
arrays at positions that matched their original posi- 
tions at the entrance aperture of the Bowen slicer. 
These arrays were the sought-for monochromatic 
images of the planet. The image slicer used for this 
work had a 5.2 x 5.2 arc sec aperture. The slicer 
used before August 1989 provided a 5 x 12 array of 
60 data points, each of which represented an angular 
area of 1.04 x 0.43 arc sec. The slicer used during 
August yielded 8 usable slices and an 8 x 12 array of 
96 data points, each ofwhich represented an angular 
area of 0.52 x 0.43 arc sec. For convenience in 
working with the data, we resampled the arrays to 
provide either a 12 x 12 or a 10 x 12 array (de- 
pending on which of the nvo slicers was used) of 
data points, each one corresponding to an angular 
area of 0.43 x 0.43 arc sec. 

14. B. Hapke, J. Geophys. Rex. 86, 3039 (1981). 
15. J. Veverka et al., in Mercury, F. Vilas, C. R. Chap- 

man, M. S. Matthews, Eds. (Univ. of Arizona Press, 
Tucson, 1988), p. 37. 

16. The image stabilizer used for these observations was 
a DTI-221 high-speed video guider (Digital Televi- 
sion Imagery) and is a fourth generation of the 
"leaky memory guiders" used at Kit t  Peak National 
Observatoy. 

17. D. N. Baker, J. E. Borovsky, J. 0 .  Burns, G. R. 
Gisler, M. Zerli,  J. Geophys. Rex. 92,4707 (1987). 

18. W. H. Ip, Geophys. Res. Lett. 14, 1191 (1988). 
19. Both authors are visiting astronomers at the Nation- 

al Solar Observatory, operated by the Association of 
Universities for Research in Astronomy, Inc., under 
contract with the National Science Foundation. 
A.E.P. was supported by the National Aeronautics 
and Space Administration (NASA) Planetary As- 
tronomy Program. T.H.M. was supported by the 
National Research Council. The authors acknowl- 
edge helpful comments from the referees, R. M. 
Killen, M. McGrath, J. Rahe, and H. Zook. 

21 November 1989; accepted 7 March 1990 

Identification of the Products from the Reaction of 
Chlorine with the Silicon(ll1) - (7 x 7) Surface 

The various products from the reaction of chlorine (Cl) with the adatom layer of the 
Si( l l1)  - (7 x 7) surface have been identified with scanning tunneling microscopy 
(STM). Initially, a single C1 atom reacts with the adatom dangling bond. At higher 
surface coverage, additional C1 atoms insert themselves into the Si-Si backbonds 
between the adatom and rest-atom layers, producing adatoms that have reacted with 
two or three C1 atoms. These products are characterized by different registries with 
respect to the underlying rest layer and appear in STM images as adatoms of different 
sizes, consistent with the breaking of Si-Si backbonds and the formation of new Si-CI 
bonds. 

CANNING TUNNELING MICROSCOPY 

has developed into a powerful tool for 
the study of surfaces. The strength of 

STM lies in its ability to resolve, both in 
energy and real space, the electronic states of 
the surface within some energy window 
about the Fermi level Ef (1). Clean and 
adsorbate covered surfaces. in addition to 

layer of the Si(l l1)-(7x7) surface. These 
products, which correspond to three differ- 
ent Si adatom oxidation states, are character- 
ized by different registries with respect to 
the underlying rest layer to which they are 
bonded. Furthermore, the different prod- 
ucts are observed as adatoms of different 
sizes which is shown to be consistent with 

thin overlayers, have been studied. Simple the breaking of successive Si-Si backbonds 
nondissociative adsorbates are identified on and the formation of new Si-Cl bonds. 
the basis of their known structural and The STM used in this work is similar to 
electronic properties (2). Frequently, how- 
ever, surface-adsorbate interactions involve 
significant bond making and breaking that 
result in the formation of a varietv of differ- 
ent surface species. Although the presence of 
such species may be inferred spectroscopi- 
cally, the ability of STM to identify the 
different products from a surface chemical 
reaction has yet to be established. 

In this report we show that it is possible 
to distinguish between the various products 
from the reaction of CI with the adatom 

that described by Demuth et al.  (3) and was 
mounted in an ion-pumped vacuum cham- 
ber with a base pressure of - 1 x lo-'' torr. 
The (7x  7) surface was generated by heating 
a phosphorus-doped (1 ohm-cm) Si ( l l1)  
wafer to 1050°C for 30 s. The CI source was 
a AgCl electrochemical cell (4). The data 
shown consist of standard STM topographs 
in which the tunneling bias refers to the 
voltage on the sample. 

