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Scanning tunneling microscope (STM)-induced selective bond breaking in individual 
molecules and conventional STM imaging are combined to determine the nature of 
chemisorbed 0, species formed during the initial stages of silicon (1 11)-(7x7) oxidation. 
A selective atomic-scale modification mechanism that involves dissociative electron 
attachment of tip-emitted electrons to empty adsorbate orbitals is introduced. Two 
molecular species were found: one involves 0, bonded to an already oxidized silicon 
adatom, and the other involves an 0, molecule that is bonded to a second-layer rest atom 
and interacting with two silicon adatoms. 

T h e  STbI has been ~lsed successf~lllv to 
obtain infornlation on surface chemistry at 
the atolnic scale (1 ). However, unambiguous 
identification of the structure of the reaction 
products is not always possible. The lack of 
chemical selectivity has been a serious i n -  
pedinlent in chemical applications of the 
STIvI. 011 the other hand, the STM call also 
be a p o w e ~ f ~ ~ l  atomic-scale modification tool 
(2) .  Strong electric fields (3)  and the exci- 
tations induced hy the STXl (4) can break 
strono chemical bonds. Here we combine 

LJ 

the imaging and bond-breaking capabilities 
of the STXl to identifv the chemisorbed 0- 
species, usually referre2 to as molecular 
cursors, forlned during the initial stages of 
the oxidation of the S i ( l l 1 ) - ( 7 x 7 )  surface. 
We selectively break the 0 - 0  bond bv res- 
onant capture of tip-emitted electrolis in 
empty 0: energy levels in order to isolate the 
oxidation products. 

Numero~~s  experimental and theoretical 
st~ldies have been made of the initial oxida- 
tion of S i ( l l 1 )  (5). For example, x-ray pho- 
toelllissiol~ spectroscopy (XPS) has shown 
that early on in the reaction, Si atoms in a 
variety of oxidation states are present (6) ,  
~vhich indicates that several different prod- 
ucts are formed. Vibrational spectroscopy de- 
tects strong Si-0-Si vibrations, showing that 
a major reaction channel involves insertioll 
of 0 atoms in Si-Si bonds (6-8). The sta- 
bility of such a stnlcture is co~~firlned by 
electronic structure calculatiol~s 19-1 1 ). In 
addition to the stable atomic-oxygen prod- 
L I C ~ S ,  a molecularlv chemisorbecl 0, snecies 
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was detected in the initial stages of oxidation 
through its \,ibrational (7, 3 ,  12) and C1lo- 
toelectron spectra (1 3-1 5). It has generally 
been assumed that this molecular species is 
the precursor to stable oxidation products 
invol\,ing atonlic oxygen. Its lifetilne was 
initially reported to he -10 mi11 at roolll 
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temperature (13). More recently, the life- 
time nras found to be much longer: one 
source says -1 hour (16), nrhereas another 
study reports 5 hours (17). Furthermore, 
spectroscopic i~lvestigatiolls (1 8 )  provide ev- 
idence for tnro, not one, types of long-lived 
n~olecular species. However, it was also 
found that products contaillillg atomic oxy- 
gen are present immediately after exposure 
to 02, even at cryogenic temperatures, at 
which the precursor should be stable (7,  12, 
19). These contradictory observations led us 
to investigate the S i ( l l1 ) - (7  X 7) oxidation 
with STXl-based atomic-scale lnodificatio~~ 
techniques. The experimental system and 
sample preparation procedures have been de- 
scribed else~vhere (20). 

The schematic representation of the 
7 x 7 structure in Fig. 1 depicts only the sites 
bearing dallgling bonds (that is, the top- 
layer Si atoms, the so-called adatoms) (large 
open circles), the second-layer rest atoms 
(medium filled circles), and comer-hole at- 
oms (small filled circles). These are the 
most likely sites of initial reactivity (5).  

In Fig. 2, we s11o1~ two STbI images of 
the same area of a S i i l l1 ) -17x7)  surface . , ,  

exposed at room temperature to differing 
amounts of 02. They show the unreacted 
top-layer Si atoms (adatoms, labeled N )  and 
a ll~llnber of prod~lct sites induced by O2 
exposure. We will refer to the products as 
"bright" (B)  or "dark" (D), dependillg on 
whether they appear brighter or darker than 
unreacted Si adatolns in constant-current 
STM images. The  B products involve single 
adatom sites and are the most numerous 
product at low exposures. The D products 
could be fornled at single adatom sites or 
may involve two adjacent adaton1 sites (la- 
heled as D and DD, respectively); they 
dominate the STb1 images for exposures 
>0.6 L (1 L = 1OP%orrrs). 

