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Cl, dissociation on S{100)-(2x 1): A statistical study by scanning tunneling microscopy
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A statistical analysis of the dissociative chemisorption of @i the Si(100)-(X 1) surface at 300 K has
been carried out in the Cl coverage range up to 0.17 ML using scanning tunneling microscopy. The adsorption
of two Cl atoms on Si dimer sites in adjacent silicon dimer rows was found to be kinetically faymeizt
ability P is 0.52. Cl, dissociation also occurs with Cl atoms bonded to neighboring Si dimers in the same
dimer rows P =0.33). C}, dissociation on a single Si dimer is least likelf€0.15). The least probable CI
pair configuration on a single Si dimer at room temperature is most favored thermodynamically, indicating that
kinetic factors control the site selection process at 300 K. The observed selectivity of the Cl pair configurations,
produced at 300 K, is consistent with,Qlissociative chemisorption occurring through a mobile precursor-
mediated channel. At increasing,@xposure, the density of the fully Cl-terminated dimers increases, and at
saturation the surface consists of only these chlorine configurations. Tunneling spectroscopy has been em-
ployed to characterize the Cl-saturated180 surface, and it has been found that filled-state images mainly
probe the bondingr, states of the Si-Si dimers. Empty-state images probe the antibondjngstates in the
overlayer.[S0163-18208)09735-3

I. INTRODUCTION served in STM studies of the interaction of methyl chloride
with the S{100) surface’
The interaction of Gl with silicon surfaces is of consid- In our previous studies, we showed that the desorption of

erable technological importance in the context of dry etchingchlorine atoms from the Cl-saturated B)0) surface can be
and surface photocleaning. The chemisorption of s ~ achieved undemeath the STM ffin this work, we inves-
been studied previously by a variety of surface analysis tecHigate with the STM the adsorption of chlorine on
niques(Ref. 1, and references thergifror most molecular Si(100)-(2<1) and the formation of the Cl-terminated sur-
adsorbate-surface systems, chemisorption occurs eith{fCe at room temperature. We demonstrate that adsorption
through a precursor-mediated or a direct mecharisRe- site selectivity exists in the initial stages of the, €Ghemi-

cently, a third chemisorption mechanism involving abstrac-S0rption, which 'Z cpn5|stept with the presinc_e olf a dmoéalle
tion has been emphasized for the interactions of halogeﬂrecursor state. At increasing Géxposure, the isolated ad-

. by . . rption sit I r ing close-pack nfigura-
molecules with silicon surfaces, in particular, for the sorption sites coalesce producing close-packed configura

: 1 . . tions of the Cl-terminated dimers, which form the saturation
CI2-S|(1_11) systert Fundamenta_l |nform_at|0n about g surface. The changes of electronic structure induced by ClI
adsorptlon on $L00 may be obtained using the scanning adsorption are analyzed on the basis of a simple molecular-
tunneling microscop€STM). The STM has the unique ca- orbital approach.
pability of studying specific sites for chlorine chemisorption
with atomic resolution. The STM has been used previously
to study site selectivity upon chemisorption of different spe-

cies only on the Si(111)-(X7) surface, whose unit cell has  A|l experiments were conducted in an ultrahigh-vacuum
a great diversity of active sités’ (UHV) system equipped with a STKDmicron, a cylindri-
Chlorine adsorption on 8i00 at low coverages was cal mirror Auger electron analyzéPhysical Electronics In-
studied using the STM by BolarfdTwo possible bonding dustries, a quadrupole mass spectrometdT| Instruments,
sites were suggested. The first adsorption site involves a Gin ion-sputtering gun and a load-lock system. The base pres-
atom bonded on the dangling bond of the Si dimer, while thesure of the system was>610 ! Torr. The measurements
second site is a bridge-bonded CI atom which is bonded twere carried out on the100) surface of a Si crystgVirginia
the two Si atoms of the dimer, and this is a metastable bondSemiconductorp-type, B-doped, 100Q) cm). The samples
ing site! Moreover, it was possible to induce transformationswere rinsed in ethanol and deionized water prior to installa-
between different types of Cl sites by applying an approprition into the chamber. There they were degassed320 K
ate voltage between tip and samplat high exposures, Cl for 1 h and flashed several times to 1490 K fe5 s to
forms a (2x1)-ordered structure, which has also been ob-roduce the atomically clean, well-ordered surface. To avoid

