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Passivation of Si(111)-7 x7 by a Cgy monolayer
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Cso monolayers are formed on a($11)-7x7 surface under ultrahigh vacuu(@dHV) conditions.

The effects of exposure to atmosphéi@ 30 min) and water(for 30 9 are assessed by comparing
images of the surface acquired using an UHV scanning tunneling microscope. Following exposure
and/or immersion we are able to resolve thg, @olecules exhibiting hexagonal order in an
arrangement which is essentially identical to that formed prior to withdrawal from the UHV system.
Our results clearly show that deposition of one monolayer gf @ a Si surface can inhibit
chemical attack by water and atmospheric oxygenl@6 American Institute of Physics.
[S0003-695(196)00130-1

The surfaces of semiconductors are generally chemicallgample held at room temperature. The total coverage is in the
reactive and oxidize on exposure to the atmosphere. Followrange 1-3 monolayers. At this stage STM images of the
ing work by Yablonovich, there has been an intensive re- surface reveal a full monolayer coverage together with is-
search effort devoted to the preparation of semiconductolands of second and, for higher total coverage, third layers.
surfaces which are passivated, that is chemically treated tohe sample is then annealed at a temperature in the range
reduce their reactivity. The most widely studied examples 0£00—-300 °C. The resulting surface is covered uniformly by a
passivation are Si surfaces treated with hydrofluoric acigingle monolayer of g,
and/or ammonium fluoride for which the dangling bonds  Cg, 0n Si111)—7X7 has been studied at submonolayer
formed on the free surface are passivated by H terminatiosoverage'? monolayer coveragé and multilayer
resulting in Si—H bond$? This surface may be also formed coverage? and has been used for experiments on molecular
in ultrahigh vacuum(UHV) by exposure to atomic > In  manipulation'>® Close to a monolayer coverageGnol-
addition to its chemical stability the Si:H is electronically ecules are hexagonally ordered with one molecule above
passivated since there are no midgap surface states. It is algach corner hole of theX77 reconstruction and the remain-
possible to passivate GaAs surfaces using aqueous sulphider absorbed midway between Si adatom pHifEhis leads
compounds;” however there are few other examples of pas+o two possible domains which are orientedat1° to the
sivation. principal axes of the S Figure 1 shows a STM image of

In this letter, we describe a passivation treatment whichc,, terminated Si in which an area corresponding to each
results in a chemically unreactive($11) surface. Animpor-  domain is identified. Note that the configuration qf,@ol-
tant difference between our work and previous studies is thagcules in the double domain structtfres determined by ad-
the passivated Si surface retains the atomic configuration Gforption at particular sites on thex7 surface. Observation
the 7x7 reconstruction rather than forming the bulk termi- of this structure therefore implies that the atomic configura-
nated(1x1) surface structure which results from H passiva-tion of the underlying Si corresponds to that of th& 77
tion. A partially ordered monolayer ofggmolecules forms  gyrface.
the paSSivating |a.yer. The paSSivation is inferred from a com- C60 terminated Si was then extracted from UHV and

parison of scanning tunneling microscoBTM) images  exposed to air for times between 1 and 30 min. Exposure to
taken in UHV immediately after the surface preparation, and

subsequent images taken after the surface has been exposed
to the atmosphere and/or immersed in water.

Previous studies have shown that thigk nm Cgq films
could protect Si111)-7x7 (Ref. 8 and Al (Ref. 9 surfaces
from the atmosphere. It was assumed in the work ¢h13)-
7X7 that the interaction betweerygand Si was weak and
that the thick layer prevented diffusion of atmospheric gases
to the G/Si interface® However, we argue below that the
Ceo/Si interaction is in fact relatively strong and show that
only a single monolayer is required for passivation.