Contrast variations in an STbI image 
depend on the density of states p:(E) at a 
particular site i and energy E and on the 
rate of this density's decay ( K )  in the 2 

direction (height above the surface), which 
in turn denends on the height of the local - 
tunneling barrier (21 ) .  A chemical reaction 
at site i can change not only p:(E) but also 
K by generating dipoles that add to or sub- 
tract from the inward-pointing surface di- 
pole, thus increasing or decreasing, respec- 
tively, the surface work functioll (22). The 
latter effect is particularly important nrhen 
elements of very different electronegativity, 
such as Si and 0, are involved. Calculations 
of p:(E) for a variety of surface structures 
containing atomic oxygen and consider- - , - 
ation of the effects of the resulting dipoles 
on  the barrier height sholv that an 0 atom 
inserted into surface Si back bonds gener- 
ates a product that appears bright in the 
STLI image, whereas oxygen bonded on  top 
of Si leads to a dark site (1 1 ,  14, 23). 

Although the S i ( l l1 )  surface should con- 
tain sig~~ificalnt amounts (>lo%) of chemi- 
sorbed 0, at room temperature (1 3),  the STM 
images (Fig. 2) do not provide direct evidence 
of chenlisorbed oxygen. The images are stable; 
that is, they do not reveal significant challges 
in the numbers and distributions of bright and - 
dark sites as a f~lnction of time under good, 
ultrahigh-vacuum conditions. To locate the 
chemisorbed 0, species, nre used the STM to 
locally induce their desorption or dissociation 
bv means of a urocess suecific to the 0 - 0  
bond. This bond-breaking mechanism in- 
volves the transient occupation of empty lev- 
els; here, we used the 30,: "shape resonance" 
(24) of chenlisorbed 02, by tip-elnitted elec- 
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Fig. 1. (Top) Schematic representation of the 
structure of theSi(l11)-(7x7) surface showing the 
unit cell and the sites bearing dangling bonds. 
(Bottom) Reactions producing the molecular 
chemisorbed 0, (species 2 and 3) and their eec- 
tron-induced destruction channels; 1 is on an 
atom~c-oxygen site. 
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trons, a process that can be described as dis- 
sociative electron attachment (25). In the 
free 0, molecule, the 3u: level is strongly 
antibonding and lies -9 eV above the vacu- 
um level (24). Chemisorption of 0, transfers 
charges from the substrate to the ZIT* level of 
the molecule and significantly weakens and 
elongates the 0 - 0  bond, which reduces the 
3u: energy. For 0 chemisorbed on Pt(ll1) 2 .  
or Pd(lll), the 3u, 1s -6 eV above the Fermi 
energy EF (26). Population of this state leads 
to 0, dissociation or desorption (26). Tight- 
binding calculations of the interaction of 0, 
with Si(ll1) (27) place the 3u: level -7 eV 
above EF for an 0 - 0  length of 1.28 A, deter- 
mined by near-edge x-ray fine structure spec- 
troscopy (1 3). Experimentally, photofragmen- 
tation of the adsorbed 0, (15, 16) also places 
the 3u: level in this energy range. 

When an incident electron has the same 
energy as the 3u: level of O,, it can be 
captured to form a "resonance." Capture oc- 
curs because the centrifugal, Coulomb, po- 
larization, and exchange forces acting on the 
electron combine to create a ~otential with a 
penetrable barrier surrounding the molecule 
(Fig. 3A) (24). Excitation arises from the 
following sequence of events (Fig. 3, B and 
C): (step 1) electron capture, (step 2) nucle- 
ar motion (relaxation) in the negative ion 
state, and (step 3) electron emission and 
formation of a vibrationally excited state. If 
the excitation exceeds the dissociation ener- 
gy, fragmentation occurs (step 4) (24). In 
electronic excitation, all incident electron 
energies above the excitation threshold can 
induce excitation, whereas in the dissocia- 
tive attachment process, only electrons with- 
in a relatively narrow energy range can be 
trapped. The change in the charge state of 
the adsorbate upon capture of an electron 
affects the charged adsorbate's interaction 
with its image in the substrate (28) and can 
open a new reaction channel (Fig. 3C). Be- 
cause of the increased imagelike attraction to 
the substrate. the eauilibrium adsorbate-sub- 
strate distance is smaller in this more strong- 
ly charged state than in the initial state, and 