Il. EXPERIMENT
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FIG. 1. Schematic of the five geometrically distinguishable con- O Siatom
figurations of the neighboring pairs of Cl atoms on the Si(100)-(2 I llla " Sl-Skdimer
X 1) surface. The Si dimers and thex2 unit cell are outlined by
dashed lines. FIG. 2. Image of 46&55-A? region of the Si100 surface at

. i initial stages of GJ adsorption showing the different Cl adsorption
sample contamination, no materials other than tantalum Wer§ites. (a) Filled-state STM image at a sample bias-oL.5 V and a

allowed near the sampfe. Chlorine gas (Matheson, tunneling current of 0.05 nA(b) Schematic identification of the
>99.5%) was purified by freeze-pump-thaw cycles beforeypserved features.
use. The Gl was introduced into the chamber using an in-
ternal pin-hole-type doséf.terminated with a stainless-steel ~ We found that Cl-derived features were always paired on
tube that releases gas4.5 c¢cm away from the STM tunnel- the same or adjacent dimers, and isolated Cl atoms were not
ing junction. To overcome the tip shadow effect, the tip wasobserved. Figure(@) shows the characteristic appearance of
withdrawn ~400 nm away from the sample surface duringthe different Cl adsorption sites in the filled-state STM im-
Cl, exposures. The chlorine coverage was obtained by coungges. The Si dimer rows run diagonally from the bottom left
ing the number of filled adsorption sites from STM images,to the top right corners of the image. The dark feature in the
taking into the account the initial level of defects. All experi- left bottom corner is a dimer vacancy defect which existed
ments were carried out at room temperature. Sequences pfior to Cl, adsorption. The identification of the configura-
images showing the same region with increasing Cl coveragéons of the Cl atoms terminally bound to the Si atoms is
were acquired. Analysis of the same sample area during pregchematically represented in Figlo2 The dark dimer unit
gressive adsorption allowed us to identify the initial defectscorresponds to configuration |, where both Si atoms of the
and to monitor changes on the surface caused by the adsorgame dimer are bonded to Cl atofsAll other configura-
tion of single C} molecules. All STM images shown in this tions appear when a single dangling bond of the Si dimer
paper are constant current (0.05 nA) topographs. reacts with a Cl atom producing a darkened atom image. The
STM tips were made from electrochemically etched tung-aired features on adjacent dimers of the same or neighbor-
sten wire. The tips were cleaned and sharpeinesitu by ing rows are attributed to the configuration groups Il and lll,
several cycles of annealing andAbombardment, using the respectively. Each such feature contains the dark and bright
self-sputtering process in the field emission mbtlas pre-  counterparts which are localized on opposite sides of the
pared, the tungsten tips usually had poor long-time stabiliygame dimer. The dark Cl-related features appear to be more
which is important in the step-by-step study of the @t- localized than bright features associated with unoccupied Si
sorption. For that reason, silicon nanotip formation on the tipsingle dangling bonds. These bright features have an arclike
apex was adopted as a final step of the tip preparafion, shape. We observed that switching occurs for Cl atoms from
which was carried out on the @00 surface outside the one dimer side to anoth&rTherefore, for the group-Il and
region being studied. -1ll sites, the Cl atoms could be found on either end of the
dimers creating several possible configurations. Since we did
ll. RESULTS not observe Cl atoms switching out of an individual silicon
dimer, we still can use our classification in the cases where
Cl atoms are not close to each other, as, for example, for
Assuming that dissociative chemisorption of the @lol-  feature Illb in the Fig. 2. Probably also due to site switching,
ecule takes place only on neighboring Si surface atoms, fowe did not clearly observe the IIb configurations.
pairs for Cl atoms there can be only five symmetrically dis- Figure 3 shows the evolution of the (800 surface at
tinctive configurations produced, which involve the Si-atominitial stages of Gl adsorption. Sequential images of the
pairs of Si(100)-(2 1). This is schematically shown in Fig. same surface region at a Cl coverage 0, 0.05, 0.1, and
1. Depending on the number of Si-Si dimers and the numbe®.15 ML are presented in Figs(é8—3(d). Figure 3e) sche-
of dimer rows involved, we distinguish the following three matically illustrates the configuration changes labeke
groups:(l) single Si dimer involved(ll) two Si dimers of the —A2 andB1—B2—B3. The clean surface shows a well-
same dimer row involved; andll) two Si dimers of neigh- ordered 2<1 reconstruction with a double missing dimer
boring dimer rows involved. The labels a and b within thedefect at the top central part of the images. Chlorine expo-
groups mark the configurations with linear and diagonal arsure leads to the appearance of the paired adsorption sites of
rangements of two Cl atoms, respectively. The number otlifferent configurations, as outlined previously in Figs. 1 and
equivalent configuration per unit cell, or statistical weight, is2, which are randomly distributed across the surface. Rein-
1 for configurations | and llla, and 2 for configurations lla, spection of the same features with the STM reveals that some
lIb, and llb. of the Cl atoms switch between the two ends of the Si dimer,

