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STM study of C,H, adsorption on S(001)
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We present here a scanning tunneling microscope study of the initial bonding structure and subsequent
reaction mechanism of £, with the S{001) surface. Upon exposure of the sample at room temperature to 0.2
L of C,H, (approximately 20% coverag@dsorption of the molecule on alternate dimer pairs is observed,
leading to either a local 2 or c(2Xx4) structure. In the filled-state image, a local minimum is observed in
the center of the reacted dimer pairs, while the unreacted dimer pairs maintain the normal bean-shaped contour
of the clean surface. The molecule forms an overlayer with either log& 2r c(4X2) order, leading to a
saturation coverage of 0.5 monolayers. Upon annealing the substrate at 775 K the surface becomes disordered
and the steps are no longer visible. After further annealing at 875 K, SiC clusters are formed andlthe 2
structure is again seen between the clusters. For a starting coverage of 20%, annealing to higher temperatures
around 1100 K leads to pinning of the step movement by the SiC clusters. For a starting coverage of 0.5
monolayer, annealing at 1100 K results in faceting of the surface. Further annealing at 1275 K creates
anisotropic facets that are oriented along [th€0] direction with a typical aspect ratio of approximately 4 to
5. These facets act as nucleation sites for subsequent carbonization and SiC |[30M83-182807)05032-7

I. INTRODUCTION Il. EXPERIMENTAL DETAILS

The experiments were carried out in an UHV chamber
ntaining a STM equipped with a low-energy electron dif-
Cfraction (LEED) and field-ion microscope that is used to

electronizc devices, short-wavelength Iight—emitti_ng diodes 1 onitor and fabricate the tip. The base pressure was approxi-
(LED’s),” and as a substrate for the growth of nitrides, mOStmater 5% 10" torr. The details of the chamber design are

notably GaN. SiC exists in 250 different polytypes, the struc- ; " i .
ture of which is determined by the Si/C layer stackingdescrlbed elsewherg. The silicon samplep-type [Si(00D]

. ) was annealed to 1200 °C to prepare clean substrates. The
sequencé. Each of these polytypes has slightly different acetelyne(99.8% purity was used without further purifica-

electronic properties. Thus a polytype can be chosen that heﬁ%n. The chemical was dosed onto the sample from the

the best properties for the desired application. For examplechamber background pressure. The dosage was estimated us-
the most common polytype 6 hexagonal-SiC is of interesFng the uncorrected ion gauge reading

for short-wavelengttiblue) LED’s because of its wide band
gap. Another polytype that has potential device applications
is cubic silicon carbide 3 cubic—SiC. Because of its high Ill. RESULTS AND DISCUSSION
breakdown field, relatively wide band gépompared to Sj
and excellent thermal conductivity, it is a candidate as a
material for high-temperature, high-power electronics. This Figure Xa) shows a filled-state image of the surface after
increased interest in SiC for device applications has beeadsorption of 0.2 L of gH, at 300 K. Most of the surface
stimulated by recent progress in single-crystal SiC growthdimers display the normal “bean” shape, which is charac-
technique$.However, the cost of single-crystal SiC material teristic of clean, unreacted dimers on(@&i1) in the filled-
remains very higH. state imagé?® On the other hand, there are also features that
For this reason, heteroepitaxial growth o£35iC on Si  are imaged as dark spots in the dimer rows. These features,
surfaces has been studied by many different gréupshin-  unlike the clean dimers, have an additional local minimum
film growth typically begins with carbonization of the that is seen in the center of the dimer row. Since this sec-
Si(001) surface using various carbon sources ranging fronondary minimum is not seen in the filled-state image for the
small hydrocarbons, typically either,@, or C,;H,, to carbon  clean surface, we conclude that the depressions correspond
particles obtained from the evaporation of grapfifEhere  to reacted dimer sites. Figurékl shows a smaller area of
have also been a number of studies of the fundamental reathe surface with a line plot that shows the apparent height
tion mechanism of these molecules with the(08L) difference between the reacted and unreacted sites. Here the
surface’ ! However, in the case of f£,, the exact nature relative height variation parallel to the direction of the dimer
of the initial bonding geometry of the molecule with the row is shown. As can be seen from the scale in the figure, the
Si(001) surface is still a matter of discussion, as well as theapparent height difference between the reacted and unreacted
detailed structure of the overlayer. In addition, to date thersites is approximately 070.1 A. This is about half the
is no scanning tunneling microscof®TM) study of the fun-  height of a single step on the(801) surface** Figure c)
damental reaction mechanism and the initial growth mor-llustrates the secondary minimum seen in the reacted sites.
phology of the SiC layer. The line plot is perpendicular to the dimer row and crosses

