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Temperature effect as an essential factor in scanning tunneling microscopy studies demonstrated
by the analysis of an oxygen-adsorbed §i11)-7X 7 surface
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The very initial oxidation of a $111)-7 X 7 surface was studied by scanning tunneling micros¢§TM).
The bias-dependent STM images of 9i1)-7 X 7 surfaces with oxygen adsorbed at RT, 80 and 5 K were
compared by observing them @T and 80 K, (80 and 5 K and 5 K, respectively. An essential influence of
the measurement conditions on the STM images was clearly demonstrated. Through the experiment, the B-site
state, which was defined as having a brighter site than that of normal adatoms, was found to have two different
structures at each adsorption site. The recently identified precursor state was shown to change into the well-
distinguished B sites, and its thermal activation was also confirmed.
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The adsorption and chemical reaction of molecules ontdhe new species were attributed to the precursor state of the
solid surfaces have been attracting considerable attentioB site. Here, ad and ins denote the O atom bonding on top of
from both fundamental and practical points of view. In par-the Si adatom and that inserted into a backbond of the Si
ticular, the understanding and control of the oxidation pro-adatom, respectively. From the isotope-labeled vibrational
cesses of silicon surfaces are the main subjects in the devealnalysis, the precursor product was concluded to be formed
opment of future nanostructural devices in utilizing by dissociated oxygen atoms instead of molecular oxygen.
semiconductor techniques. Over the past decade, the interagH controversies seemed to have settled down.
tion of oxygen molecules with silicon surfaces has been in- However, in the EELS spectra as a function of exposure
vestigated by a large variety of experimental techniques antime to O,, the second species appears after 0.03 L=1
theoretical methods! Of particular interest is the identity < 107 Torr ) exposure following the first species that is
of the precursor of the stable oxidation products, i.e., theconsidered to be the precursor state, which was attributed to
geometry and electronic structures of the initial state of thea different structure such as the ad-i3. Since the charac-

0O, molecules adsorbed on the(B11)-7 X 7 surface. How- teristic product appearing between the precursor state and the
ever, despite extensive research efforts, many aspects of tiesite has not yet been observed by STM, there may be some
molecular-level mechanism of &il1)-7x 7 oxidation re- other mechanisms for these phenomena.

main controversial. In this paper, we present our results on the initial stage of

According to previous scanning tunneling microscopyoxygen adsorption onto the (@11)-7 X 7 surface in consid-
(STM) studies at room temperature, the adsorption of oxygewration of the temperature effect in the STM images. In pre-
molecules produces two stable species at the adatom posiious STM studies, oxygen adsorption species were studied
tions of S{111)-7x 7. One appears brighter than normal Siat only either negative or positive bias images. We examined
adatomgreferred to hereafter as the B gi&nd is preferen- the oxygen adsorption species with both negative and posi-
tially located on the corner adatoms in the faulted-IigH)  tive bias voltages to understand their electronic structures in
unit cells. The other appears darker, similar to missing adamore detail, and the difference in the four adsorption struc-
toms (referred to hereafter as the D 3jtand exhibits less tures of the B site were clearly distinguished. Namely, each
site selectivity. At very low @ exposure, most of the reaction of the adsorption species at corri@o) and centefCe) ada-
products are B sites, and the ratio of the number of D sites téom sites both in faulted and unfaulted haly&$i and UH
the total number of reacted sites increases with additionadf the S{111)-7 X7 unit cell was found to have two types
oxygen exposure. Therefore, a widely accepted model is thatith different temperature-bias voltage dependences.
the B site is formed by the oxidation of a Si adatom with a The samples used weRedoped,n-type Si111) surfaces,
single oxygen molecule, and the additional incoming oxygerwith a conductivity of 0.001—0.008 cm. In order to reduce
molecules react with B sites, resulting in the formation of Dthe effect of band bending in the study of bias dependence at
sites. Existence of the precursor state of the B site was rdew temperature, highly doped samples were used in this
ported by analyzing the temperature dependence of the ultr@xperiment. The base pressure was>410™° Pa. Oxygen
violet photoemission spectroscopyPS spectré’ gas 0f~99.97% purity was introduced through the variable