Fig. 2. Empty-state STM 
images of a Si(l11)-(7 x 7) 
sutface (1 40 a by 21 5 A) 
during the early stages of 
oxidation (V,,,,, = 2 V): 
(A) after exposure to 0.05 
L of O,, and (B) the same 
area after exposure to an 
additional 0.05 L of 0,. 
The arrows point to typical 
0, reaction sites. 

therefore, upon electron capture, the mole- 
cule moves toward the surface. Soon after, 
the trapped electron escapes, and the system 
undereoes an essentiallv vertical transition u 

(no change in the position of the nuclei) to 
the repulsive part of the ground-state poten- 
tial energy surface (Fig. 3C). If sufficient 
energy has been gained, the molecule can 
break the substrate-adsorbate bond and de- 
sorb (29). The decay mode of chemisorbed 
0, (molecular dissociation or desorption) 
depends on its local bonding configuration. 

The ex~eriment involved several stem 
First, the clean surface was imaged, exposed 
to small amounts of O,, and imaged again 
to locate the primary product sites. The 
surface was then exposed to additional O,, 
and the relation of the new reacted sites to 
the old ones was established. All imaging 
was ~erformed at low bias ( I V I  5 2 V) to 
avoid any decomposition processes induced 
by energetic electrons. Finally, the sample 
bias was increased in steps up to + 15 V, the 
reacted area of the surface was scanned at 
each step, the voltage was lowered again, 
and the results of the scanning at high 
voltage (the irradiation by the high-energy 
electrons) were imaged. In this way, we 
detected changes induced by the STM at 
the different oxidation-produced sites. 

The bright products occupy surface sites 
where the density of states near EF is high- 
est, thus making the sticking coefficient of 
0, maximal for these pristine Si sites (14). 
Therefore, there is a good possibility that 
the B products are the molecular 0, (30). 
We found these sites to be stable at room 
temperature under good, ultrahigh vacuum. 
Furthermore, the sites survived heating up 
to 600 K. However, all published studies 
involving photoemission (1 3, 15), vibra- 
tional spectroscopy (7, 8), and second-har- 
monic generation (1 7) show the molecular 
species disappearing at -450 K. Second, 
electron irradiation did not produce any 
changes in the bright sites. Similarly, D 
sites present on the surface after 0, dosing 
and annealing (to dissociate 0,)  were not 

affected by electron irradiation. Finally, we 
correlated STM images with XPS determi- 
nation (1 1,  13) of the relative concentra- 
tion of atomic and molecular s~ecies under 
the same conditions. For example, a 2.5-L 
0, exposure shows a dark to bright ratio of 
4:1, whereas the ratio of the coverage 
present in the molecular form is -2:3 (1 1, 
13, 17). It is clear that there are not enough 
B sites to account for the molecular con- 
centration determined by XPS. From the 
above evidence, we have to conclude that 
the B sites contain atomic oxvcen and that , u 
a fraction of the D sites must contain mo- 
lecular species. Molecular 0, sites may ap- 
pear darker than the surrounding Si atoms 
in the STM images for two reasons: (i) the 
density of states near EF of peroxy-type 
molecular species is predicted to be very low 
(27, 31) and (ii) the chemisorbed 0, is 
negatively charged by charge transfer [from 
the 0, vibrational frequency, an -1e 
charge has been estimated (8, 13)]. Thus, a 
strong dipole pointing inward from the sur- 
face is generated that should increase the 
local work function (tunneling barrier). Ex- 
perimentally, the Si work function increases 
drastically upon 0, exposure (1 9). After 0, 
exposure at room temperature, two types of 
D sites are present on the Si(ll1) surface 
that are quite sensitive to electron irradia- 
tion at 6 to 9 eV relative to EF. This energy 
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Fig. 3. (A) Schematic illustration of the potential 
that traps an incident electron in a "shape reso- 
nance." (B and C) Qualitative potential energy di- 
agrams illustrating the sequence of events that 
lead to (B) molecular fragmentation and (C) de- 
sorption: (step 1) electron attachment, (step 2) 
nuclear motion (relaxation) in the negative ion 
force field, and (step 3) electron detrapping. In (B), 
step 4 leads to fragmentation either directly from 
the ionic potential energy surface or from the 
"hot" ground state, whereas in (C), step 4 leads to 
desorption from the "hot" ground-state surface. 
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is in agreement with other experimental 
(15, 16) and theoretical determinations 
(27) of the 3u* energy. Infrequent sponta- 
neous atomic rearrangements involving the 
same dark sites were also observed. 