A. Initial stages of Cl, adsorption on S(100)
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FIG. 3. Evolution of the Si(100)-(& 1) surface at initial stages of Cl adsorptida)—(d) Filled-state imagesat a sample bias of
—1.5 V and a tunneling current of 0.05 hA&f the 42x50-A? region at®=0, 0.05, 0.1, and 0.15 ML, respectivel§e) Schematic
illustration of Cl site behavior upon increasing coverage for a process laBetedl a process labeldgl involving various configurations.

as was also observed by Bolahdn example of the Clatom  This is illustrated by event B2 B3 in Figs. 3c) and 3d),
switching is shown in Figs.(8) and 3c), where the configu- \where the adsorption of a £olecule at a configuration II
ration llla before and after switching is marked as Al andproduces a dark T-shaped feature as two Cl atoms are added
A2, respectively. Event B® B2 represents configuration lla to the type-Il site.

becoming fuzzy as result of continuous switching of the ClI
atom® Evidence of a fuzzy lla feature appeararangside

a sharp lla featuneis also shown in the upper left corner of
Fig. 2(a). It was suggested in Ref. 6 that the tip-adsorbate By counting the reacted sites in the images, one can de-
interaction is responsible for this behavior. Chlorine-atomtermine the relative probabilities for £absorption into the
motion to adjacentsilicon dimers has never been observeddifferent configurations. This can be done only at the initial
using the STM tunneling parameters employed here. At instages of adsorption when the configurations are isolated
creasing Cl coverage, the isolated configurations start to codrom each other and, thus, are distinguishable. We have ana-
lesce producing the most close-packed type-| configurationyzed ~2100 dimer sites at six Cl coverages, up #o

B. Statistical distribution of adsorption configurations
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@ O contis i L T TABLE |I. Cl, adsorption configuration probabilites on
5 o % e (a Si(100)-(2x 1) at 300 K.
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0.00 <= L — C. Formation of the CI monolayer
0.00 0.05 0.10 0.15 _ ) )
Coverage (ML) Higher Cl exposures leading t#>0.17 causes an in-
0.6 crease of the density of the type-l configuration of CI-

terminated dimers. Figure 5 shows filled- and empty-state
images of the same region of thgBI0) surface before and
after Cl saturation. Higher exposure to,®eyond saturation
does not induce further changes indicating complete satura-
tion of the Si dimer dangling bonds. From Fig. 5 one can see
that the 2< 1 reconstruction is preserved and two atomiclike
protrusions, especially in empty-state images, are visible in-
side the dimers. We usually observed higher resolution on
the Cl-saturated surface compared with the cle&h08) sur-
face, as was also reported for FRef. 19 and Br-saturated
Si(100 surfaces® From a comparison of the defect posi-
tions on the saturated surface, Fig¢c)5and 5d), one can

o
i

Relative Probability
I
N

0.0

! ] ] X )
Configuration Group see that the row features in the empty-state images are