SiC has recently attracted increasing attention because %16
its potential applications for high-power, high-temperatur

A. Adsorption at 300 K
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FIG. 1. (a) Filled-state image of the @00 surface after exposure to 0.2 L ofld,. Reacted dimers are imaged as depressions in the
dimer row. The sample bias is2.0 V. The image size is 3060300 A2, (b) Close-up image taken frofa). The line plot shows the apparent
height difference across two reacted dimers and two unreacted dimers parallel to the dimer row. The image sixe 5§ A50 (c)
Close-up image taken frorta). The line plot shows the apparent height difference across three reacted dimers, showing the secondary
minimum at the center of the reacted dimer. Note that this minimum is not observed on clean, unreacted dimers. The image size is 150
X 150 A2,
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@) @ etal. They have calculated the charge density ofHC
X bonded to the Si(001)21 surface® In both configurations,
i.e., with and without Si-Si dimer bond cleavage, the charge
Q G density exhibits a minimum between the two hydrogen at-

oms. Thus, as the STM tip passes over a reacted dimer site,
in order to maintain a constant tunneling current, it will have
to move closer to the surface causing the center of the dimer
@ to appear lower. As discussed above, Figc) Ishows a
smaller scale image of the surface in which the secondary
@ minimum on the reacted sites is clearly visible. The line plot
shows the apparent height difference as one moves perpen-
dicularly across three reacted dimers. In each case, a distinct
(a) doubly peaked structure is seen. Thus the existence of this
minimum in the center of the dimer row in the filled-state
image clearly identifies this as a reacted dimer. Furthermore,
this image is consistent with the basic features of the previ-
ously proposed adsorption geometry, that is to say, the mol-
ecule bonds across the silicon dimer, with no adsorption be-
ing observed between the dimer rows. The apparent depth of

the central minimum observed in the reacted dimers is 0.3
@ +0.1 A. This can be compared with the calculated variation

‘e

O8N

K
(O

in the charge density of the reacted dimers. For the dimerized
model (i.e., the underlying Si-Si dimer bond is still intact
the depth of this minimum is approximately 0.5 A. In the
case of the dimer-cleaved configuration it is about 1.1° A.

(b) This would seem to favor the dimerized configuration over
the dimer cleaved arrangement.

A second relevant point concerns the calculated charge-
density distribution of the dimer-cleaved configuration. With
the GH, bonded in this way, there are two lobes arising
from dangling-bond states, which extend between the first-
layer Si atoms in adjacent dimer rows. These dangling-bond
three reacted sites that are adjacent to one another in diffestates are absent in the dimerized geom&tijhus the exis-
ent dimer rows. As one moves fromto A’ a relatively deep tence or lack of these dangling-bond states gives information
minimum is encountered. This deep minimum is located beon whether or not the Si-Si dimer bond is cleaved. We can
tween the dimer rows. Next, two maxima separated by aletermine from our STM images whether or not these
shallower minimum are seen. This is again followed by adangling-bond states are present by measuring the depth of
deeper minimum that is located between the dimer rows. Wée minimum between the dimer rows. The depth of the
now proceed with a summary of previous work that has beeminimum between dimer rows on clean(@)1) was mea-
done on this system and a discussion of the origin of thisured by Hamers and co-workérs.’ They concluded that a
secondary minimum in the image in terms of the bondingdepth of approximately 0.5 A was most consistent with their
geometry of the molecule. STM images. We obtained a somewhat larger value from our

