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Atomic scale protection using fullerene encapsulation
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The use of fullerene multilayers as a removable protective coating on a clean, reconstructed
semiconductor surface has been investigated using an ultrahigh vacuum scanning tunneling
microscope~UHV-STM!. We have found that the Ag/Si~111!-A33A3R30° surface, which is
normally stable only under an UHV environment, can survive exposure to ambient conditions
beneath a protective layer of C60. The C60 capping layer may be removed by annealing after
reinsertion into UHV. For optimum protection a thickness.5 monolayers is required. The
protective effect lasts for times of order several minutes. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1336553#
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The development of molecular scale analogs of mac
scopic processes forms an important part of the growing fi
of nanometer scale science and technology. Patternin
surfaces and the assembly of simple structures on the at
and molecular scale have been widely demonstrated1–4 and
in this letter we address a related problem concerning
protection of atomic and molecular scale nanostructures f
degradation through exposure to ambient conditions. Thi
particularly relevant for structures which are fabricated un
vacuum conditions. For macroscopic materials, protectio
routinely achieved through encapsulation of a surface or
terial of interest in an unreactive coating. However it is n
clear that an analogous approach will be viable for
atomic scale protection of, for example, a clean surface.
achieve this objective the protective coating should inter
sufficiently weakly with the surface so that modificatio
through the formation of chemical bonds is avoided, wh
simultaneously inhibiting atmospheric attack. Note th
many of the procedures for passivation of clean surfaces
example H passivation of Si~100!-231, rely on chemical
modification of the surface.5 Similarly, the use of fullerenes
as protective coatings on Si~111!-737 has been inves
tigated6–9 and results in the formation of strong chemic
bonds.9 Consequently, while such films inhibit the oxidatio
of the underlying Si surface,9 the interfacial fullerene mono
layer cannot be completely removed.6

In this letter we describe the use of C60 as a protective
coating on the Ag/Si~111!-A33A3R30° surface, hereafter re
ferred to as Ag/Si. Coated surfaces are exposed to at
spheric conditions and, upon removal of the C60 layers under
ultrahigh vacuum~UHV!, large areas of the Ag/Si surfac
are found to survive with atomic scale integrity. We find th
the effectiveness of the protection layer is related to the m
phology of the underlying Ag/Si and for short exposu
times is independent of the number of deposited layers ab
a critical thickness.

Samples of size 7 mm33 mm were cut fromp-type
B-doped Si~111! wafers (r;1 V cm) and loaded into an
UHV chamber~base pressure;10210Torr!. After degassing
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overnight at 650 °C the sample was flash annealed
;1200 °C for;1 min to create the clean Si~111!-737 sur-
face. To form the Ag/Si~111!-A33A3R30° reconstruction Ag
was deposited on the Si~111!-737 surface~sample held at
;550 °C!.10–12 C60 was deposited onto the Ag/Si surfac
from a Knudsen cell~deposition rate;0.75 monolayers/min;
sample at room temperature!. Samples were exposed to a
mospheric conditions by removing the sample holder fr
the UHV chamber. After exposure the sample was reint
duced into UHV conditions. This sequence of steps took;5
min to perform and the minimum period of time in which th
sample was exposed to ambient conditions was;20 s. The
sample was then annealed at;350 °C to remove the C60.

13

Images of the surface were acquired using a scanning
neling microscope~STM! operated in constant current mod
at room temperature. Electrochemically etched tungsten~W!
tips which were cleaned in UHV by electron beam bomba
ment from a hot W filament were used for STM imaging.

Figure 1~a! is a STM image of the Ag/Si surface, i
which Ag atoms appear as bright features.10–12 All surface
dangling bonds, apart from those present at step edges
defects, are passivated through the formation of Ag–
bonds, leaving the surface relatively unreactive. Neverthe
the surface is still sufficiently reactive to be corrupted co
pletely by exposure to ambient conditions@see Fig. 1~b!#
which shows a Ag/Si sample after exposure to the atm
sphere for;20 s. There is no evidence in this image for t
atomic scale features observed in Fig. 1~a!.

Figure 1~c! shows a Ag/Si surface following the depos
tion of ;5 monolayers~ML ! of C60. Highly ordered, hex-
agonally packed islands of C60 ~typical island width;20
nm! are formed with principal axes oriented611° to the^1,
1, 22& direction of the Si surface.13,14 Several discrete con
trast levels are evident in Fig. 1~c!, corresponding to differ-
ent C60 terraces. C60 islands are nucleated at step edges a
other defects~for example domain boundaries13! on the
Ag/Si surface. These defects thus determine the morpho
of C60 multilayers.

Following multilayer deposition the surface is expos
to atmosphere for 20 s as described above. After reentry
UHV C60 is removed by annealing at;350 °C. For control
© 2001 American Institute of Physics
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purposes we show an image@Fig. 1~d!# taken after annealing
of a sample which was not removed from UHV. As shown
Fig. 1~d! C60 remains bound to dangling bonds at step edg
domain boundaries and terrace defects, but most of the
face ~;80%! is still terminated by the Ag/Si reconstruction
Figure 1~e! shows a Ag/Si sample that has been expose
air for ;20 s prior to annealing.

