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Acetylene adsorption on Si(111)(7X 7): A scanning-tunneling-microscopy study
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The microscopic adsorption state of acetylene (C2H2) on Si(111)(7X 7) at room temperature has been
studied by using scanning tunneling microscopy. The center adatoms are more reacted than the corner
adatoms in a ratio of about 2:1 upon the adsorption of acetylene. It is predominantly the adatoms in the
faulted subunit that are reacted by acetylene, rather than those in the unfaulted subunit, indicating that
acetylene is initially in a mobile precursor state. No significant restructuring of surface Si atoms is ob-
served. It is proposed that acetylene is di-o bonded to the pair of adjacent Si adatom and Si rest atom,
saturating Si dangling bonds of the Si(111)(7X 7) surface.

I. INTRODUCTION

The reaction of acetylene (C2Hz) with Si surfaces has
attracted great interest experimentally' and theoreti-
cally, ' as the prototype reaction of chemical vapor depo-
sition and gas-source molecular-beam epitaxy of silicon
carbide, as well as the low-pressure synthesis of diamond
film from hydrocarbon. '

The adsorption of acetylene on Si(111)(7X 7) is the first
step of whole reactions towards carbide formation. A vi-
brational electron-energy-loss-spectroscopy (EELS)
study has shown that acetylene is molecularly adsorbed
and the carbon-carbon triple bond of acetylene is rehybri-
dized to a state between single and double bond on
Si(111)(7X7)at 300 K. It is proposed that acetylene is
di-0. bonded to two adjacent Si atoms saturating dangling
bonds. A molecular orbital study has supported this
model using an idealized-structure model for the Si(111)
surface. A recent semiempirical quantum-chemical study
using a 49-Si atom cluster has also supported the rehy-
bridization of adsorbed acetylene, but they have predict-
ed that a significant restructuring of the silicon surface
atoms takes place by the adsorption of acetylene.

In this paper, we have studied the adsorption of ace-
tylene on Si(111)(7X 7) at 300 K using scanning tunneling
microscopy (STM). STM provided the atomic-scale in-
formation in real space about silicon surface chemistry,
for example, H, " ' 02, ' ' H20, ' NH ' etc. on
Si(111)(7X 7). The first objective of this study is to reveal

the selectivity of surface dangling bonds on Si(111)(7X 7)
for acetylene adsorption. The second objective is to elu-
cidate whether or not a significant restructuring of the
silicon surface atoms takes place upon acetylene adsorp-
tion.

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacu-
um chamber containing an STM, a four-grid retarding
field analyzer for low-energy electron diffraction and
Auger electron spectroscopy, and a quadrupole mass
spectrometer for gas analysis. ' The base pressure of the
vacuum system was &1X10 ' Torr.

Constant current topographs (CCT) were obtained as
STM images. A typical tunneling current was 0.1 or 1.0
nA for a fixed sample bias between —3.0 and 3.0 V.
STM tips were made by electrochemically etching
tungsten wires (0.5-mm diameter). STM images shown
here are not corrected for thermal drift.

The silicon samples were n-type (P-doped) (1—100 0
cm) Si(l 1 1) wafers. The Si(l 1 l)(7 X 7) clean surface was

prepared by heating the crystal up to —1250'C, and was
cooled slowly. During this preparation, a background
pressure was maintained below 1 X 10 Torr.
Research-grade C2Hz (99.6 mol% purity) was used. The
acetylene gas was introduced to the UHV chamber
through a variable leak valve, and the pressure was moni-
tored with a nude ion gauge.

46 9520 1992 The American Physical Society



46 ACETYLENE ADSORPTION ON Si(111)(7X7): A. . . 9521

K
' Dii~' ":-"aK --- —,.~~

I
gjCII~Q~

..«pyii- s s ~'~ "3g gw@.
'

~ a. . 4e--
haiM-i. .' ~, .

' 'g '4$1 ¹I Iiig g gIg$p)~ i.gi )I p gg Q p f (pl
gQ + pgK IK ITdkpii -" "'-'"-'' I F:

H
' ~'i i~ IW

K

~g'jul " .

ga = "' .%„&fg

hler~

II ':,& ';

+II P) Ki ==: -. v,-, m;. .