In previous studies, an initial bonding geometry in whichimages: 0.Z0.1A. The discrepancy may be due to the
the molecule bonds nondissociatively and symmetrically tdact that we are measuring the value directly from the STM
the dimer pair with the C-C bond parallel to the surface agmage, whereas Hamers and co-workers calculated the cor-
shown in Fig. 2 has been proposet:*>'5The primary ex- rugation profile that fit best overall to their STM image.
perimental evidence for molecular adsorption is provided byFrom our STM image the apparent depth of the minimum
the high-resolution electron-energy-loss spectroscoppetween reacted dimers on adjacent dimer rows is 0.6
(HREELS vibrational spectrum. However, the data are open*0.1 A. The anticipated depth of the minimum between two
to interpretation and there is some disagreement on the coreacted dimers for the dimer-cleaved geometry is approxi-
rect peak assignments. Because of this, some controversyately 0.4 A. That of the dimerized configuration is much
remains over the exact nature of the initial bonding geom#deeper. No depth can be estimated from the calculation since
etry. It is generally agreed that the primary adsorption paththe line indicating the smallest calculated value of constant
way for GH, is nondissociative adsorption. Moreover, both charge density does not extend across the dimer row. There-
theoretical and experimental studies indicate that the molfore, for the dimerized geometry, the depth of the minimum
ecule bonds across the Si-Si dimer with the C-C bond paralbetween reacted dimer sites should be larger than 0.4 A, but
lel to the surface. However, a point of contention remaingess than or equal to 0.7 A. Our measured value is less than
over whether or not the underlying Si-Si dimer bond cleaveghat of the clean surface. However, it still falls within the
upon adsorption. Both the experimental studies as well as thexperimental error of the clean surface measurement. There-
theoretical calculations are divided on this issue. Of particufore, the STM image does not provide any indication that
lar relevance to our discussion is the calculation of Imamuradhere are dangling-bond states present at the reacted dimer

@2

FIG. 2. Model for the initial adsorption geometry ofi, on
Si(100 proposed in previous studies{a) the dimerized model in
which there is no cleavage of the Si-Si dimer bond #&bdthe
dimer cleaved model.
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FIG. 3. Filled-state image of the @D0) surface after exposure
to 2 L of GH,. This exposure resulted in saturation coverage and
produced an ordered X2 overlayer. The image size is 300
%X 300 A2, The sample bias is 2.4 V.
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and the absence of Si dangling-bond states on the reactec g - .
dimers, the STM data are more consistent with the dimerized & 02 - =
model than with the dimer-cleaved model. %‘ Tk .
Figure 3 is an image of the surface obtained after expo- X - Z
sure b 2 L of C,H, at 300 K. Because of its twa bonds, 2 0.1 — -
this molecule is very reactive towards(@1). A 2-L expo- 2] -
sure saturates the surface witbHz. Exposures of up to 100 0 S
L failed to produce any increase in the surface coverage be- 1 224 3 4 5 6 7 8 9

yond that seent& L of exposure. From this image, it can be N Nearest Neighbor

seen that the ¢, adsorbs on alternate dimers. Thus the

C,H, overlayer exhibits a either locab22 or c(2x 4) struc- FIG. 4. Plot of the site occupation probability for the nearest
ture, depending on whether theHf;, adsorbed on adjacent pneighbor to the ninth nearest neighbor. The plot was obtained from
rows is in phase or out of phase. Thus the saturation covesTM images of the $100) after exposure to 0.2 L of i, at 300

age is 0.5 monolayer. This result contrasts with a previouk. Reacted sites were chosen and the occupation of neighboring
temperature-programmed desorptiOfPD) study in which  sites was then tabulated.

the saturation coverage was determined to be approximately

0.83 monolayer. The authors of that study concluded thagtudy of spot intensities, differentiation between x 2
C,H, molecules adsorb on every Si dimer pair and that satueverlayer structure and a>x21 structure would be difficult.
ration coverage was thus one monolayer, i.e., one C atom fdn addition, because the domain size of the overlayer is fairly
every Si atom. They attributed the discrepancy between fulsmall, i.e., less than the typical 100 A coherence length of
coverage and their measured value for the actual coverage the LEED electrons, the existence of the overlayer should
a high density of defects at which they anticipated &l lead to an increase in the background scattering, which was
adsorption™° observed!