The S i ( l l 1 ) - ( 7 ~  7) surface adatom layer 
consists of triangular subunits that each 

u 

contain six Si adatoms arranged locally in a 
(2x2)  structure (5 ) .  These adatoms lie 

IBM Research Division, Thomas J. Watson Research along Or parallel to lines that bisect the 
Center, Yorktown Heights, NY 10598. triangular subunits of the cell. Each Si atom 
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Fig. 1. Schematic showing the three possible 
reaction products. (A) SiCI, (6) SiCI,, and (C) 
SiCI,. The (111) surface is defined by the three 
rest atoms (0). The dashed h e s  correspond to 
the h e s  shown in Figs. 2 and 3. The top view 
(upper panel) shows the positions of all three rest 
atoms and the Si adatom, whereas the side view 
(lower panel) shows the CI atoms and only the 
rest atoms that remain bonded to the adatom. 

situated in the threefold hollow formed by 
these rest atoms. The remaining Si adatom 
bonding orbital constitutes the adatom dan- 
gling bond (db), which point into the vacu- 
um. In the present context the term adatom 
refers to the Si atoms in the adatom layer 
and not to the CI atoms that subsequently 
react with this layer. 

In an earlier report ( 6 )  we showed that at 
low surface coverages the CI primarily inter- 
acts with the adatom db state and results in 
it occupying a site directly above the Si 
adatom. Therefore, adatoms that have react- 
ed with a single C1 atom do not shift their 
positions from that of the unreacted surface 
and are situated in threefold hollow sites 
(Fig. 1A). As the coverage increases the CI 
penetrates the relatively open adatom struc- 
ture and inserts itself in one of the three 
backbonds between the adatom and the 
atoms in the rest layer beneath. Under satu- 
ration conditions, the rest atom db pro- 
duced by this bond breaking is tied up by 
C1. The reaction of the adatom with this 
additional CI atom causes it to flip up out of 
the threefold hollow site and into a position 
where it is equidistant between the two 
remaining rest atoms to which it is bonded, 
lying along the line connecting these atoms 
in a bridge-bonding configuration (Fig. 
1B). The reaction of a further CI atom 
results in the breaking of one of these two 
backbonds, with the adatom now occupying 
an atop site directly above the remaining rest 
atom to which it is bonded (Fig. 1C). 

X-ray photoelectron spectroscopy shows 
that all three adatom species are present after 
a room-temperature saturation dose of the 
surface (7). However, after a 400°C anneal 
the monochloro species predominates (7). 
Recently, we showed that this annealing 
process is associated with the transformation 
of an initially disordered (7x7)  adatom 
structure to one in which the adatoms are 
stripped from the surface and accumulated 
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in islands (6, 8). At higher temperatures 
these adatom islands fall apart and the ada- 
toms are redistributed over the surface. As a 
result there is a limited temperature range 
over which the majority of the adatoms are 
in the form of islands, making registry mea- 
surements possible, and where the di- and 
trichloro species remain stable. 

Rendered STM topographs of the three 
surface species (Fig. 2) were acquired fol- 
lowing a saturation C1 dose and a 3-min 
anneal at approximately 400°C. The surface, 
which then consisted of isolated adatoms 
and adatom islands (6,8), was subsequently 
reclosed with CI to convert some of the Sic1 
adatom species into the Sic12 and Sic13 
forms. Even prior to the sccond dose the 
surface contained some of the latter species. 

The saturation C1 dosc tied up all the 
surface dbs and current-voltage (I- V) curves 
measured at positions above the adatom 

Flg. 2. Three-dimensional rendering of SIU 
topgraphs recorded at +2 V showing (A) SiCI, 
(B) SiCl,, and (C) SiC13 species. The area shown 
is 40 A by 29 k Lines have been ruled along rows 
of atoms to aid in the location of the adatoms on 
the surface (see text). Note that rendering neces- 
sarily redisaibutes the adatom intensities in the 
tilt direclion. 

species and the adjacent rest layer showed 
the presence of a surface band gap. There 
were no striking Wrences between I-V 
curves recorded over the d&rent adatom 
species. However as suggested by Fig. 1, the 
extent of the reaction at each of these sites 
may be determined by an accurate place- 
ment of the adatom's position on the sur- 
face. To aid in this determination, lines have 
been ruled along rows of atoms in Fig. 2. 
The comer adatom in Fig. 2A is seen to be 
positioned along a line that runs parallel to a 
bisector of the triangular subunit. The spac- 
ing between these lines corresponds to one 
half the interadatom spacing along the ( O i l )  
direction of the (7X 7) cell (5). The adatom 
is located at the intersection between this 
line and the bisector (X-X') from another 
side of the mangle. This position come- 
smnds to the normal threefbld hollow ada- 
&m bonding site of the u n r e a d  surface 
(9, indicating that this adatom is a Sic1 
species. Note that the rest atoms that com- 
prise the threefold hollow are obscured by 
the adatom. The adatom in Fig. 2B, howev- 
er, is situated between two rows of atoms in 
one direction in addition to beiig along the 
row of atoms labeled X-X'. This corresponds 
to the bridge-bonding configuration shown 
in Fig. lB, and we assign this adatom to be a 
Sic12 species. The remaining adatom shown 
in Fig. 2C is positioned along rows of atoms 
in both directions such that it is located in 
an atop site directly above a single rest atom 
and hence comesponds to the SIC13 species 
described in Fig. 1C. 

