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Reaction of nanometer-sized Cu particles with a SiO  , substrate

L. C. A. van den Oetelaar,? R. J. A. van den Oetelaar,” A. Partridge, C. F. J. Flipse,®
and H. H. Brongersma

Faculty of Physics and Schuit Institute of Catalysis, Eindhoven University of Technology,

5600 MB Eindhoven, The Netherlands

(Received 9 July 1998; accepted for publication 17 March 1999

The thermal stability of nanometer-sized Cu particles on a 400—500 nm thicki&i€r on top of

a Si100 substrate was studied after annealing in ultrahigh vacuum up to 620 °C. Atomic force
microscopy, low-energy ion scattering, Rutherford backscattering spectrometry, and Auger electron
spectroscopy measurements clearly show that Cu-silicide islands are formed. A direct reaction of Cu
with the SiG support is assumed, which is facilitated by a fairly strong metal-support interaction
and by the wetting behavior of the silicide islands. Exposure to air at room temperature results in
regeneration of the annealed Cu/giystem. ©1999 American Institute of Physics.
[S0003-695(199)03120-4

The interaction between metals and oxides is of greabbtained by reduction in hydrogen at 250 °C in the precham-
interest in studies of ceramic materials, semiconductor deber of an UHV setup. This preparation procedure does not
vices, and heterogeneous metal catalysts. Contact metallizaffect the state of the SiCsubstrate. The Cu—SjOnterac-
tion processes are studied extensively due to the continuggbn after annealing in UHV was studied using low-energy
shrinkage of device dimensions in silicon integratedion scatteringLEIS), UHV atomic force microscopyUHV-
circuits! Small metal particles dispersed over @xidic)  AFM), Rutherford backscattering spectromet8BS), and
support provide catalytical activity in chemical reactions andAuger electron spectroscoES), each of these techniques
the metal-support interaction can dramatically affect thein separate setups. Experimental details of AFM, LEIS, RBS,
catalytical activity and selectivity. and AES measurements are described in Refs. 3 and 4.

In this letter, we describe the interaction between  |EIS experiments, which provide information about the
nanometer-sized Cu particles and a flat SéObstrate during composition of the outermost atomic layer, of the Cu/SiO
annealing in ultrahigh vacuufuHV). This system serves as system initially show a slight increase in the Cu signal after
a model catalyst to provide detailed information on surfaceyHVv annealing prior to a rapid reduction in the Cu signal at
and interface phenomena such as sintering, wetting, met@mperatures above 350 °C. At approximately 620 °C, hardly
sublimation, encapsulation of the metal particles by the supany Cu signal could be discerned above the background
port, metal interdiffusion, and reaction of the metal with thengjse. The Si and O signals do not change significantly as a
support™* Supported Cu catalysts are applied in, e.g., thgunction of annealing temperature. The signals are measured
water-gas shift reaction and methanol synthedsi is also  \yhile keeping the sample at the annealing temperature for
of great importance in the microelectronics industry, espe19_15 min. Cu becomes fully visible again in LEIS spectra
cially since the recent introduction by IBM of a new tech- after sputtering at room temperature, using approximately
nology using Cu. wires to link transistors in chips. 10'® He' ions/cnt, indicating that Cu is present just below
~ The interaction between Cu and $i@ generally be-  he syrface of the sample after UHV annealing. RBS spectra
lieved to be rather wea%? Here we present the evidence for pefore and after annealing up to 620 °C are identical within
the formation of Cu-silicide islands during annealing in gyperimental error. The metal loading obtained from RBS is
UHV up to 620 °C from the reaction of a Sj@ubstrate with 1 5+ 1% 105 Cu atoms/crh Figure 1 shows AFM topog-
fairly strongly attached Cu particles. raphy images before and after UHV annealing up to 620 °C.

The wet-chemical preparation and characterization oft has o be noted that the particle diameter in AFM images
our Cu/SiQ system have been extensively described in Refof nanometer-sized particld§ig. 1a)] is generally larger

3. Briefly, the SiQ substrates are &i00) wafers V‘fth a394  than the real diameter due to the tip-particle convolutfon.
or 482 nm thick SiQ layer, prepared by a 1000 °C wet 0Xi- poares of much larger dimensions are visible after anneal-
dation for 15 h. Cu is deposited by spin coating of & Cusq rrig 1(b)]. In addition, the frictional forcéat a constant
acetate precursor solution, followed by calcination in air atapplied loadl between the AFM tip and these features is
450 °C, which produces homogeneously distributed Cu'smaller than the friction between the tip and the support, as

oxide particles. Mgtallic Cu pgrticles with an average hE’ightopposed to the friction on the Cu particles before annealing
of 8 nm and covering approximately 2% of the substrate arvhich is larger than the friction on the support. The number

density of the features observed after annealing is the same

dpresent address: Akzo Nobel Central Research, Department of Appliedvithin experimental error as the Cu-particle number density
Physics(RGC), P.O. Box 9300, 6800 SB Arnhem, The Netherlands. f ;

re annealing.
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9Corresponding author; electronic mail: kees@surf.phys.tue.nl since it is known that the outermost atomic layer of Cu sili-
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FIG. 2. AES results of a Cu/SiOsample, using an 8 keV electron beam
with a spot size of approximately 58m and a beam current of 15 nA.
Differential AES spectra of the SiVV region are showrta) before UHV
annealing, and during UHV annealifg) at 320 °C,(c) at 500 °C,(d) at
620 °C for 10 min,(e) at 620 °C for 30 min, andf) at 620 °C for 2 h. The
inset shows the SP2 eV) peak splitting for(d), indicating the formation of
Cu silicide.