_ _ S _ shifted laterally relative to filled-state images. This differs
. FIG. 4. The pop_ulatlon of g_eometrlcally distinctive configura- from filled- and empty-state images of the C|eafﬂ_80) sur-
tions for Cl atom pairs on the Si(100)-¥21) surface(a) Normal- face, Figs. £a) and §b), where the dimer row features cor-

ized number of each type of configuration vs Cl coverdgeRela-

respond spatially to each other. Figure 6 shows the height
tive probabilities of each configuration. P P y g g

profiles, measured along lindsA\’ andBB’ in Figs. 5c) and

] ] 5(d). The profiles reveal that the distance between atomic
=0.17 ML. The number of each type of configuration, nor-5rotrysions is different in the filled- and empty-state images
malized to the total number of reacted sites at each coveraggs ihe Cl-saturated surfac@pproximately 2.1 and 4.6 A,

is shown in Fig. 4a) as a function of the Cl coverage. Due to respectively.

site switching, configurations Ila and llb are represented to- Three types of defects can be distinguished on the surface

gether by the|_r. sum. The s_Iope of each curve Is proporuonaﬂ)efore and after saturation. All of them exhibit similar fea-
to the probability of formation of each configuration, and ©04ures in the filled- and empty-state images. First, there are

)c/i\gtr?iinsei;(g:g;nnednetﬁl i:‘r?:g\}ggg?% ?\?iirlj;y I?rfeza:cgu(r"\?g:guu;%initiaI defects of the clean surface that disappear after the ClI
6#=0.17 ML. The relative probability for Gl adsorption adsorption, as marked by black arrows in Figs) and 3b).

. . : . . These features are probably adsorbates produced from re-
into each configuration has been obtained by normalizatio P y P

for the statistical weiaht of ht f i i qi Yidual gas rather than structural defects. Second, there are
or the statistical weight of €ach type ot contiguration and 15,5 gefects, which are observed even after full coverage of
shown in Fig. 4b). The normalization for statistical weight

, ) ! I. Th fect in top left part of the Fi n im
for the lla+1Ib configurations can be made using the fact thati(; a direngfvz(z:ancgi\)/vﬁicr?zec%r;ees bﬁéﬁt?ﬂfizrag)l adi?ﬁétion.
Za=2p=2, It could originate from bridge-bonded ClI at the Si defect
site}” Third, there are new defects, which appear upon ad-
P :EjL Np_ Na+Np o sorption, as marked by white arrows in Figgc)5and 5d).
latllb™7 " Z, 2 These features resemble single-atom vacancies, and are not
correlated with initial defect sites.
where P, b iS the total probability for configurations lla Laterally averaged tunneling spectra of the clean and Cl-
and llb, N, and N, are the normalized numbers of each saturated %100 surfaces are presented in Fig. 7, which
configuration, andZ, and Z,, are the statistical weights of shows the dependence of the logarithm of the absolute value
configurations Ila and llb. The adsorption probabilities de-of tunneling current on the sample-bias voltage. It may be
rived from this statistical analysis are given in Table |. Theseen that the energy gap between the onset voltages for elec-
errors in these measurements are statistical rather than beitrgn tunneling in two directions increases fror0.9 eV for
due to uncertainty in the identify of the configurations ob-the clean surface, up te-1.8 eV for the Cl-saturated sur-
served. face.
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Filled States (-1.5 V) Empty States (+1.5 V)

Cl-Saturated Si(100)

FIG. 5. (a) and (b) Filled (—1.5 V) and empty- 1.5 V) state images of the 38B5-A? region of the Si100) surface before Gl
adsorption(c) and(d) After Cl saturation. Initial defects in imagéa) and(b) which disappear on Gladsorption and new defects in images
(c) and (d) which appear upon adsorption, are marked by black and white arrows, respectively.