Cross sections along the lines labeled X-X' 
in these topographs are shown in Fig. 3. 
The upward pointing arrows indicate the 
positions of the rest atoms along the individ- 
ual sections. Note that the spacing between 
rest atoms in the direction X-X' chosen in 
Fig. 3A is 6 times larger than that in Fig. 
3, B and C. The adatom in Fig. 3A is located 
two thirds of the way between the rest 
atoms in this cross section, a position con- 
sistent with its location in the threefold 
hollow at the comer of the cell (5). The 
adatoms in Fig. 3, B and C, are positioned 
between and on top of rest atoms in their 
respective cross &ons consistent with 
their identification as Sic12 and SiC13 spe- 
cies. 

A striking feature of the images shown in 
Fig. 2 is that the three types of adatoms look 
very difhent. This is even more apparent 
from the cross sections of Fig. 3. The shoul- 
ders on the adatoms in Fig. 3, A and C, are 
due to overlapping intensity from a neigh- 
boring rest atom. The individual peaks were 
resolved by fitting a sum of gaussians to the 
data and are shown as dashed curves in Fig. 
3. AU three types of adatoms could be.fitted 
with gaussia& of approximately the same 

cross sectton x-x (A) 
Fig. 3. (A through C) Cross sccdom X-X' derived 
k n  the topographs in Fig. 2. The dashed curves 
are the gaussian components of the adatom peaks. 
The m w s  indicate the positions of the rest 
atoms. 

width. The different appearances of these 
adatoms is then due to their varying heights 
above the rest layer. This height, denoted by 
hh in Fig. 3, was determined by measuring 
the adatom peak height with respect to the 
average height of the rest layer. Based on 
these results and the assignments discussed 
earlier, the greater the number of C1 atoms 
bonded t o a  Si adatom, the smaller the 
height of the surface protrusion associated 
with that adatom. This efFect is not due to 
local differences in the height of the tunnel- 
ing barrier arising from variations in the 
4 c e  dipole moment between the adatom 
sites. In f& from calculations based on the 
polarity and dkctbnality of the S X I  
bonds we 6nd that the barrier should be 
largest fbr the species containing the fkest 
C1 atoms. 

This size difknmce is due in part to the 
breaking of Si-Si backbonds as additional 
S i  bonds are formed. These backbond 
states are located 1.5 eV above & and are 
known to contribute to the tunneling cur- 
rent observed over adatom sites (9). Howev- 
er, earlier we showed that m e l i n g  over 
these reaaed adatom sites also occurs into 
the tail of an empty C1-derived a* state that 
is broadened because of hybridization with 
the bulk (6). This state is calculated to be -4 
eV above & but disperses strongly over the 
Brbuin zone (10). Ab initio molecular 
orbital calculations of Cl on Si clusters and a 
series of related chlorosilanes, each designed 
to model the structures of the different 
adatom species, show that the swngth of 
the Si-CI (a-a*) energy splitting increases 
with the number of Cl atoms in the duster 
or molecule. Furthermore, the energy of the 
a+ state is progressively shifted to higher 
values, with a 0.6-eV energy difference be- 
tween the states d a t e d  with the SiCI- 
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and SiC13-like species (11). This enhanced 
splitting is consistent with the greater orbit- 
al overlap and bond strength of Si-CI bonds 
compared to Si-Si bonds. A similar trend 
has been reported for the analogous hydride 
species present on both the hydrogenated 
S i ( l l 1 ) - ( 7 ~  7) and amorphous Si surfaces 
(12, 13). Based on these results we suggest 
that the intensity of both the backbond state 
and the tail of the u* state that extends into 
the tunneling energy window depends on 
the adatom species from which they are 
derived, both being more pronounced for 
those that contain fewer CI atoms. This 
behavior is directly reflected in the topo- 
graphs of Fig. 2, where in order to maintain 
the required stabilization current the tip-to- 
surface distance must decrease as the num- 
ber of CI atoms bonded to the adatom 
increases. 