After exposure to 0.05 L of O,, the 
dominant reaction products are B sites (ar- 
row, Fig. 4A). Exposure to an additional 
0.03 L of 0, (Fig. 4B) turns some B sites 
into D sites (32). By following the surface 
reaction as a function of 0, exposure, we 
determine the cross section for the forma- 
tion of the D site from the B site (structure 
1, Fig. 1) to be -73 A', which is at least 13 
times the cross section for B site formation. 
An analogous behavior involving the reac- 
tion of the so-called C defects has been 
observed in the oxidation of the Si(100) 
surface (33). 

Although these D sites appear to be 
stable at room temperature, they are unsta- 
ble under electron irradiation. For sample 

Fig. 4. Empty-state STM images of a Si(ll1)- 
(7x7) surface recorded (A) after exposure to 
0.05 L of O,, (B) after an additional exposure to 
0.03 L of O,, and (C) after a scan at sample bias 
VsamPl, = +7 V and current I = 0.4 nA. The 
arrows mark the 0,-induced B to D and elec- 
tron-induced D to B product transformations. 

biases near + 7 V, they decompose by way of 
two channels. One important reaction 
channel regenerates the original B site (Fig. 
4C), which suggests that the oxygen is not 
dissociated at these sites but is adsorbed 
molecularly on top of the bright site (struc- 
ture 2, Fig. 1). By varying the time interval 
between the 0, exposure leading to the 
formation of the above molecular D sites 
and the irradiation scan, we can deduce 
that the lifetime of these sites is >3 hours, 
in agreement with the lifetime deduced by 
Dujardin et al. (1 6). Along with the molec- 
ular desorption channel, we observe anoth- 

Fig. 5. Empty-state STM images of a Si(ll1)- 
(7x7) surface recorded (A) after exposure to 0.05 
L of O,, (B) after an additional exposure to 0.01 L 
of O,, and (C) after a scan at V,,,,, = +7 V and 
I = 0.4 nA. The arrows mark the 0,-induced DD 
site and its electron irradiation-induced destruc- 
tion, which generates a B corner adatom site and 
a normal adatom site. 

er reaction channel for the D sites that may 
involve electron-induced fragmentation. 
This channel results in an adatom site that 
appears "gray," that is, darker than normal. 

A second type of molecularly chemi- 
sorbed species, a primary product of the 
oxidation process, is the DD site: two adja- 
cent, somewhat darker adatoms (Fig. 2). 
The dependence of the formation of such 
sites to 0, exposure shows that they are 
formed in one step from the reaction of the 
surface with a single 0, molecule. Compar- 
ison of the surface after exposure to 0.05 L 
of 0, (Fig. 5A) and after exposure to an 
additional 0.01 L of 0, (Fig. 5B) shows the 
generation of the DD site (the arrows point 
to the same two adatoms). Invariably, one 
of the two Si adatoms is a comer adatom. If 
we now irradiate this DD site with 6-eV 
electrons, it decomposes. The major decom- 
position pathway changes one of the two D 
adatoms into a normal (unreacted) adatom, 
while the other is transformed into a B site 
(Fig. 5C). In most cases, the B site is formed 
at a comer site, that is, it has the same 
selectivity as the direct B-site formation 
process. Less often we see the regeneration 
of two unreacted Si adatoms, presumably by 
0, desorption. Like the D-site molecular 
species, the DD species are long-lived at 
room temperature. 

