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Atomic-scale self-propagation of a molecular reaction on a semiconductor surface:
0,/B-SiC(100-3%x2
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The atomic-scale propagation of the reaction between moleculgsaf@ a semiconductor surfa¢slicon
carbidg has been investigated by scanning tunneling microscopy. The results reveal a self-propagation reaction
mechanism that gradually turns the initially inactive site96% on the clean surfagénto sites active to
oxygen. This produces a patchwork of oxidized islands spreading over the surface. Numerical simulation of
their growth(shape and dimensipas a function of further oxygen deposition supports such a self-propagation
mechanism versus conventional nucleation-growth sche86463-18208)51524-X]

Reactions between molecules and a surface play a cruciatarting at defect sites can further expand over the surface
role in many important areas of science and technology sucleading to complete surface reaction.
as microelectronics, catalysis, or corrosion. In recent years, In this paper, we investigate, by scanning tunneling mi-
scanning tunneling microscog$TM) has opened up unique croscopy, how an oxidation reaction can propagate at the
opportunities for investigating such reactions at the atomicatomic scale on a cubic silicon carbid200 surface[s-
scale both on metallfc* and semiconduct®f surfaces. Me- SiC(100] exposed to successive doses of oxygen. We show
tallic surfaces have very different reactive properties comevidence for a self-propagation reaction mechanism that
pared to semiconductorsindeed, on metallic surfaces, the gradually turns the initially inactive site6€>96% on the
so-called “nucleation-growth” and other related models clean surfackinto active sites. This results in the formation
have been quite succe_ssful4in explaining a number of Mogt 5 patchwork of oxidized islands on the surface. The nu-
lecular adsorption reactl’c,)ﬁg. The key features of the clas- narical simulation of the oxidation growth further supports
sical “nucleation-growth” model aréi) the relatively high e \aiidity of this self-propagating model that appears to be
sticking probabilities of molecules on the surfage) diffu- very different from conventional nucleation-growth mecha-
sion of adsorbates and/or of substrate atoms on the surfacl%S ms.

and (iii) clustering by attractive interactions of adsorbates . .
and/or formation of reactive substrate islands. Unfortunately A B-SIC(100 surface has been chosen because silicon

this classical “nucleation-growth” model often fails to ex- Carbide is a very promising advance_d material, especial!y as
plain molecular reactions on semiconductors. In fact, stick? refract'ory semmonductqr for hlgh-temperatulre, h',gh'
ing coefficients of molecules on semiconductor surfaces arBOWers hlgh-voLtage, and high-frequency electronic devices
often very weak, especially so for oxyg®hlt follows that ar_1d_/or sensord’ In add_|t|on, it was rece_ntly shown that the
the adsorption of molecules tends to be preferentially actiSi-fich (3X2) surface is especially active to oxygen with
vated at atomic defect sittsand to decrease once the defect SIO, formation starting already at low temperatutenlike
sites have all reactédSecond, surface diffusiofof adsor-  silicon).'® Growing layers of oxides, which is an important
bates and substrate atom#hich is an essential feature of step in the chemistry of electronic devices, has been prima-
the classical nucleation-growth model, is not likely to existrily studied by photoemission spectroscdfyFurthermore,

or to be important on semiconductqe least at room tem- contrary to previous beliefs, it has been recently
peraturg. This is related to the existence of localized surfacedemonstratetd*? that very flat and well-ordered surfaces of
states on semiconductors, which reduce the surface mobilitglean-SiC(100) can be produced. This progress has opened
as compared to metals. As a consequence one generally dags the possibility of performing atom-resolved STM investi-
not know for semiconductors how the molecular reactiongations of the initial oxidation.
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FIG. 1. 255<190 A? STM topographs I(=0.2 nA,
Vsampie=—2.5 V) of the same area of &SiC(100-3X 2 surfacefa)
clean,(b) after a 2-L Q exposure, anéc) 6-L O, exposurgcumu- FIG. 2. STM topographs I&£0.2 nA, Vggmpe —3.5 V) of
lative). three selected areas of the clggu$iC(100)-3X 2 surface(left side
and the same, after exposure to 0.5-4 (@ght side.