because it is covered by the thick Sifayer. During anneal-
ing in UHV, a peak at approximately 92 eV starts to grow
(b) with increasing annealing temperature and time. A closer
look at the spectrum measured at 620 °C, after the sample
FIG. 1. UHV-AFM topography image00x500 nm of a Cu/SiQ sample ~ Was held at this temperature for 10 nfiffig. 2(d)], reveals a
(a) before annealing an) after UHV annealing up to 620 °C. The corre- gplitting of the 92 eV peak into two peaks at 91 and 94.5 eV.

sponding frictional force imaggsot shown exhibit an inversion of contrast ; o pe el
before and after annealing. After the experiments on the annealed sample’g\,]cter prolonged annealing at 620 °C, the peak splitting dis

new samples with Cu particles were scanned, using the same tip, and AFPP€ars which can be attributed to additional S_i segregation
images similar to imagéa) were obtained. This observation excludes that to the topmost surface layer. These results are in good agree-

t_he features in imagéo) are caused by a change in the shape of the AFM ment with AES measurements on bulk Cu silicides by Frank
tp. and Falconet®? AES measurements were repeated during
UHV annealing of a Si@ substrate without Cu particles.
cide is strongly enriched in $t:*?Also encapsulation of the Only a weak signal at 92 eV could be discerned, which may
Cu particles by the support may be the reason for the disage attributed to a small amount of Si formed by the reduction
pearance of Cu from the topmost surface layer. However, thef SiO, by the electron bearl?. From these AES measure-
observation of a difference in frictional force between the tipments, we conclude that Cu-silicide formation takes place
particle and tip support in AFM after UHV annealing is in during annealing of the Cu/Si&ample in UHV.
disagreement with the latter mechanism and strongly indi- We have also studied the stability of the Cu-silicide par-
cates the formation of a new compoufsllicide) after an-  ticles. LEIS experiments do not show a significant change
nealing. after cooling down to room temperature, while AES mea-
In order to find more evidence for Cu-silicide formation surements show that the peak at 92 eV slowly disappears
after annealing, AES measurements have been performedntil it has almost completely vanished after keeping the
Cu silicide can be distinguished by the splitting of the Sisample for 16 h in UHV at room temperature. Exposure of
LVV peak at 92 eV into two peaks at 90 and 94€¥*In  the annealed samples to air at room temperature shows more
Fig. 2, AES spectra of the SiVV region of our Cu/SiQ remarkable changes. Aft2 h of exposure to air, Cu is
system are presented after various treatments. We will corclearly detected again by LEIS. The Cu signal grows with
centrate on the Si region, since no significant changes aii@creasing exposure time and becomes even two to four
expected and observed for the CMM region after anneal- times larger than before UHV annealing after more than 37
ing. The AES spectrum before annealiftig. 2(a)] does not  h. AFM shows that afte2 h of exposure to air, particles are
show a peak at 92 eV, since SiOnly results in Si peaks at visible exhibiting similar dimensions and a similar particle

63, 67, and 80 eV, and the Si substrate is not visible by AESiumber density as before annealing, but the interaction be-
Downloaded 11 Jul 2011 to 131.155.2.66. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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tween the AFM tip and a particle is still somewhat differentis also indicated by LEIS measurements after regeneration of
than before annealing. After a few days of exposure to airthe Cu model catalysts. If the Cu-silicide islands are exposed
the tip-particle interaction was similar to that before annealto air at room temperature, the Cu signal grows to a value
ing. These results show that annealed CujSi@mples can  which is approximately two to four times larger than before

be regenerated by exposure to air at room temperature.  yHv annealing. Such wetting behavior has also been ob-
It is known for metal silicides that silicon oxidizes much gapyved in the formation of other metal-silicide islaRat&*

H i H :14,16
more rapidly in air than does pure §'1 Room- In summary, strong evidence was found for silicide for-
temperature oxidation of Si is catalyzed by;Suand a thick i from the reaction of a SjOsubstrate with fairly

amorphous Si@layer grows spontaneously beneath the Cu- trong attached Cu particles after annealing in UHV up to

: 17,18 H

rich Igyer. So the case of regeneration of the anneale 20 °C. The initial metal-support interaction and the wetting

Cu/SiO, samples as described above can be understood fro i o : .
ehavior of the silicide islands are of importance to facilitate

the oxidation behavior of a silicide and is another piece o i )
evidence for the presence of Cu silicide after annealing i€ reaction between Cu and $i0
UHV.

We believe that Cu silicide is formed by a reaction of the
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