The structure of the DD site is bv no - 
means obvious. Two adatoms turning dark in 
a reaction with a single 0, molecule suggests 
perhaps a configuration similar to a bridge 
between the 0, and two adjacent adatoms. 
However, the Si(ll1)-(7x7) surface does 
not allow such a configuration: the distance 
betwecn two adjacent adatoms is too large 
(-7 A) to be bridged by 0,. On the other 
hand, a top-layer adatom and a second-layer 
rest atom are -4.5 A apart and could be 
bridged by a stretched 0, molecule. This 
bridged configuration would, however, form 
only one D adatom site, and calculations by 
Schubert et d. (27) suggest that it should be 
short lived. 

Structure 3 (Fig.1) is consistent with 
Both the STM image and the observed 
chemistry. The 0, molecule is bonded with 
one end to a second-layer rest atom, while 
the 0 - 0  axis, which should be nearly par- 
allel to the surface (27, 31 ), is confined 
between two adatoms with which the mol- 
ecule interacts. Adatoms have a small DOS- 
itive charge due to charge transfer to rest 
atoms (20, 34), and 0, is negatively 
charged. At room temperature, the 0-0 
axis is trapped between two adatoms but 
can oscillate between them. As a result of 
their interaction with 0, and the strong 
increase in the local tunneling barrier in- 
duced by the large Si-0, dipole, these two 
Si adatoms appear somewhat darker in the 
STM image than do their neighbors. When 
an electron is attached to the 3u* level of 
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tlils structure, it breaks the 0-0 b o l ~ d ,  leal.- 
iilg one 0 attached to the  rest atom, xhi le  
tlie other is mserteii illto a back boiid otolie 
of the  two nLiatoms [the lowest energy po- 
smon of a11 0 atom boniied to a11 adatom 
(lil)], leaving tlie secoi~d adatom mtact. 
Tlierlllal d e c o m ~ o s i t i o l ~  of the  DD slte also 
glr.es the same products. 
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Spatiatemporal Chaos in Electroconvection 
Michael Bennin, Guenter Ahlers,* David S. Cannell 

Spatiotemporal chaos (STC) near the onset of electroconvection in a nematic liquid crystal 
is reported, In samples with conductivities greater than 1 x 1 O P 8  per ohm per meter. STC 
was found to evolve by means of a supercritical Hopf bifurcation from the uniform 
conduction state. Because this example of STC resulted from nonlinear interactions 
between only four modes, it provides a realistic opportunity to understand the observed 
phenomena in terms of a weakly nonlinear theory in the form of four coupled complex 
Ginzburg-Landau equations derived from the full equations of motion of the system. For 
smaller conductivities, the pattern immediately above onset consisted of localized pulses 
of convection that coexisted with the conduction state. The pulses had a unique width 
in the direction perpendicular to the director (the axis parallel to the average orientation) 
and had much larger and varying lengths parallel to the director. 

u n d e r  ~ l o n e ~ u i l ~ b r i i ~ m  conditions, a spa- 
tlally extende,] system often undergoes a 
transltiol? from a u~hiform state to a state 
x i t h  spatlal variation. \S7e refer to this vart- 
ation as a pattern. I11 nature, pattern fc>rma- 
t ion is ioimd in silch dtverse systems as 
cloud stnlctures, s~~orvflakes, flames, animal 
sl<ins, and e\~olving pol-iulations. X fasclnat- 
ing aspect of patterns 1s that man\- of them 
have a u~~lve r sa l  character; pliys~cal, cliein- 
ical, and biological systems all eshll31t pat- 
terns that have man\- ieatilres 111 common. 
X deeper u ~ ~ d e r s t a n i i l ~ ~ g  of these features 
~ 1 1 1  help 11s to prevent undeslra'le patterns 
(or prolnote adr.a~~tageous ones) 111 physical 
PI'OCebbeb that affect our enr-ironment. From 
the viexvpolnt of f ~ ~ n d a m e n t a l  science, pat- 
terns are of interest because their f o r m a t i o ~ ~  
is ge11erall.i- associated wit11  onli linear ef- 
fects, which leaJ to qualitatir.eIy new yhe- 
noinella that iio not occur in linear svstems. 
,4mong the  most iascinating o i  these phe- 
nomena 1s STC ( 1 ) . 

