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Selective adsorption of metallocenes on clean and chemically modified
Si(111) surfaces

J.-L. Lin, H. Rauscher, A. Kirakosian, and F. J. Himpsel®
Physics Department, University of Wisconsin-Madison, Madison, Wisconsin 53706-1390

P. A. Dowben
University of Nebraska, Lincoln, Nebraska

(Received 16 April 1999; accepted 11 August 1999

Metallocene adsorption on clean(BL1) and Cak/CaF /Si(111) substrates has been investigated

with scanning tunneling microscopy. The surface chemical composition is found to strongly change
the adsorption site selectivity, leading to an enhanced edge selectivity on modified substrates.
Templates with well-defined local chemical reactivity have been created via self-assembly. The
selective adsorption of metallocenes on such tailored substrates facilitates patterning ordered arrays
of magnetic nanowires and stripes on the single digit nanometer scal&99® American Institute

of Physics[S0021-897@09)01822-9

INTRODUCTION the procedures reported earlfenigh-temperature flashes up
to 1250 °C for approximately 10 s followed by annealing at

The rapid development in organometallic chemical va- . ;
por deposition, along with advanced light-induced chemicaf350 C for 20 min and slow cool down to room temperature

processing, has opened up the possibilities of fabricating mé‘abou-t 7 min .et a base pressure:1x10 % Torr. For
tallic structures~3 Photofragmentation of the molecules re- chémical modification of the clean (L1 surface, we
moves organic ligands while leaving metal atoms behind orf00S€ to grow a CaHayer because of the close match of
the surface, making it particularly attractive in developingthe I_attlce eonstant between d8ep05|t and substrat_e as well as
ferromagnetic materials without incorporation of carbon orth€ insulating nature of CaF® The Cak growth is con-
oxygen®3 On the micrometer scale, a variety of shapes andlucted at a.substrate temperature of 61_0 °C at a growth rate
sizes of these structures has been achiéRifficulties re-  Of ~20 A/min. 10 s annealing at 830 °C is followed to form
main in reducing the size to the nanometer scale while pre2 Si—Ca—F interface layer with CaBtoichiometry, where
serving the uniformity of the structures, which is critical in the Ca atoms bond to $iBy growing 1-2 ML Cak, the
applications. The continued trend of miniaturization providesCak, stripes are formed at the upper step edges in regular
a strong force for reducing the structure <iz€o that end, arrays, covering the CafSi(111) interface’® STM images
numerous studies including employing optical lithography,are taken typically with a sample voltage ## V and tun-
electron-beam writing, single atom manipulation with scan-neling current of 0.4 nA. The positive sample voltage of 4 V
ning tunneling microscopéSTM), etc., have been made®>®  leads to electron tunneling from the tip directly into the con-
Yet, it has been challenging to match the cost/performancguction band of Caf’ Thereby, disturbing effects, such as
requirements. tip crash, etc. during scanning, are avoided. STM images
We are currently exploring the possibility for fabricating shown in this article are in a pseudo three-dimension presen-
magnetic nanostructures on a large scale. In particular, wiation with steps descending from left to right.
emphasize the selectivity of metallocene adsorption on Metallocenes, one of the organic derivatives of the tran-
stepped SiL11) surfaces as a possible route for manufactur-sition metals, have long been of interest as precursors in
ing arrays of magnetic nanostructures. We have investigategrowing metallic microstructures via photolytic and pyro-
the characteristics of the adsorption on both clean and chemiytic processes$:?° The molecule(Cp),M, contains a metal
cally modified S{111) surfaces. Templates with enhancedatom (M) sandwiched between two cyclopentadienyl rings,
selectivity have been created by producing self-assemble@p),. The bond to the metal atom involves7a bonded
stripe patterns of CgFand Calf on stepped $111) surfaces system. The molecules are highly colored, stable to hydroly-
with a typical width of 5-10 nm. Whether selective deposi-sis, and many melt and evaporate without decomposition.
tion produces the desired growth mode for nanowires couldhe lowest unoccupied molecular orbit-highest occupied
well hinge on the chemical reactivity of such a precondi-molecular orbit(LUMO-HOMO) gap of these metallocenes

tioned substrate. is typically in the energy range from 2.5 to 5 é¥° The
deposition of the metallocenes is conducted in the vacuum
EXPERIMENTAL METHOD chamber with dosing pressures varying from 508 to 5