A clean 8-SiC(100) 3x2 surface is prepared in UHWI-
tra high vacuum according to the procedure describedson of the clean and oxygen covered surfaces for the same
previously! and exposed at room temperature to successivarea indicates that the oxidized patches start to grow selec-
doses of molecular oxygen. Figure 1 shows STM topographtively at the brighter defect sites. Figure 2 provides deeper
of the same area of a clean and oxygen expg&&iC(100 insights into oxygen-surface interaction. The left side of Fig.
3%x2 surface. The cleaB-SiC(100) 3%x2 surface is com- 2 displays three selected areas of the clean surface exhibiting
posed of dimer rowgseen in Fig. 1 as oval spotthat are  one, two, and four brighter spots, respectively. The right side
~8.5 A apart while dimers within a row are separated~tfy  of Fig. 2 shows the same areas exposed to 0.5 L of oxygen.
A.1! Several types of defects appear on the clean surfacBmazingly, some of the bright active sites of the clean sur-
[Fig. 1(a)] including missing dimers! One should also no- face have turned darfor half dark, while the reaction leads
tice the existence of several brighter oval spots, which are dfo new bright sites appearing at the nearest-neighbor posi-
special interest, and which will be shown to play a centraltions. This feature emphasizes that new bright sites can be
role in the reaction between oxygen and the surface. Thedaduced along the same dimer raWig. 2 top, middle, and
brighter features indicate a local change in the electronidottom as well as along an adjacent dimer r@kig. 2 bot-
density of states of the Si dimers, probably induced either byom), although this latter case is less frequently observed. A
an underlying impurity or by a local sublayer dislocation. closer inspection of dark oxidized sites in the occupied elec-
This latter case can possibly occur by replacing C with Si intronic state topographs indicates that the corresponding
the carbon layer. dimers are asymmetric since only one half of the oval spots

We now look at the effect of oxygen deposition on theappears dark. In the unoccupied electronic state topographs
silicon carbide surface, which can be followed in Fig. 1. The(not shown herg the whole corresponding oval is much
reaction is clearly nonuniform since it gives rise to severalorighter and slightly displaceghy ~0.5 A) towards the dark
patches appearing darker in the STM topographs. One of thealf observed in occupied states. The oxidation of the Si
most striking aspects of this reaction is that upon additionatlimer may proceed by fQattaching to one of the silicons
O, exposures, the oxidized patches grow by clustering neviollowed by insertion of one or both oxygens into the Si
oxidized sites around the existing oxidized sites while largebackbonds. This is similar to the oxidation of silicon
areas of the surface remain unaffected. A detailed comparsurfaces?® The effect of O insertion is to remove electron
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FIG. 3. dI/dV)/(1/V) curves recorded at different sites of a
0.5-L O, exposedB-SiC(100-3x2 surface;(a@ normal nonreacted
dimer site,(b) initial nonreacted active bright sitég) bright site
induced by @ absorption.

density from one of the silicons giving the half dark-half
bright appearance of the oxidized dimer that we observe. FIG. 4. Left side: 10577 A2 STM topographs I(=0.2 nA,

These resultgFig. 2) illustrate an atomic-scale model of @ V= —2.5 V) of the same area of A-SiC(100-3x2 surface;
self-propagating mechanism that explains the clustering oflean(top), after exposure to 2-L Q(middle) and a cumulative 6-L
oxygen influenced site€Fig. 1). In this model, the oxygen O, exposuregbottom. The 2-L topograph has 22 reacted dark sites
molecule adsorbs preferentially on the brighter active sites oéind the 6-L topograph has 79 reacted dark sites. Right side: corre-
the cleanB-SiC(100) surface, which turn dark upon adsorp- sponding simulation of the growth of the reacted area. White ovals
tion of oxygen. Each reacted sitdark sites in Fig. Rin- represent active bright sites, gray ovals represent nonreacted normal
duces one or several new bright active sites on neighboringlicon dimer ovals, and black ovals represent oxidized sites. The
silicon dimers. These new sites are now active towards furé-L simulation(middle) shows 22 reacted oxidized sites, and the
ther O, molecule adsorption and therefore contribute to theb-L simulation(bottom shows 75 oxidized sites.
step-by-step growth of the oxidized islands.

In order to gain insight into the electronic nature of these In order to substantiate quantitatively this self-
defects that seem to play a central role in the oxidation propropagating reaction model, we perform statistical simula-
cess, we perform scanning tunneling spectrostb(®TS at  tions of oxidized patch surface growth and correlate the re-
various sites of the clean and oxygen modified areas. STS Bults with the experimental data. For a given oxidized patch
known to be a very powerful probe of the local electronicrecorded with the STM as a function of the éposureFig.
structure!* 1(V) characteristics, especially thedl(dV)/ 4), we first locate the initial bright active site positions on the
(17V) curves, reflect the local electronic density of states. Inclean surface. We then simulate the oxygen adsorption by
Fig. 3, one can easily deduce, by a simple visual inspectiorgelecting at random which active site is going to adsorb an
that the initially brighter sites of the clean surface and theoxygen molecule. The experimental, @xposure is simu-
oxygen-induced bright sites have exactly the same spectrdated by steps of 0.1 L. At each step, the adsorbing probabil-
scopic signatures. This very interesting feature evidentlyty of an O, molecule is 0.5n,, S being the sticking coef-
suggests that both sites have similar electronic propertieficient andn, the total number of active sites. Once an active
and play the same role in the reaction between oxygen ansite has adsorbed a molecule, we again select at random
the surface. which neighbor sités) is going to become active, with a