A piece of S{111)(~7x5 mn?) cut from a B doped
wafer (resistivity p>1 ) cm) is loaded into an UHV cham-
ber (pressure~10 1° Torr). After outgassing overnight
(temperaturd ~700 °C) the sample temperature is raised to
~1200 °C for 1 min to create a7 reconstruction. ST IG. 1. Constant current STM imag@sample bias 3.5 V, tunnel current 0.1
images are taken at room temperature using eIeCtrOChe”{r':fA) of monolayer coverage ofgon the g{ll]) surface after annealing at

Ca”)_/ etched' W tips which are cleaned by heating in pHV- 290 °C for 10 min. The angle between the principal axes of the two domains
Ceois deposited from a Knudsen cell heated to 320°, with thes 22°.
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FIG. 2. Constant current STM images of,Gnonolayer on S111)-7X7
after exposure to atmospher@) large area scaf.0 V, 0.4 nA showing
terraces preserved after exposure for 1 niim;small area scaf.5 V, 0.1
nA) of (a) showing several tip changes. Although image quality is generally
poor there are a few scan lines with molecular resolutionlarge area scan
(=3.5V, 0.1 nA of sample exposed to atmosphere for 30 min and then
annealed at 260 °C for 60 min prior to STM imaging) small area scan
(=3.5V, 0.1 nA of (c) showing double domain ordering ofgmonolayer.
This image should be compared with Fig. 1.

atmosphere of clean @il1)-7X7 leads to oxidation and the
complete corruption of the X7 reconstruction. In contrast
the Gy terminated Sil11) withstands exposure to atmo-
sphere. This is clear from a comparison of Fig&)22(d)
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FIG. 3. Small area STM imagé€3.0 V, 0.2 nA of a G, monolayer on
Si(111)-7X7 which has been taken out to atmosphere, immersed in deion-
ized water for 30 s, blown dry with N returned to UHV and then annealed

at 260 °C for 15 min. The double domain structure indicative of the under-
lying 7X7 reconstruction is clearly resolved.

with Fig. 1. Figures 2&a) and 2Zb) show, respectively, a large
and small area scan of a surface taken immediately after
reloading the sample into UHV after an exposure time of 1
min. In Fig. 2a) atomic terraces and bilayer steffgeight
0.31 nm may be resolved. In Fig.(B) it is possible to re-
solve the individual g molecules. However, the image
quality in Figs. Za) and 2b) is poor and this surface is
difficult to image, due we believe, to physisorbed material on
the surface. This material induces many tip changes and in
general results in poor resolution as shown in Fip) 2vhere

a small number of scan lines have good resolution while the
rest of the image is of poor quality.

Figures Zc) and 2d) show STM images of a surface
which has been exposed to atmosphere for 30 min and then
annealed at 260 °C for 60 min, a cycle similar to that under-
gone by the sample prior to extraction from UHV. Following
annealing, the stability of the tip is markedly improved and
the quality of STM images is acceptable, due, we believe, to
the desorption of physisorbed material from the surface. The
surface prior to exposure to atmosphere and that following
annealing are very similafcompare Figs. 1 and(@)]. In
particular the double domain hexagonal ordering is clearly
resolved in Fig. &) indicating that the adatom configuration
of the 7X7 reconstruction remains in tact beneath thg C
monolayer. This shows that an adsorbeg @onolayer in-
hibits chemical attack of §11) by atmospheric gases.

We have also investigated the effects of immersion of
Si(11D-7X7/Cq in water. For this experiment the sample is
prepared as described above and then immersed in deionized
water (resistivity 18 M) for 0.5 min. The sample is then
returned to the UHV chamber and annealed at 260 °C for 15
min. As discussed above STM imaging is difficult without
annealing. Figure 3 shows a STM image acquired following
sample annealing. The hexagonal double domain ordering is
clearly resolved in Fig. 3. This implies that thg Jmono-
layer has inhibited the chemical interaction of the Si with the
water.