_ _ _ — X 10 ® Torr. STM images in Figs. 1 and 4 are taken after
~ Si(11]) wafers with 1.1° miscut towardgl12] are used pickelocene exposure at room temperature. The adsorbates
in the experiment. The Gill) surface is cleaned following  5re nickelocene molecules. Nickelocenes are decomposed at
temperatures above 100 4ESTM images in Figs. 3 and 6
dElectronic mail: himpsel@comb.physics.wisc.edu are taken after the substrate temperature is raised above
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FIG. 2. Schematic diagram of a chemically modified1%l) showing en-
hanced edge selectivity for nickelocene adsorption.

substrate overlaid by a single Gakayer covering the
CaFR /Si interface. A substrate temperature of 610°C and
growth rate of 70 A/min have been applied. Because of the
relatively high Cak vapor flux during the growth, the modi-
fied substrate shows meandering step edges, somewhat devi-
ating from step configurations of the underlying13il). Fig-
ure 1(c) shows the surface after nickelocene molecules are
deposited. Along the upper step edge, the adsorbed nickel-
ocene molecules form strings with a remarkable order. In
contrast, particles on terraces are randomly distributed.
Different substrates exhibit different strength of the in-
teraction between the substrate atoms and deposits. This in-
teraction can also be influenced by the presence of steps and
other defects under certain conditions. Cleafl8l) sur-
faces interact strongly with metallocene molecules. There-
fore, they hardly display any selectivity at room temperature.
A monolayer Cap, on the other hand, is less reactive and
exhibits weaker interactions. It allows the diffusion of mol-
ecules towards the step edge where they apparently have a
higher binding energy. By chemically modifying the surface
one can exercise control over the strength of the bond be-
tween the adsorbates and adsorbents. Steps and other defects,
thereby, can serve as the anchors of the adsorbed molecule.
In Fig. 2 we show a schematic drawing of a chemically
FIG. 1. (a) Si(111) surface covered by nickelocene at room temperaturemModified substrate. With a nearly complete Ghfyer atop a
with 900 L. STM image of 108100 nnf. (b) A single layer of Cafatop ~ Cak; /Si(111) interface, step edges on this substrate become
the Caf/Si(11D interface with high growth rate of 70 A/min, causing preferred adsorption sites for nickelocene molecules. In Fig.
meandering steps. STM image of 26050 nnf. (c) The substrate after 3(a), we show an STM image of the modified substrate with
nickelocene exposure at room temperature with 6 L. STM image of 150 " . .
%150 ni. a highly ordered step profile dictated by that of thél$1)
surface. We have found that the Gd&yer never touches the
lower edge of the steps under the growth conditions de-
100 °C due to either growth or postannealing. The adsorbateggribed earlier. The factors controlling this effect have been
shown in these two figures are nickelocene fragments. discussed in previous studié8.After the substrate is ex-
posed to nickelocene vapor at room temperature followed by
a brief high temperature annealing, the upper step edge is
decorated by a string of adsorbates guided by the steps.
When metallocene molecules strike a clea(l$l) sur-  Voids in the Cak layer expose the underlying CaSi(111)
face, they bind to surface atoms predominantly in moleculamterface. Aggregates are clustered and aligned at the edge of
form.}? At room temperature the adsorbed molecules form ahese imperfect sites, exhibiting a similar adsorptive behav-
disordered layer on clean (3iL1) surfaces. We have exam- ior. These effects are illustrated in FiggbBand 3c). Figure
ined the surface with nickelocene exposure ranging from 6 t@(b) is an STM image showing the substrate after room tem-
900 L (Langmuip and found no preferred molecular landing perature deposition followed by postannealing @t
sites on this surface. Figurédl is an STM image showinga =500°C. It displays a nearly perfect alignment of the ad-
Si(111) substrate covered by nickelocene molecules. Theorbates confined by the upper step edge. Figmeshows
single height(0.32 nn) steps are separated by terraces ofa similar effect owing to the defects. The lower step edge is
~17 nm wide. Steps become favorable adsorption sites wheoccupied by adsorbates because the nearby /[S#E11) in-
Si(111) surface is covered by between 1 and 2 ML of @aF terface was uncovered by CaFAt postannealing tempera-
Figure Xb) shows another STM image displaying 419i1)  tures above 100 °C, most remaining adsorbate on these sur-