IV. DISCUSSION tion. The observation of a random distribution of the Cl-atom
pairs over the surface at room temperature, and the lack of
observation of single Cl atoms, show that chemisorbed Cl is
These experiments clearly show that chlorine adsorptiommmobile at this temperature. This is consistent with a CI-Si
produces Si-Cl terminal bonds at site positions which arébond strength of 4.14 eYRef. 18 and an activation energy
systematically correlated on the($00) surface. At low cov-  for surface migration of about 1.0 éV.Therefore, the ob-
erages, two Cl atoms from a dissociated @lolecule are served adsorption patterns are not caused by ClI diffusion in
always found on neighboring dimer sites of various configuthe chemisorbed state.
rations or on a single silicon dimer. The most probably CI-CI We suggest that the site configuration selection process
configuration is of type Ill, where adsorption on dimer siteshas its origin in the distinctive mechanism of,@issociative
in adjacent dimer rows occurs. The probability for, @d-  chemisorption on Si(100)-(21). Molecular-beam experi-
sorption on nearest-neighboring Si sites in adjacent dimerments indicate that at low translational energies then@l-
(INa) is 0.36/0.16=2.3 times higher than on offset adjacent ecule adsorbs on @00 at room temperature dominantly via
dimers (lllb) which possess a longer Si-Si separation dis-a precursor-mediated mechanism, and that there is a second
tance. Less probable CI-ClI configurations occur within the Sidirect activated chemisorption channel with an activation en-
dimer rows(types | and 1), with the type-Il adsorption being ergy of 0.055 eV?° The statistically measured preference
0.33/0.15=2.2 times more probable then type-l configura- (Fig. 4) for dissociative Gl adsorption on silicon dimer sites

A. Adsorption configuration selectivity
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after annealing at>700 K, where only configurations of

Empty Cl-saturated silicon dimers have been obser/&Hus the
L States | adsorption of C} at room temperature is controlled by ki-
B' netic rather than thermodynamic factors.
Several factors may influence the activation energy bar-
5 T . rier for Cl, dissociative adsorption. One of these is the fa-
K A J | A vorable overlap of Si surface-atom orbitals and @iolecu-
) lar orbitals. According to calculations for the Si(100)-(2
- 21A Filed | x 1) surfacé??there is in fact substantial electron density
¢ cc cic cc clc ¢ Sttes that localizes near a Si surface atdfar either buckled or
\ /N / N\ /7 N\ / N\ / . . . . .
B Si—Si  Si—Si Si—Si  S{=Si Si=Si | symmetric dimers For a symmetric dimer, while the bond-
{ '} A | n f\ '!\ A ’ A (\ '\ '\I ’ ing 7 states have an electron density maximum between two
o 10 20 30 40 50 Si atoms, their electron density contour is located mainly

below the surface. This is in contrast to the contours associ-
ated with the states localized near Si atofasd related to
FIG. 6. STM height profiles over filled- and empty-state imagesthe dangling bonds Since the latter electron-density con-
for saturated Cl/$L00). The profiles are measured along liea’  tours protrude from the surface, their overlap with, G,
andBB'’ in Fig. 5. orbitals has to be taken into consideration. Taking into ac-
count that projections of these contours are inclined off the
nds of the Si dimers, overlap of Si and, ©Fbitals leading
o Cl, dissociation is favored for type-IIl configurations, with
type llla favored over type llIb. Less favorable overlap of Si
angling bonds occurs for type-Il configurations, and the

Distance (A)

which are adjacent to each other in neighboring dimer row
(configuration 1) indicates that the activation barrier to
chemisorption is minimal for Gldissociating from a precur-
sor state located between dimer rows. The calculations of th X .
potential-energy surface for a number of diatomic molecule—eaSt favorable overlap occurs for type-I configurations.

substrate systems generally show a strong dependence of %%—rlltﬁ Isurlgtti?) rnesst;r;g to rg?é?retg,","tbat Jﬁfvgrggyiggezndgﬁﬁgt
tivation barrier for dissociation on the adsorption site 9 P y 9 '

geometry?! but, as far as we know, such calculations haVeThere is no simple explanation for the fact that only configu-

. rations | and lla were observed for 1($00),%° and only
not been carried out for the CI{00 system. . ; 16
Adsorption of a Cj molecule does not distup the sifca (e B0 YOS SO OB U o
dimer but breaks the weak surface stabilizingoond which 9 P

exists on the clean Si(100)-§21) surface? Therefore, for on the Si(100)-(X 1) su_rface must be carried out to under
. : stand these observed differences.
two Cl atoms, double occupation of a dimer would be ener- .
Because our data do not show the presence of isolated

getically preferred over the adsorption on two dimers, since.. . L .
one o bond Is eliminated instead of two. Indeed, the Calcu_smgle chemisorbed Cl atoms, the possibility of both abstrac

lations in Ref. 23 demonstratdéor the H/S{100 systen] tive and “long-range” dissociative chemisorption of,Qin

that the energy of the type-I configuration is less than that O]SI(].OO) surface can be excluded. In contrast, the abstractive