The interaction of gy and S{111)-7X7 is not fully un-
derstood but there is a consensus that electrons are trans-
ferred from Si dangling bonds to theggCmoleculest®-2°
Suto etal. have investigated §/Si(111)-7X7 using
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HREELS (high resolution electron energy loss spectrosgopy definition of nanometer scale features. The second class of
and show that there are 2 electrons pgg for a coverage application would be as a passivated silicon substrate for
close to one monolayer, although there is a large quoted errd@TM manipulation of additional adsorbed molecular species.
(=1 electron. In a recent theoretical study of the energy This is based on our observation that thg, & unreactive
levels and charge density of isolatedgoCmolecules and so should be bonded fairly weakly to subsequent ad-
Yamaguchi® has argued that 3.35 electrons are transferred tsorbed molecules.
Ceo from Si dangling bonds. This charge is localized around  In conclusion we have shown that thgyGnonolayer/
9 C atoms close to the point of contact between tgga®d  Si(111)-7X7 surface is chemically stable with respect to ex-
the Si surface. posure to atmosphere and immersion in water.

Our results indicate that g forms a strong bond with Note added in proofWe have recently conducted a
the Si surface and that it both inhibits chemical attack of theseries of photoemission experiments of/Si(112). Our re-
Si by the reactive constituents of the atmosphere, and alssults confirm that the £ inhibits atmospheric oxidation al-
remains stable itself. There are two possible mechanisms fahough some oxidation is observed for samples exposed to
the protection of the Si surface. The first is that the 19 elecatmosphere for over 1 h.
trons per K7 unit cell in Si dangling bonds are either trans-
ferred to or involved in bonding to the ggEmolecules per 1E-hYabllqonovli_ch,SI?- Iz-z-lgAlllagg, L. C. Chang, T. Gmitter, and T. B. Bright,
unit cell ar.]d ther.efore are not available for bonding with ZR.ySS.. Beecl/l;er?t\t(. J Ch:’:(lbaLQé. S. Higashi, and A. J. Becker, Phys. Rev.
other species. This corresponds~@.7 electrons per &, a Lett. 65, 1917(1990.
number which is consistent with the theoretical and experi-3G. s. Higashi, R. S. Becker, Y. J. Chabal, and A. J. Becker, Appl. Phys.
mental evidence cited above. The second possibility is that Lett. 58, 1656(1992.

: 4F. Owman and P. Martensson, Surf. 03 L367 (1994).
the presence of theggmolecules on the surface restricts the 53.W. Lyding, TC. Shen, J. S. Hubacek, J. R. Tucker. and G. C. Abeln,

access of_other molecules, for examplg, _E_IZO, to the un- Appl. Phys. Lett64, 2010(1994.
derlying Si. To assess the second possibility we take the har@Ee. Yablonovich, C. J. Sandroff, R. Bhat, and T. Gmitter, Appl. Phys. Lett.
sphere diameted,, of Cgo as 1.0 nm! This gives a maxi- 51, 439(1987.

, P
mum diametergy,=0.15 nm[=(1/sin 60*-1)d] for a mol- Eétf?frg(()fé;) N. Nottenburg, J.-C. Bischoff, and R. Bhat, Appl. Phys.

ecule to pass through the close packegd i@onolayer. This &y Hong, w. E. McMahon, P. Zschack, D.-S. Lin, R. D. Aburano, H.

is much smaller than the van der Waal's diameter aDQ8 Chen, and T.-C. Chiang, Appl. Phys. Leftl, 3127(1992.
nm)_ 9A. V. Hamza, J. Dykes, W. D. Moseley, L. Dinh, and M. Balooch, Surf.

: : Sci. 318 368(1994.
.Whlle we are not aple.to draw a.strong conclusion as tQOThe S'?M, eléctroﬁics and software were provided commercially by Ox-
which of these effects, if either, dominate, we note that there ford instruments SPM Group, formerly WA Technology, Cambridge, UK.
are many domain boundaries and packing faults where stericY. Z. Li, M. Chander, J. C. Patrin, J. H. Weaver, L. P. F. Chibante, and R.
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the formation of the gy/Si bond must play some role. 16? '\H"aggt‘(’)'nK'A'aC\?gg'uiﬂd ;'m'sg' /:/lpc?rlié Zhyi L?mhﬁsgg(ﬁt?aims
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