ADSORPTION SITE SELECTIVITY
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FIG. 4. The 29 CaF, layer is not chemically reactive after room tempera-
ture exposure. The bright stripes show areas covered by the 2ndayaF,

and are free of molecules at room temperature. 900 L. STM image of 150
X150 nnt.

posit and substrate. On clean(H&il), we expect a strong
interaction between nickelocene and substrate. In this case,
local chemical bond formation on the sites of Si dangling
bonds can be expected to play a dominant role in adsorption
of nickelocenes. In an earlier publication, we interpreted
strong bonding between organic molecules and,C3iFL11)
substrate in terms of energetics of the band gap of the sub-
strate and the LUMO-HOMO gap of the adsorb&téntu-
itively, one would expect that the chemical bonding becomes
stronger as the energy overlapping of the substrate band gap
and the LUMO-HOMO gap of the adsorbates increases.
Meanwhile, the strong interaction between the substrate or-
bital and either the LUMQ)f in the valance bandor HOMO

(if in the conduction bandrequires favorable symmetry
factors'* Accordingly, it should come as no surprise that
Cak, with a broad band gap of 12 eV is not chemically
reactive to nickelocene possessing a significantly narrower
LUMO-HOMO gap of about 4-5 eV1®

FIG. 3. (@ A nearly complete coverage of single layer Gabn A qualitative explanation to the drastic Change in the
CaFR, /Si(111) with ordered step profile. STM image of 1800 nn¥. (b) strength of the chemical reactivity of Cakyers with dif-
Strings of adsorbed nickelocene fragments are aligned along the upper edggrent thickness can be attempted if we use a physisorption

of the stepgindicated by arrowafter room temperature adsorption followed . . .
by postannealing at 500 °C. 900 L. STM image of ¥a@0 nn. (c) Pre- model concerning the basic van de Waals eftéat/e esti-

ferred adsorption sites along the edges of véiddicated by arrows Room ~ Mate that the strength of the electrostatic attractive interac-
temperature exposure of 600 L. STM image of Xa®0 nnf. Adsorbates  tion between the adsorbate and adsorbent is reduced at least
on the lower edge of the steps are bound to surface atoms on,dSIa# 1) 8 times from the it to the 29 CaF, layer. On the »d layer,
interface. this attractive interaction is considerably smaller than ther-
mal energy of~26 meV?!’ Edge selectivity on a single CaF
layer has been observed on substrates both at room tempera-
faces are not intact nickelocene molecules any more. Theture and elevated temperatures. It is well pronounced at el-
are fragments, such as nickel, acetyl cyclopropene nickekvated temperature of about 500 °C when the terrace diffu-
cyclopropene nickel, and very little cyclopentadienyl sion of the adsorbates is quite rapid. Once the adsorbates
nickel 1 arrive at the step edge, they have to overcome a diffusion
By increasing Caj-coverage, the chemical reactivity of barrier for descending motion across the steps. Apparently,
the 2% CaF, layer is considerably weaker than that of tH& 1 this hindrance is caused by the adsorbates at the lower edge,
layer on top of the Caf#Si(111) interface. Stripes of the™  which are inert and perhaps repulsive to the incoming mol-
CaF, layer, shown as bright regions in Fig. 4, are free ofecules. Diffusion barriers for crossing steps have been re-
nickelocene molecules even at room temperature exposurported previously for other systerfr® The molecular aggre-
Molecules adsorbed on thé'layer of Cak (darker areas in gates are also found to be clustered along the step edge,
Fig. 4) exhibit the characteristic edge selectivity discussedsuggestive of an attractive intermolecular interactitt.is
earlier. also indicative of the formation of an in-plane surface dipole
Selective adsorption driven by the strength of the inter-oriented perpendicular to the step edge, leading to an attrac-
actions is determined by the electronic structures of the detive interaction between the adsorbates and téphis is
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Ni(Cp), CaF,
CaF1 mask
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FIG. 5. Schematic diagram of CafcaF, /Si(111) substrate for selective
nickelocene adsorption.

likely another important factor giving rise to the enhanced
edge selectivity.