) - - : channel does exist for gladsorption on the Si(111)-(7
type-Il configuration. The thermodynamic preference for thex 7) surface® We attribute this difference to the very differ-

Cl atoms to form configuration | is also confirmed by STM ent dangling-bond character of these silicon surfaces. As a
studies of the CI-$100) system at submonolayer coveragesresult, in contrast to the @00 surface, the primary mecha-

nism for adsorption of Glon Si111) is directly activated

10° ! | ; chemisorption/abstraction, while a precursor-mediated chan-
|| === clean Si(100) ] nel is minor*?°
—— Cl-saturated
g 101 - | 7 B. Electronic structure changes upon Cl adsorption
% I f Cl adsorption induces changes in electronic structure
£ 7 which are exhibited in the tunneling spectra and are respon-
© 102 - {5 . sible for the appearance of the Cl-derived features in the
= ; STM images. This can be understood qualitatively with the
§ f§ help of a simple molecular-orbital approach, similar to the
= oqos i fg 4 one used by Wang, Bronikowski, and Hamers for the H/
I i Si(100) systen?’ Figure 8 shows a schematic energy-level
' % diagram for the Si dimefa) before and after adsorption of
104 L ’ | } [ . | (b) one and(c) two Cl atoms per dimer. On the clearx24

2 1 0 1 5 dimer-reconstructed @00 surface, each Si surface atom
has two sigma back bondsgrf), a dimer sigma bondd),
and ansp®-hybridized dangling boné Dangling bonds in-
FIG. 7. Laterally averaged tunneling spectra of the clean and€ract with each other via weak bonding, and exhibit a
Cl-saturated $L00) surfaces obtained at a reference tunneling cur-difference between the occupieg bonding and unoccupied
rent of 0.1 nA and a sample-bias voltage-61.5 V. 7 antibonding states of around 1 é%2%2°as shown in

Sample Bias (V)
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FIG. 8. (a) Schematic energy-level diagram for the Si dimer beforea@korption(b) After adsorption of one Cl atom per Si diméc)

After adsorption of two Ci atoms per Si dimer. Some of the energy levels which reside far from Ferneleve at ~—16 eV) (Ref.
18) are not shown for simplicity.

Fig. 8@). These states, closest to the Fermi levEk) proximately the same energy position of the dimer unoccu-
mainly determine the STM images of the clean Si(100)-(2pied o states and ther§,. o, antibonding states, the¥s o

x 1) surface for both tunneling bias polarit®sUpon the  states are more spatially extended out from the surface due to
adsorption of a single Cl atom on a Si dimer, thgbond is  the Cl-atom projection from the surface and, thus, they are
broken and one Si-C& bond is formed by interaction be- mainly accessible for imaging by the STM. As discussed
tween the Si dangling bond and primarily the @F  above, the unoccupiedy; - states lie at-2 eV aboveEe.
orbital *¥* This leaves an unpairexp® dangling bond onthe We suggest that the tunneling current increase at voltages
second Si atom, as shown in Figb8 The position of the more than~+0.8 V is due to tunneling into the tail of the
Cl-derivedog;.c) andog; ¢ States upon adsorption of a single ¢¥%, ., states, which strongly disperses over the Brillouin
Cl atom on a Si dimer can be estimated from existing calcuzone®* Conversely, tunneling current at voltages less than
lations for CI/S{111).3? The unpairedsp® dangling bond ~—1 V occurs through tunneling into the tail of the occu-
(half-filled) lies near the Fermi level, and therefore appearspied dimeroy states. The calculations place thg states at
brighter than “clean” Si dimers in the STM imagés® above 3 eV belowEg, within a band from—1.5 to
Upon adsorption of a pair of Cl atoms on a Si dimer, Fig.—3.5 eV232° Moreover, a projection of the Si bulk density
7(c), two ogic) bonds are formed. Bothb initio calcula-  of states is nonzero in some regions of the surface Brillouin
tions'® and molecular-orbital calculatiofisplaced the occu- zone'®2® and therefore additional broadening of tle;