It is now interesting to compare the respective “elec-mean numbemn; and n, for unoxidized neighboring sites
tronic” signatures of activeébright) and nonactivénorma) along and perpendicular to the same silicon dimer row, re-
sites. One can deduce from Fig. 3 that the active brightespectively. We then repeat the simulation until we reach the
sites have occupied valence states closer by 0.5 eV to thexperimental @ exposure,S=1, n;=1.13, andn, =0.37
Fermi level than other normal sites on tgeSiC(100) sur-  parameter values are directly deduced from the comparison
face. Molecular chemisorption on a surface requires electrohetween STM topographs of elementary active sites recorded
transfer from the substrate to unoccupied moleculabefore and after low @exposurg0.5 L) (Fig. 2). Note that
orbitals’®~1” Such a charge transfer is favored by occupiedthere is no adjustable parameter in the simulation. It is there-
valence states of the substrate lying close to the Fermfbre quite remarkable that the simulated and experimental
level® which correlates with the present observatiftig.  oxidized patches fit very wel[Fig. 4). Within statistical de-

3). This neatly explains why thes@-SiC(100) brighter sur-  viations, the overall shapes are well reproduced by the simu-
face sites, which have valence states closer to the Fernftion. As shown in Table I, the agreement is not only quali-
level, preferentially react with oxygen. tative but moreover quantitative if we consider the total
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TABLE I. Comparison between the observed number of oxi-precursor. Second, if the mobile precursor existed, the oxi-
dized sites for four selected patches and the simulated growth usingiation growth near step edges and on very small islands

first three patches are on a large flat terrace and the fourth is on fat terraces. On the contrary, in all cases the propagation of
small island having only 68 dimers; here the experimental bound;[ e oxidation reaction has been found to fit well with our

aries are imposed on the simulation. The simulations are average .
over at least ten runs. self-propagation model.

In conclusion, we have investigated the atomic-scale in-

Clean 2L 6L teraction of molecules (£ with a silicon carbide surface.
We have discovered an interesting self-propagation phenom-
Patch 1 Experiment 8 22 79 enon: an oxygen molecule initially reacts to an active defect
Simulation 8 22 74x2 site and induces one or several new neighboring active sites
Patch 2 Experiment 3 6 48 that will themselves react with further,@olecules contrib-
Simulation 3 81 50+5 uting to the spreading of the surface oxidation. As a result of
Patch 3 Experiment 5 13 44 this self-propagating effect, the reaction of oxygen molecules
Simulation 5 132 48+3 with the surface is found to develop as a patchwork of oxi-
Patch 4 Experiment 7 18 47 dized islands. This self-propagation nature is further sup-
Simulation 7 173 49+3 ported by the simulation of oxide patch growth as a function

of oxygen exposure, which is in excellent agreement with the
experiments. We emphasize that the self-propagation mecha-
nism is markedly different from the classical nucleation-

rowth models that have been developed to explain molecu-
ar reactions on metals. Note also that this self-propagation
Lfect is probably not limited to silicon carbide oxidation
only, although the detailed mechanisms may be different for
other molecule-semiconductor systems.

number of oxidized sites at each, @xposure. Although a
limited number of oxidation patches are presented here, w
have investigated the growth of many other patches, not onl
on wide flat terracegpatches 1-Bbut also near step edges
and on small islands of the SiC surfageatch 4. We em-
phasize that within our model, gas phasg r@olecules di-
rectly react with bright surface sites. This implicitly rules out ~ We are thankful to O. Robert and D. Furio for their useful
the existence of a mobile molecular precursor on the surfacassistance in data analysis and computer simulation. We are
having a non-negligible mean free path1-2 interatomic grateful to L. di Cioccio, C. Jaussaud, and C. Pudda at LETI
distances This assumption is justified for several reasons.(CEA-Technologies Avanes, Grenoble for providing -

First, we found no evidence on STM images of any mobileSIC(100) samples.
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