NANOWIRE PATTERNING

It is conceivable that the selective adsorption on a
chemically modified substrate can facilitate manufacturing of
metallic structures down to the single digit nanometer scale.
The option for surface modification, however, is limited by
the growth modes that can be achieved. Fortunately, our
choice of the combination of CaFCaR, /Si(111) assures the
growth of self-assembled nanostripes, in addition to the dis-
tinctly different band gap of CgFand Cak, ~12 eV vs 2.4
eV. The accumulated knowledge now puts us in a position to
devise a template containing precisely arranged stripes withIG. 6. (a) CaR,/CaR /Si(111) substrate before deposition. The width of
alternating local chemical reactivity with a periodicity of CaF stripes is~5.6 nm, and Caftrenches is~12 nm. STM image of
90x50 nnt. (b) Selective adsorption on CafaF /Si(111)substrate by

7
10-20 nm" We expect the metallocene molecules to be re exposing the substrate to nickeloce(®0 L) at substrate temperature of

jeCted in regions covered by CnghiIe being accepted in 500 °C. The Cajstripes are free of nickelocenes at elevated substrate tem-
places with Caf The width of the Cajstripes can be finely peratures. STM image of 860 nnf. (c) Similar result is obtained upon
adjusted in the range of a few nm, whereas the order of theostannealing at 600 °C. Room temperature exposure of 6 L. STM image of
structures is self-organized during the growth. The spacing®<0 nn-

between the Cafstripes can also be accurately controlled.
F_lgure 5is a schematlc drawing |Ilus_trat|ng the selectlvethe surface. By varying the coverage of GaR S(111), we
nickelocene adsorption on such a tailored substrate. The . : . .
stripes are CaFand trenches are CaFThe Caf trenches are aple to achieve selective ad;orptlon of metallocengs with
are adsorption sites of nickelocene molecules, while the,Ca deS.;II’.ed pattgrn. Clean.($1]) displays a strong chemical
stripes are masks shaping the adsorbates with a desired pg(?acnwty, leading to a disordered layer of metallocene ad-

. . . Sorbates at room temperature. Strong bonding on a
tern. Figure 6 is an STM image of an ensemble of GaF . . . -
stripes grown on a 8111) surface with a CagSi interface. CaR, /Si(11)) interface is also observed, presumably arising

. from the intermingling of the charge density of the adsor-
We expose the substrate to nickelocene vapor at temperatutr)% tes and substrate, In contrast, bonding to ,daFver
of 500 °C, and the adsorbates are selectively deposited in the i ' 9 y

CaF, trenches. Because bonding to Gag very weak, no weak. Inqr(_easing Cafcoverage tq more than 2 ML re?{léces
adsorption takes place at the elevated growth temperatur%]e react|V|ty. of the substrate significantly, so that thE 2
[see Fig. )] In another experiment, we manage to utilize aF, layer rejects metallocene molecules even at room tem-

Caf, stripes as masks upon postannealing Tat600°C gier;aet:;iednexv :‘1etgﬁir(r:]2?rit(r:?l§$esaonTheethscz:iIet(())f :?:\f/rzan%ﬁ:
while depositing molecules at room temperature. As showneters on self-assembled Gd€aR, Si(111) substrate with
in Fig. 6(c), the Cak stripes are free of adsorbates, resulting 1

from thermal desorption of nickelocenes. We note that ayvell defined local chemical reactivity. As the modern tech-

. nology of fabricating nanostructure has been driven to the
elevated substrate temperature, most adsorbates are nickel- "= S .
o . atomic scale, such patterning is expected to play a major role
ocene fragments. We have also found similar adsorptive

. in producing fine structures. A conventional patterning in-
behavior of several other metallocenes, such as ferrocene ) . X ) . X
etc voblves transferring a lithographically defined image in a

' mask on top of the substrate with a typical structure size on
the micrometer scale. The patterning by means of selective
adsorption has shown great potentials to overcome the limi-
In summary, we observe changes in chemical reactivitytation of traditional method in reducing the structure size.

of the substrate as we change the chemical composition df/fe note that most adsorbed clusters are not intact metal-

SUMMARY AND OUTLOOK
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