~ ~ IH sI ra L. .:. . ~~ ~ L,
"'

9'. -„-'.~ ~ ~ ~f/az i w iQii&

Ii~ & '& ~ rm e ~ I ~ hf' ii.i

2 4sl ~,yg aii ~ a lsm iaa

&~i ~ i mia

&)/plEslsn ~a;. " „.~AC
Q /':;~P. -

~ps FI ~ ~W ill Iki'

shia. %l ~ ' fggpr

:~I Ihk
'i Q+
X

., pre j 'I„

~
,A a' ..W-! ~ .i ~. -& W.""i,.

N tk

'~c

i

h

'4

i
., i... .. ' =. ~~1 W,„@ ci ",~~ 4

g

A
i,~wi l; "&)

FIG. 1. A constant-current-topograph (CCT) image of clean
Si(111)(7X7) at room temperature. Sample bias (Ez)=2.0 V.
Tunneling current (I, )=1.0 nA. Note that the amount of va-

0
cancies is very small: -300X300 A .

Ilia
I'

III. RESULTS

After cleaning the Si sample by heating, we usually
waited for a few hours to cool the sample down to room
temperature, and the thermal drift was minimized. Fig-
ure 1 shows a typical STM topograph of the Si(111)(7X 7)
clean surface with a sample bias at 2.0 V. A CCT image
of the positive sample bias corresponds to the unoccupied
states of the Si(111)(7X 7) surface, and the 12 adatoms are
visible in the unit cell. A few vacancies of adatoms are
seen, but they are always less than 1% of total adatoms
according to the inspection of many different areas.
Mostly the vacancies are "center" adatoms rather than
"corner" adatoms, which are adjacent to the corner hole
in the dimer-adatom-stacking fault (DAS) structure of
the Si(111)(7X 7) surface. 2' The nearly perfect
Si(111)(7X7) surfaces like Fig. 1 were essential for our
purposes.

Figures 2(a) and 2(b) show STM topographs of the
Si(111)(7X 7) surface exposed to 3500-L C2H2 [1 langmuir
(L)=10 Torrs] with the sample biases at 1.5 and 3.0 V,
respectively. Upon the adsorption of acetylene, some
adatoms become dark [Fig. 2(a)]. However, this is not
due to the vacancies of Si adatoms, because these ad-
atoms are visible for the sample bias at 3.0 V [Fig. 2(b)].
Therefore, the change of the brightness of adatorns is due
to the change of electronic density of states by the ace-
tylene adsorption. It is noted that real vacancies look
dark even at the sample bias at 3.0 V.

In order to probe the reaction selectivity of different
adatoms (corner and center adatoms) in the different tri-
angular subunits that contain the stacking-faulted layer
and the unfaulted layer, both negative and positive biases
were applied to the sample. Figures 3(a) and 3(b) show
STM topographs of the same Si(111)(7X 7) surface ex-
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FIG. 2. CCT images of the Si(111)(7X7)surface exposed to
3500-L CzH& at room temperature [(a) Es =1.5 V, I, =0. 1 nA,
(b) Es=3.0 V, I, =0.1 nA]. —105X95 A .

posed to 3500-L CzH2 at the sample biases of +2.0 and
—2.0 V, respectively. In the case of negative sample
bias, the adatoms in the faulted subunit show brighter
protrusions of adatoms than those in the un-
faulted subunit. Figure 3(c) is a schematic diagram
showing the location of the reacted adatom sites in the
same region [center adatoms (0); corner adatoms (6)].
The unfaulted subunits are shaded. In Fig. 3, 25 center
adatoms and 14 corner adatoms are dark. Of the 39 dark
adatoms, 31 are located in the faulted subunits and eight
are in the unfaulted subunits. According to the inspec-
tion of several different regions on the same surface, the
situations are quite similar: center adatoms preferentially
reacted rather than corner adatoms in a -2:1 ratio, and
the adatoms in the faulted subunits reacted in more than
a 3:1 ratio compared to those in the unfaulted subunits.
It is noted that real vacancy defects may be included, but
they should be within the experimental error because the
amount of vacancies is less than l%%uo of all adatoms in the
present experiments. In addition, it is interesting to note
that more than three adatoms in a triangular subunit do
not react in most cases.

Figure 4 shows a three-dimensional topograph of the
Si(111)(7X7) surface exposed to 5000-L C2H2 at room
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(b)

(c)

FIG. 5. The DAS model of the Si(111)(7X7) surface (Ref.
21): (a) a top view, and (b) a side view. (c) A proposed model of
acetylene di-o bonded to the pair of an adjacent Si adatom and
a Si rest atom.

tion, if the case of (2) or (3) occurs predominantly, the
number of dark adatoms in a subunit should be even.
However, no such results are observed in the STM im-
ages (Figs. 2 —5}. In case (4), a pair of dark center ada-
toms across a dimer row should be observed, but there is
no evidence for this. Moreover, in cases (1) and (5),
predominantly the corner adatoms should be involved,
but this contradicts the present results.

