In recent years there has been intense interest in nanorx—he supersaturated vapor formed above the metal then nucle-
nﬁegtes and coalesces to form clusters. These clusters are found

eter scale clusters. Mesoscopic clusters, which have dia o h . e distributiothat is fitted
eters of~1-10 nm and contain 10—1000 s of atoms, repre—0 ave a smootnly varying size distributiotnat is ntted
ell by a lognormal distribution, and determined primarily

sent the transition between particles whose properties arg - L
described by atomic or molecular physics and those whosgy collision statisticS:'° A stream of He and clusters then

are described by solid state physics. Consequently, the prop2SSeS out of this chamber through various differential

erties of an individual cluster are critically dependent uponp'“'mpmg| stages and then through a quadrupole mass filter.

its size! This size dependence may enable cluster-based mg_urmg these experiments the gas aggregation source was

terials to be produced with novel optical, magnetic, or eIec—Conm:“Cted directly to the deposition chamber of the STM-

tronic propertie$~* It may be envisioned that the properties UHV system. This enabled the clusters to be studiesitu,

of such cluster-based materials may be determined by carefﬁ\fth?Ut C?XpOS.Lt’.re totgmblent conqnerr:s. LIJrll'{J/rachtlce,bdurlng
selection of the size of the constituent clusters. One criticaf "o ¢’ J€POSIIONS the pressure in he chamber rose

requirement for the production of these materials is the abil—ro,n;, its normal base pressure ef;o "'mbar to around

ity to mass or size select the clusters prior to deposition ontﬁp0 mbar. Howevgr this Pressure increase was mostly due

a substrate. Another important consideration is the behavio 'the He bath gas; the pr|nc.|pal contaminant, 92‘”’0” mon-

of the cluster upon adsorption on the surface. For instance xide was pres_ent with pa”_'f?" pressures -ell0™" mbar.

has been demonstrafetthat high energy clustersvith ener- h_ellpressure n tr_\e_deposmor_] chamb_er ret_urned to the

gies >1 eV/atom can have their structure considerably al- 10" ""mbar range within a few minutes of isolating the clus-

tered upon impact with the surface. It has also been sFlownter source. . .

that small clusters can diffuse and coalesce to form larger. The samples US?d in these expenment_s were3 im
ieces cut from a single crystal B doped13i1) wafer (re-

clusters. Both of these effects are undesirable for the maan—. fivity >1 Q.cm). Th | introduced and d
facture of cluster based materials. sistivity cm. the samples were introguced and de-

In this article we discuss an ultrahigh vacuum scanning&assed at-600°C overnight by direct current heating. They

tunneling microscopy(UHV-STM)” study of nanometer ere then annealed at1200 f’C for~60 s resultmg ina7
scale Fe clusters produced using a high temperature gas aéj reconstructed surface with a low defect density.
gregation sourcB.Fe clusters are of particular interest in
fields of research such as catalysis, magnetic sensing, ahd RESULTS
data storage. We present results of the cluster size distribu- Figure 1 is a typical STM image of Fe clusters on the
tion, mass selection of clusters, and oxidation of clusters. Sj(111) surface following a 15 min deposition, with a typical
deposition rate of 500 clustegh?min. The quadrupole
mass filter was not in operation during this deposition and so
Il EXPERIMENT there is no size selection of clusters. In the STM images the
Gas aggregation souréesare particularly suited to the clusters appear as isolated topographic features that are ran-
production of continuous beams of clusters of up to thou-domly distributed across the surface. The terrace steps of the
sands of atoms. The gas aggregation source used in thegaderlying surface are resolved in the background. We did
experiments is described in detail elsewHeRriefly, metal  not observe an increased density of clusters at step edges or
is evaporated from an alumina crucilfleeld at a tempera- any large groups of clusters. This suggests that there is a
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Fic. 1. Fe clusters adsorbed on th€13il)-7X 7 surface. Image parameters
200X 200 nnt, sample voltage 2.5 V, tunnel current 0.25 nA.

strong interaction between the clusters and the surface,
which inhibits cluster diffusion. These results are in good
agreement with an earlier study of mesoscopic Mn clusters
on the same surface.Higher magnification images of clus- 0 ) 4 6 8
ters reveal that when two clusters are in contact with one

another they remain separate and do not coalesce into a Cluster height (nm)
single, larger cluster. The cross sections of adsorbed clusters
are not circular and show some evidence of facetting.