Recently, using low-temperature STM and electron endeak valve (typically ~5x 1078 Pa). After confirmation of
ergy loss spectroscop(EELS), a new adsorption species the completed X 7 structure, the STM tip was retracted
was found'® The new species is dark at bias voltages lowerfrom the sample during oxygen exposure, and observation
than~1 V, and changes into a bright site after the STM scarwas resumed over the same area with adsorbed oxygen. This
at voltages higher thar-1 V. In comparison with the theo- process ensured that all the observed reacted sites were
retical prediction that the metastable ad-ins and the stabl®rmed due to oxygen gas exposure. All STM images shown
ins-ins structures appear in dark and bright images in 8TM,in this paper were taken in the constant-current mode by W
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FIG. 2. (Color) The distribution of oxygen adsorbates on
Si(111)-7 X 7 surface at adsorption and observation temperatures of
(@), (b), and(i) (RT and RT), (c) and(g) (80 and 80 K, (d) and(h)

(RT and 80 K. (e) (5 and 5 K), (f) (80 and 5 K, (j) (30, 30 K).
Yellow, blue, red, dark blue, gray, black, brown, and purple bars
indicate the B, DN, NB, BD, DD, D, NG, and DG sites, respec-
tively. Data in(i) and(j) are from Ref. 11.

D sites appeared at higher coveradgegy. 2(b)], which is
similar to the result observed by Mayme¢ al. as shown in
Fig. 23i) (from Table | in Ref. 11

FIG. 1. (Color STM images of the oxygen adsorption species  On the other hand, when the oxygen adsorption and the
on Si111)-7x7 surface.(a) B site at 300 K(Vs=+1.5V; |,  observation of the adsorbed surface were performed at low
=1.0 nA). (b) B and DN sites at 80 KVs=+1.5V;1;=0.2 nA). (¢)  temperatures, the adsorption sites were imaged in completely
NB and BD sites at 80 KVs=+1.5V; ;=0.2 nA). (d) DG and NG  different forms. Namely, at 80 K, BD, NB, and DN sites
sites at 5 K(Vs=+1.5 V; [;=0.2 nA). were observed in addition to the B site, as shown in Fig). 2

And BD, DD, DG, and NG sites were observed at 5 K in-

tip. Preparation of the STM tips was performed carefully,stead of the B sitefFig. 2€)]. Here, N, D, G, and B repre-
and reproducibility was well confirmed to avoid tip- sent the brightnesses of the oxygen adsorbate STM images
dependent effect. compared to the brightness of the unreacted adatoms as is

Figure 1 shows typical negative-1.5 V) and positive(  shown in Figs. @b)-1(d), namely, N: normalunchangey
+1.5 V) sample bias voltage STM images of the B site ob-D: dark, G: gray(less bright, and B: bright, as defined for
tained at RT. As has been observed in the previous STMhe B and D sites. For example, since the brightness was
studies, the B sites are imaged bright both at negative andompared for —-1.5 and +1.5 V, DN site corresponds to site
positive bias voltages. The distribution of the B sites classiwhose brightness is dark and normal at -1.5 and +1.5 V.
fied on the basis of four adsorption sites at RT is shown inyjith this definition, although the B site should be repre-
Fig. 2@); adsorption species at corngZo) and cente(Ce)  sented as the BB site, we use the original definition to avoid
adatom sites both in faulted and unfaulted hal¢fesl and  confusion. The DD site is different from the original D site.
UH) of the S{111)-7X 7 unit cell. Here, in order to analyze As shown in Figs. &) and Ze), the observed species are
the B site, formation of the D site was excluded by allowingdifferent, however, their relative proportions are similar if we
only very low oxygen coverage<0.03 ML) of the surface. replace the B, NB, and DN sites at 80 K with the DG, DD,

165302-2



TEMPERATURE EFFECT AS AN ESSENTIAL FACTOR PHYSICAL REVIEW B 70, 165302(2004)

(a) before (b) after (¢)-15V :d) +1.5V.
e M‘ R,
o

“
-, "\l

| — FIG. 3. (Color) STM images of the structural
= change of the precurso(® site observed atVg
=+0.7 V,1;=0.2 nA) before (a) and after (b)
scanning at +1.5 V. The yellow, blue, and red