On the whole, it is most probable that acetylene is di-o.
bonded to the pair of an adatom and a rest atom [cases
(6) and (7)]. This model can also explain the preferential
occupation by center adatoms rather than corner ada-
toms in a -2:1 ratio. A center adatom has two neighbor-
ing rest atoms, but a corner adatom has only one. Thus,
statistically, for the di-0 bond formation reaction, center
adatoms can be involved with a rest atom two times fas-
ter than corner adatoms. In addition, within this model,
more than three adatoms in a triangular subunit cannot
be involved because the number of rest atoms with a dan-
gling bond is three in the subunit. This also agrees with
the present STM results.

It should be mentioned that rest atoms are not clearly
seen in the CCT images in the present experimental con-
ditions because adatoms are very predominant. Thus,
strictly speaking, the reactivity of adatoms is directly ob-
served in the present studies. However, the experimental
results (STM and EELS) suggest the involvement of a rest
atom for the di-o -bonded acetylene (see the above discus-
sion). Atom-resolved scanning tunneling spectroscopy
will clarify this directly, as in the case of dissociative ad-
sorption of NH3 on Si(111)(7X 7}.'

A similar preferential reaction (center adatom:corner
adatom=2:1) is observed for the dissociative adsorption

of HzO on Si(111}(7X7}.' Avouris and Lyo have postu-
lated that only an adatom —rest atom pair can act in a
concerted fashion for the chemisorption reaction of HzO
on Si(111)(7X 7).

There is another site preference in the present system:
the adatoms in the faulted subunits are more reacted than
those in the unfaulted subunits. Two possible factors can
be postulated. One may be the strain-energy difference of
adsorbed structures, owing to the structural difference of
subunits. Another factor may be the difference in elec-
tronic structure. A constant-current topograph with a
negative sample bias clearly shows the difference of densi-

ty of states (DOS) between the faulted and unfaulted sub-
units. ' ' Recent theoretical studies ' have also re-
vealed the difference in DOS's between the faulted and
unfaulted subunits: the DOS of adatoms in the faulted
subunit is mainly distributed around EF. The local
DOS's could have an effect on a precursor state for chem-
isorption. The kinetically controlled preferential adsorp-
tion in the faulted subunits indicates that acetylene is ini-
tially in a mobile precursor state. Thus, the latter factor
is plausible. However, further studies are needed to
determine which factor plays an important role.

When the (7X7) surface is exposed to 5000-L ace-
tylene, more adatoms are reacted, but still no rearrange-
ment of Si atoms of the DAS structure is observed (Fig.
4}. Around dark reacted adatoms, a small distortion of
unreacted adatoms may be seen, although this may not be
due to real distortion but due to the changes of electronic
structure by acetylene adsorption.

A recent theoretical calculation using a fairly large Si
cluster has predicted that significant restructuring of sur-
face Si atoms is induced by acetylene chemisorption.
However, the present STM results show no such re-
structuring. This may be ascribed to the fact that their
model cluster is not large enough to describe a real sur-
face, i.e., the Si(111)(7X 7) surface.

Finally,
'

we should note a low sticking probability
(&10 ) of acetylene on Si(111)(7X7)at room tempera-
ture, as compared with the cases of dissociative adsorp-
tion of other molecules such as Oz (Refs. 15—17 and 26)
and NH3, ' ' etc. This may be ascribed to the fact that
acetylene is molecularly adsorbed on the specific sites [the
adatom —rest-atom pairs: cases (6) and (7)] in a concerted
fashion on Si (111)(7X 7).

V. SUMMARY

Some of the important results and conclusions in this
study are summarized as follows.

(1) No significant rearrangement of surface Si atoms on
Si(111)(7X 7) is observed upon acetylene adsorption.

(2) The center adatoms are more reacted than the
corner adatoms by a ratio of -2:1upon the adsorption of
acetylene on Si(111)(7X 7).

(3) It is predominantly the adatoms in the faulted sub-
unit that are reacted by acetylene rather than those in the
unfaulted subunit, indicating that acetylene is initially in
a mobile precursor state.

(4) It is proposed that acetylene is di-o bonded to the
pair of adjacent Si adatom and Si rest atom saturating
dangling bonds on Si(111)(7X7).
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