Although reacted and unreacted db sites 
can be readily distinguished with the use of 
I- V curves (6, 9), we were unable to distin- 
guish between the different chlorinated ada- 
toms with this method. The differences in 
the latter case are subtle and involve changes 
in the shape of the background. The prob- 
lem arises from the presence of bulk states 
that dominate the I- V curves and mix with 
and broaden the states of interest. Further- 
more, I- V curves recorded at a given site on 
the surface are normalized to the current at 
that site (I) ,  making it difficult to compare 
the shape and size of the backgrounds at 
different surface sites. Despite this, the dif- 
ferent products known to exist on this sur- 
face can be distinguished on the basis of 
their registry and appear as adatoms of 
different sizes consistent with the number of 
Si-Si and Si-CI bonds they contain. 
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Electro-Optical Evidence for the Chelate Effect at 
semiconductor Surfaces 

Monoamines and diamines dissolved in cyclohexane solution reversibly enhance the 
band-edge photoluminescence (PL) intensity of immersed n-type cadmium sulfide (n- 
CdS) and n-type cadmium selenide (n-CdSe) substrates through adsorption. The 
magnitude of the PL increase is used to estimate amine-induced contractions in the 
semiconductor's depletion width, and the dependence of the PL intensity on amine 
concentration provides an estimate of the adduct formation constant. Two diamines, 
ethylenediamine and o-phenylenediamine, exhibit unusually low reductions in deple- 
tion width and substantially larger adduct equilibrium constants relative to the other 
amines studied, consistent with chelation to surface Cd2+ ions. These studies demon- 
strate that PL can be used as a contactless, in situ technique for characterizing the steric 
and electronic landscape of semiconductor surfaces and for correlating molecular and 
surface chemistry. 

D ESPITE THE IMPORTANCE OF SUR- 
face chemistry in semiconductor 
technology, its role in determining 

the electro-optical characteristics of semi- 
conductor materials is not well understood 
(1). We have embarked on a program to 
characterize the surface chemistry of the II- 
VI semiconductors n-CdS and n-CdSe. Us- 
ing the bandgap PL of the solid as a probe, 
we have characterized surface adduct forma- 
tion with amines and butenes in the gas 
phase and with phosphines and lanthanide 
P-diketonate complexes in hydrocarbon so- 
lution (2-5). 

In this reDort, we establish a link between 
L ,  

classical coordination chemistry and surface 
chemistry by demonstrating chelation at the 
semiconductor-solution interface. The "che- 
late effect" refers to the enhanced stabilitv of 
a coordination compound containing poly- 
dentate ligands relative to one with analo- 
gous monodentate ligands (6). An example 
of this effect is provided by the following 
comparison of displacement reactions in 
aqueous solution, where p,, is the overall 
formation constant for n liaands coordinat- " 
ed to the metal center, for which the biden- 
tate m i n e  has the larger formation constant 
(7 ) :  

Cd2+(aq) + 4CH3NH2 -+ 

Cd(CH3NH2)42+, log P4 = 6.52 (1) 

Cd2+(aq) + 2H2NCH2CH2NH2 -+ 

C ~ ( H ~ N C H ~ C H ~ N H ~ ) ~ ~ + ,  log P2 = 10.6 
(2) 

That surface atoms could form part of a 
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chelate ring with solution species has been 
hypothesized in several studies ( 8 ) ,  includ- 
ing ones involving adsorption of dithiocar- 
bamates from CH3CN solution and of 
EDTA from aqueous solution onto CdS or 
CdSe (9). We provide evidence here from 
PL data that diamines can chelate to surface- 
lattice Cd2+ ions by adsorption from cyclo- 
hexane solution. Signatures of chelation are 
a smaller perturbation of the semiconduc- 
tor's depletion [because of the low density 
of charge carriers in a semiconductor, the 
electric field, which results from charge 
trapped at the solid's surface, extends for 
some distance, known as the depletion 
width, into the solid (lo)] and far larger 
adduct formation constants than are found 
for monoamines of comparable size. Our 
data also highlight the general use of PL as a 
contactless, in situ technique for characteriz- 
ing semiconductor-derived interfaces. 

We have focused on amines in this study 
because they form stable Cd2+ complexes 
(Eqs. 1 and 2). The diamines selected for 
study include ethylenediamine (en), o-phen- 
ylenediamine (opda), and 1,3-propanedi- 
mine  (tn), which are almost always found 

Fig. 1. Possible modes of en bonding are shown: 
from left to right, chelating, bridging, and mono- 
dentate bonding. The smaller circles represent 
Cd2+ sites; the larger circles represent S2- or Se2- 
sites. The 0001 face of CdS (or CdSe) is perpen- 
lcular to the plane of the figure, and the crystal- 
lographic c axis is indicated. 
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