- - A - . T .
. . circles indicate the change of-PB sites, P
change of the P site (+0.7 V) confirmation of the products " DN sites and the B site thermally reacted from
: . the beginning, respectively. STM images ob-
(e) S0K-80K (f) RE-H0K tained at(c) (Vs=-1.5V,;=0.2 nA) and (d)
x Ce ) (Ve=+1.5V,k=0.2 nA) are also shown to con-
DC— D site firm the products. Distributions for the oxygen
ol absorbates obtained for the adsorption and obser-
= Ce vation temperatures @g) (80 and 80 K and (f)
R RT and 80 K.
coLP B[] P B ( "

0 1.0 20 30 40 0 10 20 3.0 40 50
coverage (%)

and NG sites, respectively. Their site dependence on the fouecently reported® The precursor state changes into the B
adatom site§FH-Co, FH-Ce, UH-Co, UH-Cgis close to site by scanning at a voltage higher thad V. Therefore,
that obtained at RTFig. 2@)]. In addition, D site appeared at the surface was first observed-a0.7 V to identify the pre-
higher coverage as shown in Figig®, but the critical cov- cursor state sitefFigs. 3a) and 3b)]; the surface of what
erage seemed to be higher compared to the case at RT. TH@lowing the scan at +1.5 V to transform the precursors into
phenomenon is in good agreement with that observed bf sites, was checked again at +1.5 V to observe the distri-
Mayne et al, as shown in Figs. ® and 2j). Namely, ap- bution[Figs. 3c) and 3d)].
pearance of D sites is suppressed at low temperature as was The precursor state was observed at the Co sites in the
pointed out by them. Therefore, the most comprehensive exeH. When the oxygen adsorption and its observation were
planation is to consider that the B sites originally have twoperformed at 80 K[Fig. 3e)], the amount of the precursor
different structural types at each adatom site, which are imstate was 20% of the total oxygen adsorption species. By
aged similarly at RT. comparing the positive and negative bias STM images of
In order to confirm this point, we examined the tempera-0Xygen adsorption species after the tip-bias-induced reaction,
ture effect on the STM images. Namely, samples prepared &fie change of the precursor state into the B and DN sites was
higher temperature€00 and 80 K were observed at lower clearly confirmed.
temperature¢80 and 5 K. For example, Fig. @) shows the These results clearly indicate the extreme importance of
result obtained for the samples on which oxygen was adthe temperature effect on the STM images. Namely, the ob-
sorbed at RT and which were observed at 80 K after quenciserved change in the STM images of the oxygen adsorption
ing from RT. The new species BD, NB, and DN sites werespecies on the §i11)-7X 7 surface is due not to the adsorp-
observed similarly despite the samples being exposed to oxyion temperature but to the observation temperature. Re-
gen at RT. The distributions of these species observed aently, the temperature effect was pointed out for the
80 K [Fig. 2d)] is almost the same as that obtained for thehydrogen-adsorbed Ge surfaéegHowever, since structure is
samples prepared at 80 Kig. 2Ab)]. In addition, D sites very simple in that case, the oxygen-adsorbed Bl)-7 X7
appeared at higher coverafféig. 2(h)]. The result obtained surface is an example of the detailed temperature effect on
by quenching from 80 to 5 K is shown in Fig(f2 which ~ the STM imaging of the local variety of the electronic struc-
can be compared with that in Fig(e}. tures. In fact, in addition to the adsorption site dependence,
According to our experimental result, the DN site wasthe noteworthy point is that each adsorption site was found
imaged brighter at +2 V, and a slight difference in the effec-to show two different species at low temperature.
tive bias voltage due to band bending is expected to occur at The adsorption structures have been analyzed with com-
low temperature depending on the difference in the dopanparison of the electronic structures between experimental and
density (doping of our sample is higher and the effect istheoretical results, assuming the oxygen atom forms bonds
less. If the NB and DN sites and BD site in Fig(l® are  with an adatom and one of the three backbonds with a three-
attributed to the B and D sites, respectively, the result in thdold symmetry. However, the observed temperature depen-
case of Mayneet al. [Fig. 2(j)], can be explained in the same dence is more complicated as shown in Fig. 2. When the
way systematically. The different appearance of the B site atomplex underlayers of the X7 unit cell are taken into
5 K may be caused by further charge transfer supposed taccount, the atomic structure of the B site lacks the threefold
occur at lower temperature. symmetry due to the asymmetry of the backbonds of the
In order to confirm the existence of the two types for theadatoms in the inside and outside directions of the unit cell
B site further, we examined the change of the precursor stai@s shown in Fig. 4 for the case of the corner adatom. There-
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(a) R (b) into the B and DN sites at the FH-Co siteig. 3e)]. Since
I IO 1 Sside |puside the B site appears in the same form at the UH-Co site, charge
Q- 20 @o transfer may be less there, which may be related to the low
.b R el L -
e &o% . &o activity of the site.
@o - @o 3 € Oxygen atoms were mostly adsorbed at the FH-Co sites,
o o & i indicating that this site has the highest reaction probability.
; °'°§%a &o Since the precursors remain only at the FH-Co adatom site,
: e activation energy for the thermal reaction is the highes
&" ’ the activat gy for the thermal react the highest
: there among all the adatom sites. Therefore, the reaction of
oxygen may be strongest at this site. Further experiments are
FIG. 4. Schematic to show the asymmetry of ins structure de_rgee;:;);:a_:]yntq(())rznc(jjetrs_tlandh_thhe_S|te-depen|dent ?Ctl\;ﬁtlofn tpro-
pending on the adsorption site of oxygen atom. ! _e ail, whic . ISSues We. eave or_ .e uture
study, together with the detailed analysis of the tip-induced