The height and width of the clusters have been measured
from several STM images by analyzing line profiles through
the clusters. The width of the cluster was taken to be the full
width at half maximum height. Figure 2 shows three graphs
of cluster sizes measured frorl200 clusters. Figure(d) is
a scatter plot of cluster height versus measured width. There
appears to be a general trend for the cluster height to be
approximately proportional to the apparent width, although
there is a considerable spread in the results. Figuii®saad
2(c) are histogram plots of the cluster heights and widths, 0 2 4 6 8
respectively. Both graphs have a clear peak in the size dis-
tribution. Also plotted on these two graphs are lognormal Cluster width (nm)
distributions fitted using a Levenberg—Marquardt algorithm.

Theoretical studies of gas aggregation sources preditttat  Fic. 2. Scatter plot and height and width histograms of the size distributions
the cluster size distribution should be lognormal in shape. Ipf Fe clusters on the &i11)-7x7 surface.

can clearly be seen here that the fitted distribution agrees

well with the experimental results, with the exception of

large cluster heights. The fitted distributions give mean There are many structural and functional properties of
heights and apparent widths of 2.0 and 3.8 nm. free clusters which are of interest but require transfer of a

There is a broadening of the apparent lateral dimensionsample through atmosphere. Figure 3 shows the results of an
of an object when imaged with STM due to the finite radiusinvestigation of the stability of clusters to atmospheric expo-
of curvature of the STM tip. As in an earlier study of Mn sure. In Fig. 3 we show STM images of a sample prepared in
clusterd’ we estimate that this broadening leads to an in-a similar manner, but with a slightly longer exposure time, to
crease in the measured width of order 1 nm. Including thighat shown in Fig. 1. Figure(8) is a STM image taken
correction gives a typical height:width ratio of 1:1.4 for the immediately after cluster deposition and the mean height and
clusters. This ratio implies that the shape of Fe clusters deull width half maximum (FWHM) of clusters are 2.1 and
posited using this source is much closer to spherical than th&.8 nm, respectively. The STM image in FighBwas ac-

Mn clusters, which we have studied previously for which thequired after the sample was removed from the UHV system
height:width ratio is~1:2.5. and exposed to ambient conditions for 2 min. Figurés 3

Number of clusters

Number of clusters
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Fic. 4. Histogram of the cluster height distribution of mass selected clusters.

spectively. These values are in reasonably good agreement
with the measured size distributions following exposure.
These results highlight the importance iofsitu studies of
clusters produced from reactive materials.

As mentioned above the construction of cluster based ma-
terials requires clusters that have been size selected prior to
deposition. We have investigated the distribution of cluster
sizes produced from the gas aggregation source when oper-
ating the quadrupole mass filter with two different settings.
The beam of clusters produced from the cluster source in-
cludes a considerable percentage of neutrally charged par-
ticles; these particles are not removed by the mass filter. To
deposit only mass selected clusters the sample was moved 20
mm to one side of the neutral beam and the selected, charged
Fic. 3. STM images showing Fe clusters on thel$1)-7 X 7 surface before particles were deflected onto it using a set of steering plates
(a) and after(b) exposure to atmospheric conditions for 2 min. Image pa- at the end of the quadrupole.
rameters@ 95X 95 nn¥, 2.5 V, 0.2 nA;(b) 100< 100 nnf, 2 V, 0.1 nA. During this experiment the quadrupole variables were set

to select particles in the size range 1.6—2.8 @ssuming

that the clusters have the same density as bulk FHgure 4
and 3b) are similar size images and allow the size of theshows the cluster height distributions measured from these
clusters before and after exposure to be compared. It is cle&wvo experiments. It can clearly be seen that the peak is now
that the clusters have increased in size. Height and FWHNnNnuch narrower than that observed in the absence of mass
size distributions of the exposed clusters are found to beelection. Most significantly it has been possible to almost
lognormal with mean heights and widths of 2.5 and 5.1 nmgntirely remove the very large number of clusters with diam-
giving approximately the same height:width ratio as mea-<eters of 2—4 nm found in the unselected cluster beam. Thus
sured prior to atmospheric exposure. the quadrupole has been effective at size selecting the clus-