A comparison of Figs. 1~d! and 1~e! shows that exposure
of the sample to atmosphere increases the fraction of
surface area which is corrupted. It is also evident from F
1~e! that the corruption has proceeded through an increas
the width of the quasilinear regions which follow step edg
and domain boundaries. In Fig. 1~d! the width of these re-
gions is;6 nm, while in Fig. 1~e! it is ;12 nm. However
within the areas enclosed by the network of corrupted
gions of the Ag/Si reconstruction is preserved on the
races. This is shown clearly in Fig. 1~f! which corresponds to
a high magnification image of the darker~lower! regions in
Fig. 1~e! and has the same atomic scale features as obse
in Fig. 1~a!. In addition the uncorrupted regions have are
of the same order of magnitude as the C60 islands shown in
Fig. 1 and it is likely that the corruption is initiated at th
base of these islands where the protective film is thinner
less ordered.

FIG. 1. ~a! STM image (8 nm33.5 nm; 21.2 V, 20.3 nA! of the clean
reconstructed Ag/Si(111) – (A33A3)R30° surface; ~b! image (100 nm
3100 nm; 2.5 V, 0.2 nA! showing corrupted surface immediately after;20
s exposure to air;~c! image (120 nm3120 nm; 23 V, 20.3 nA! showing
Ag/Si(111) – (A33A3)R30° surface covered with;5 ML of C60. Brightest
areas correspond to highest layer islands;~d! image (120 nm3120 nm; 2 V,
0.2 nA! showing C60 bound to step edges and defects present on terra
Bright areas represent C60 molecules;~e! image (100 nm3100 nm;22.5 V,
20.2 nA! showing Ag/Si after;20 s exposure to air and removal of C60

layers by annealing;~f! image (8 nm33 nm; 21.2 V, 20.5 nA! showing
that Ag/Si(111) – (A33A3)R30° surface survives exposure.
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This procedure has been repeated for C60 films of vary-
ing thickness and the fraction of the area which remains p
tected is plotted as a function of film thickness in Fig.
These data show clearly that there is a threshold coverag
;5 ML below which the protection is ineffective. At highe
coverage 35%–40% of the sample is effectively protec
~however note that even for the sample which was not
posed to atmosphere only 80% of the sample surface is
covered as clean Ag/Si!. As stated above for these short e
posure times corruption is associated with step edges
domain boundaries on the Ag/Si surface. The variability
the reconstructed surface from sample to sample account
the spread in the fractional protection above the threshold
5 ML.

We have also investigated the dependence of the pro
tive effect upon exposure time, for a fixed C60 coverage,;15
ML. Figure 3 shows a plot of the fraction of uncorrupte
area versus exposure time,t. It is evident from these data tha
the corrupted area increases with exposure time, and for
coverage used, the sample has a lifetime of;5–10 min in air
before complete corruption occurs. In addition the time d
pendence provides evidence that two distinct modes of
ruption are active, since the rate of change of the fractio
coverage with time~on a logarithmic scale! shows a discon-
tinuity at a time;2 min. For short times the fractional are
F, which has been protected has a time dependence give

s.

FIG. 2. Dependence of protective effect on film thickness for fixed;20 s
exposure time. The curve is intended as a guide for the eye.

FIG. 3. Dependence of protective effect upon exposure time for fixed~15
ML ! coverage.
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Fat20.15. Above this time the corruption is much mor
rapid, Fat20.78. STM images following removal of C60 for
long exposure times show that many localized corrupted
gions appear on the surface indicating that the penetratio
atmospheric constituents on this time scale proceeds via
fusion through the thickest parts of the film rather than p
gressive ingress from the edges of the islands where the
tial corruption is concentrated.

Overall these results may be understood if we cons
the alternative diffusion paths through the protective fil
Atmospheric contaminants may either diffuse through
thinnest parts of the film at the edges of the ordered isla
or through the thicker regions of the film. Our results imp
that atmospheric oxygen diffuses through the thinner regi
at the edges of the C60 islands on a time scale which is fa
compared to our minimum measurement time giving rise
surfaces such as Fig. 1~d!. For the thinner films~,5 ML!
diffusion to the C60–Ag/Si interface is also possible for thes
short times. However, for the thicker films further corrupti
proceeds by diffusion directly through the thicker film. Ev
dence for this is provided by an increase in isolated c
rupted regions within the type of network shown in Fig. 1~e!.
This would imply that a time of order 2 min is required fo
diffusion through films with thickness of order 10 ML. Th
influence of oxygen diffusion on the conductivity o
fullerene films has been investigated previously.15,16 The
conductivity of thick C60 films reduces on a time scale o
order minutes when exposed to a partial pressure of2.
While it is difficult to compare this work directly with ou
observations we note that the order of magnitudes of th
results are consistent.

In conclusion, we have investigated the use of C60 layers
as a protective coating. The degree of protection provided
the coating is dependent on film thickness but is stron
influenced by the morphology of the initial surface. The p
tective effect persists for;5–10 min in air, which is suffi-
cient to permit the transport of fragile samples, for exam
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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metallic nanowires, through the atmosphere. Overall, t
work describes a general technique for protecting atomic
clean samples against contamination in air. We propose
this method could be applied to other systems where ther
a similarly weak adsorbate–substrate interaction, allow
simple deposition and removal of the protective layers
required.
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