pied os;.c; bonding states and QY states(mainly non-  states is anticipated because of hybridization within the bulk.
bonding at ~7 and ~5 eV below Eg, respectively.
Electron-energy-loss spectroscopy experinéntsave de-
tected an electronic transition between;.c; bonding and
o¥i.c antibonding states at 8.8 eV, and consequently, the Our data show that the formation of the saturated Cl layer
unoccupiedo?; o, states lie at~2 eV aboveEr. Thus the occurs by dissociation of ¢imolecules and the termination
density of states around the Fermi level is significantly de-of both dangling bonds of the Si dimers. This is the first
creased upon Cl adsorption, and Cl-terminated Si atomgirect experimental demonstration that a saturated (0)

therefore appear darker in STM images than unreacted Siurface exhibits a coverage of one Cl per Si, although other
atoms. data have also indicated this fact.Monolayer formation

An energy difference between onset bias voltages ofccurs through the increase of the density and coalescence of
~0.9 eV in the tunneling spectra of the cleart180) (Fig.  the different CI configurations. This finally leads to a CI-
7) is the difference between the filled and empty 7* saturated %100 surface consisting only of fully saturated
states, as can be seen in Figa)8 This value agrees well dimers(type-I configuration
with previous studies of the clean($00) surface®® After Since the empty-state images of the Cl-saturat¢tiOB)
saturation by chlorine, the tunneling spectrum exhibits aare formed by therg,  states, as discussed above, the spa-
much wider gap of~1.8 V, as shown in Fig. 7. From the tial distribution of theseo¥. , orbitals are presumably re-
energy-level diagram in Fig.(8), one can see that at low- sponsible for two-lobed empty-states images shown in Fig.
bias voltages mainly the filled dimery bonding states and 5(d), and the two lobes correspond to Cl atoms bonded to Si
unfilled og;.c) antibonding states participate in tunneling for dimer atoms in adjacent rows. The lateral apparent shift of
filled- and empty-state images, respectively. Despite apthe rows of two-lobed features in going from filled-state im-

C. Structure of the Cl-saturated Si100) surface
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ages to empty-state images of the saturated @08 sur-  probability of 0.33. Adsorption on a single Si dimer is less
face (Fig. 6) can be understood by taking into considerationfavorable, with a probability of 0.15. On purely thermody-
that the Si-Cl bond is inclined 25°4° off normal’ This  namic grounds adsorption of two Cl atoms on a single Si
brings the Cl atoms on adjacent silicon dimer rows in closelimer site is most favorable. Thus the kinetically controlled
proximity, giving close-packed¥, , state images, and lead- configurations produced at room temperature are metastable
ing to a lateral shift in the row position. On the other hand,configurations. The observed selectivity of the Cl pair con-
filled-state images for the saturated C{ARI0) surface are figurations is consistent with €ldissociative chemisorption
formed primarily by theoy orbitals which are controlled by occurring through a mobile precursor-mediated channel. The
the silicon-atom positions. Hence the filled-state images fofavorable steric interaction of the Cinolecular orbitals and
saturated CI/$iL00) correspond approximately in lateral po- Si surface-atom orbitals on adjacent dimer rows influences
sition to the Si-atom structures seen on clean Si(100)-(2he activation energy barrier for dissociative chemisorption
X 1), and no lateral shift of the rows is observed in compar-at these sites compared to other double-site configurations.

ing the filled-state images of Figs(eéh and 5c). At increasing CJ exposure, the isolated double adsorption
sites start to coalesce, producing configurations in which
V. CONCLUSIONS single Si dimers are bonded to two Cl atoms, forming the

Cl-saturated surface. Tunneling spectroscopy measurement

Adsorption of C} molecules on the Si(100)-(21) sur-  on the saturated Cl/@i00) surface suggest that filled-state
face at room temperature has been studied by the STM. DISTM images mainly sample the Si-Si dimerty orbitals,
sociative chemisorption occurs only on nearest-neighboringyhereas empty-state images sampledfjg., orbitals in the
sites, and chlorine atoms are always observed in pairs. Thg| saturated layer.
statistical arrangement observed for Cl-atom pairs at cover-
ages below 0.17 ML indicates that the adsorption of single ACKNOWLEDGMENT
Cl atoms on Si atoms in adjacent silicon dimer rows is ki-
netically favored, with a probability of 0.52. Adsorption on ~ We thank the Office of Naval Research for supporting this
neighboring Si dimers in the same dimer row occurs with aresearch.
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