T h e  elucidation of STC has l x e n  a nlalli 
goal in l~onl inear  science since tlie miii- 
li)iL?s, wlien it was first studieJ In fluid- 
meclian~cal systems (2 ) .  Loosely, n.e use the 
term STC to descrlbe a determi~~is t ic  >ys- 
tern t l ~ a t  has irreei~lar \xiatLon and is LIII- 

b 

preL]lctahle 111 detail, botli in space and 111 

time. hlost k11otv11 examples of S T C  occur 
as a result of a t r a n s ~ t ~ o n  (or Ixf~~rcat ion)  
from a base state that already has an  intri- 
c,ite but nonchaotic spatial  ariat ti on. X 
theoretical analysis of STC is very diifici~lt 
hecailse it must 1ieq11 a t  this already com- 
plicated starting point. 

Here,  n-e descrihe experimental obser1.a- 
tions of S T C  t l ~ a t  (over ,I certain parameter 
range) evolr-es dlrectly from the i~nl iorm 
state as the system is p ~ ~ s l ~ e d  lieyond tlie 
flrst i i i i~~rcat ion.  T h e  STC conslsts o i  a 
superposttian ( ~ i  four modes (see helow) 
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that ha\-e spatially and temporall\- var\-ii~g 
ampli t i~~ies  nit11 a mean square that gronrs 
c o ~ ~ t ~ ~ n i ~ o ~ ~ s l v  from Q anil whose time aver- 
age 1s u n i i ~ ) r m l ~  estended in space. In this 
case, it should be uossihle to elucidate the  
S T C  by weakly nonlinear tlieorles t l ~ a t  are 
arr l ica l~le  w11e11 ampl~tudes are small. 

L 

These t l ~ e o r ~ e s  are well developed 111 tlie 
form of so-called complex Gi~n:burg-La~nciau 
( C G L )  eiluations. Because the S T C  state , L 

er-olves c o n t i ~ ~ u o ~ t s l y  from the u ~ ~ i f i ~ r r n  
state, and because it consists of onlv a small 
niunllier of modes, the  relel-ant coupled 
C G L  eauations shoulLl lie deril-able from 
the full equatlolls of motion (3) o i  the  
system (4) .  example o i  tlie S T C  state at 
one ins ta l~t  of time is given in Fig. 1X.  

X!e studiei] electroconr.ectlo11 (5) 111 the  
~ ~ e m a t l c  liquid crystal ( N L C )  4-etliyl-2- 
fl~1oro-4'-[?-(t~ans-i-pe1~tylc~-clo1iesyl)et1iyl]- 
I,ipl~euyl (152). Tlie long, rodllke K L C  mol- 
ecules are orientation all\^ ordered relative to 
tlheir ne~ohlmrs, liut then centers o i  mass 
have no  positional orJer. T h e  axis parallel ta 
tlii. averaee orientatio~n 1s called the director 
iz, K7e olxained a sample uitli unliorm planar 
a l ig~~inen t  o i  6 (parallel to the suriaces) hy 
ccx~til~lng the NLC l>et\\-een two treated 
parallel glass plates. \Ye used transparent 
cond i~c t~ng  tillus o n  tlie inner si~rfaces of the 
glass plates and applied a11 ac voltage of 
amplitude 1" and frequency f between them. 
.At a critical value I.,, a tmnsitlol~ from a 
snatiall\; unif(~rm ilu~escent state to convec- 
tion occurs. T h e  precise d u e  of \7c can lie 
altered by changing f or liy changing the 
electrical conductivity cr; the conductivity 
can be clianged e ~ t h e r  1~ adding small 
amounts of ioLLne to the 152 or hy c i l a ~ l g ~ ~ l g  
tlii. temperature. \.slues o i  a in our sanlples 
ranged irom Q.6 X 1QP' to 1.8 X 1QPi 
olllll- 111- . 

Immedtately aho1.e \., and f i x  cr 2 1 x 
1CPp o l ~ m - '  m-l ,  \ye iounii ohlique rolls 
\ \ ~ ~ t h  a a-ave vector k a t  a l ~ o l ~ i e r o  a q l e  8 
ni~tli  respect to ii (6 ,  7). Because f i  0 1 1 1 ~  

gives CIII axis and does not specit\ a k rec -  
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