fore, the asymmetry may result in an observable differencéeaction.
between STM images and its temperature-dependent change In the EELS spectra, a new additional signal appeared
if a detailed theoretical analysis were performed. Chargdipon oxygen exposure following the first signal, which was
transfer at the adatom sites and its effect on the adsorptiogttributed to the structure between the precutadring and
processes has been studied extensitfeljowever, in order  the B site(ins-ing states'® However, since such a new struc-
to understand the details of local electronic structures relatetiire was not observed in our STM study, and the B sites had
to chemical reactions, the temperature effect is very imporalready formed even at 80 K, the structure may be related to
tant, as has been observed, and must be included into ttiee newly identified different types of B sites. Since the
theoretical analysis in addition to the real complicated strucprobe electron energy was 7 V for the EELS study, the mea-
tures. surement procedure may have changed the precursors to the
On the basis of the obtained results, thermal reaction proB sites, in consideration of the tip-induced change at 1.5 V.
cess of the precursor state was investigated by performing la such a case, the species analyzed by EELS would no
similar procedure for the analysis of the B site. Namely, oxy-longer be the precursor state, and the conclusion of the dis-
gen was adsorbed at RT, and the sample was observed gaciative interaction for the precursor state may need to be
80 K after quick cooling to eliminate the thermal reaction atreconsidered.
RT [Fig. 3f)]. As shown in the histogram, the amount of  In conclusion, we have demonstrated the importance of
precursors was 5% of the total oxygen adsorption specieghe temperature effect in the STM study by the analysis of
which is much less than that in Fig(e3 which shows the the very initial oxidation of the $111)-7 X 7 surface. The B
results of adsorption and observation performed at 80 K. Alsite, which was originally defined at RT, was found to have
though difficulty in the bias-dependent discrimination of thetwo different species at each adsorption site. The precursor
species at 5 K enables us to compare the results at only twatate, which was recently found, was confirmed to change
different temperatures, which clearly shows that the precurinto the newly identified B sites, as expected. Since the ad-
sors are thermally reacted. However, since the precursaorption species that was predicted by the EELS study to
states were stable under observation with the voltage ofppear between the precursor and B site was not observed by
0.7 V at 80 K, thermal energy of the adsorbed oxygen itsellSTM, and the B site was observed even at 80 K, reconsid-
must have played a role at least for the initial change of theneration of the species attribution is necessary.
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