Clearly the increase in size is due to oxidation. Dupuisters prior to deposition on the surface. Recent modifications
et al'? have studied thiit<100 nn) films of Fe formed from  to the cluster source mean that it is now possible to produce
2 to 6 nm diam clusters. Using ebauer spectroscopy they a much higher cluster flux. This should allow mass selection
determined that 20% of their sample had been converted texperiments with narrower ranges of cluster sizes to be per-
iron oxide. Two different oxide phases were found to beformed in the near future.
present FgO, and y-Fe,0;. The oxidation of Fe to Fe oxide In all of the experiments discussed so far clusters have
requires the addition of oxygen to the cluster, explaining thebeen deposited on the reactive Si(JAXX7) surface to
increase in cluster size. We have used the densities of bulkhibit cluster diffusion. However it is also interesting to
Fe and FgO; (the most abundant Fe oxideo estimate the deposit clusters onto less reactive surfaces which might be
increase in size of an Fe cluster when completely oxidizedcompatible with cluster diffusion or manipulatiofr.t® We
These calculations predict that the means of the height ankiave found that various adsorbates which are strongly bound
width distributions should increase to 2.7 and 4.9 nm, reto the Si(111)-(% 7) surface are free to diffuse on the Ag
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terminated Sil11) surface'’ This surface has a single mono- source. Finally we have observed that even when deposited
layer of Ag atoms bonded within a reconstructed surfaceon a much less reactive surface the clusters are still unable to
which has ¢3xv3)R30° periodicity. The surface was pre- diffuse freely, both at room temperature and elevated tem-
pared by depositing Ag onto a clean Si sample which wagperatures.
held at~500 °C!’ The resulting surface is much less reac-
t|v_e than the (% 7) surface, primarily because the only dan- 4, P. Cheng, J. Phys. Chei98, 3527 (1994.
gling bo-nds present are found at step edg(_:«'s and at surfacer. p. Andres, T. Bein, M. Dorogi, S. Feng, J. I. Henderson, C. P. Kubiak,
defect sites. However we have found no evidence that clus- W. Mahoney, R. G. Osifchin, and R. Reifenberger, Scie@ze, 86
ters are preferentially adsorbed at such sites. In a further3(Ang9@~C 3 6. Louderback. S. E. Ansel. and L. A. Bloomfield. Ph

. . . . . . J. CH I . E. n LA m .
attempt to induce cluster diffusion and modification the o, 54q 12295(f;9§ ack, psel, 4 oomileld, Fhys
sample was annealed at 325 °C for 5 min. The cluster distri- 4. royer, G. Delacitaz, P. Labastie, R. L. Whetten, J. P. Wolf, and L.
bution following annealing was not significantly different Woste, Z. Phys. D: At,, Mol. Cluster3, 131 (1986.

. . . 5, P H
from the arrangement beforehand. This indicates that the S: J- Carroll, P. Weibel, B. von Issendorff, L. Kuipers, and R. E. Palmer,
lust firmlv bonded to th £ Furth th J. Phys.: Condens. Matt& L617 (1996.
c U_S ers are _'rm y_ O_n e 0 the surtace. Furthermore thee Goldby, L. Kuipers, B. von Issendorff, and R. E. Palmer, Appl.
height and width distributions of the clusters were measured phys. Lett.69, 2819(1996.
before and after annealing. The clusters sizes were un-'STM head and controller supplied by Oxford Instruments SPM group.
.. . 8 :

changed providing further evidence that the clusters may be > H- Baker, S. C. Thornton, A. M. Keen, T. . Preston, C. Norris, K. W.

. . . . Edmonds, and C. Binns, Rev. Sci. Instrugé®, 1853(1997).
considered as stable nanoparticles which experience a strong: ' Granqist and R. A. Buhrman, J. Appl. Ph#g, 2200(1976.

interaction with the surface. 193, Salerlund, L. B. Kiss, G. A. Niklasson, and C. G. Granqvist, Phys.
Rev. Lett.80, 2386(1998.
11 H H
IV. SUMMARY M. D. Upward, P. Moriarty, P. H. Beton, S. H. Baker, C. Binns, and K.

Edmonds, Appl. Phys. Let?0, 2114(1997).

In conclusion, we have analyzed the size distributions ofiz\/- Dupuiset al, J. Appl. Phys76, 6676(1994. _
Fe clusters produced from a gas aggregation source an E'et‘t]'%“r;gzrg(‘l]égghm'dt' R. E. Palmer, and J. P. Wilcoxon, Appl. Phys.
found thz?lt they agree well Wlth. theoretical predictions. Thg 145 A Harfenist, Z. L. Wang, M. M. Alverez, I. Vezmar, and R. L. Whet-
clusters increase in size following exposure to atmospheric ten, J. Appl. Phys100, 13904(1996).
conditions. The size of the clusters following exposure is EgéJélgg?,(l*;ggeppert, L. Montelius, and L. Samuelson, Appl. Phys. Lett.
cons_ls_tent Wlt_h total oxidation (_)f the clusters. We have fou_ndmpl'l Durston, R. E. Palmer. and J. P. Wilcoxon, Appl. Phys. Z81t176
that it is possible to alter the size range of clusters deposited (1995

by using a quadrupole mass filter built into the cluster ¥k. J. wan, X. F. Lin, and J. Nogami, Phys. Rev.4B, 13700(1993.
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