Previous LEED studies have indicated that the 12 pat- The lack of adsorption on nearest-neighbor sites is shown
tern of the clean reconstructed surface is retained after adlearly in the plot of site occupation probability for various
sorption of the GH,. However, an apparentX21 LEED  neighboring sites for a 0.2-L dose shown in Fig. 4. For an
pattern could still be consistent with a<2 overlayer if the ideal p(2X2) structure, sites 2, 2A, 4, 7, and 9 should be
scattering cross section of theld is relatively small. If this  occupied with a probability of one. The other sites should be
were the case, one would expect the incoming electrons tanoccupied. For a perfeci{4x2) structure sites 2, 3, 6, 7,
still “see” the Si(001)2x1 surface and thus the original 2 and 9 should be occupied, while the rest are unoccupied. The
X 1 pattern would still be visible. Moreover, the existence ofgraph shows that only a very small number of nearest-
the 2x2 overlayer would not create any additional spots inneighbor sites are occupied. The lack of adsorption on
the LEED pattern. Therefore, in the absence of a detailetiearest-neighbor sites implies some sort of repulsive interac-
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FIG. 5. Filled-state image of the @D0) surface after exposure FIG. 6. Filled-state image of the @00) surface after exposure
to 0.2 L of GH, at 300 K and subsequent annealing at 775 K for 5to 0.2 L of GH, at 300 K and subsequent annealing at 950 K for 5
min. The image size is 225225 A2. The sample bias is 1.8 V. min. Annealing at this temperature resulted in the formation of SiC

islands, one of which is shown here. The image size is 300
tion between the §H, molecules. In the following paragraph X300 A%, The sample bias is-2.0 V.
we discuss a possible mechanism for this interaction. ) ] ] ]

The adsorption kinetics of £, on S(001) suggest that mode at 373 meV is also seen in the vibrational spectrum.
the adsorption takes place via a mobile precursorThUS there is C-H present on the surface as We_II. At this
mechanism® The electron-structure calculation done by emperature the 86-meV peak due to C-C stretching broad-
Imamuraet al. also shows that the C-H bonds in the ad-€ned and developed a long tail. This most likely indicated the
sorbed complex are quite polar. Although the gas_phasg)rmatlon of addmon_al Si-C bonds. on the surface since a
C,H, molecule is symmetric and thus has no permanent diloo'”lfv loss peak is characteristic of the Si-C stretching
pole moment, the electronegativity of C in acetylene is rela/M0de:" In summary, at this point in the reaction, there is
tively high because of the large percentages haracter of ~Some dehydrogenation of thetd; to produce Si-H while the
the molecular orbitals® Therefore, the C-H bonds in gas- number of Si-C bonds is increasing. T_hus we conclude fthat
phase acetylene are also quite polar. Thus ti,@olecule the surface atoms have_ become mobile enough to begin to
that is in the process of adsorbing could interact with ond®rm small clusters of Si, C, and H. ,
that is already adsorbed in a way that prevents it from ad- Despite the lack of order seen after annealing at 775 K,
sorbing on nearest-neighbor sites. In addition, if upon enterfurther annealing for 5 min at 950 K resulted in the forma-
ing the precursor state the molecule deforms slightly thi§'°”_°f s_n_qall clusters on the surface, and clean silicon was
should enhance the strength of the interaction by giving th&9ain visible between the clusters. In gengral the_ clusters
adsorbing GH, a macroscopic dipole moment. Finally, a re- tend to n_ucleate at step edges on terraces”\‘/‘\nth the dimer rows
cent STM study of GH, adsorption on $001) has shown perpendicular to .the step edge,_ ie., typB steps. Mo_re-
that ethylene also adsorbs on alternate diries.dipole ~ OVer, areas of silicon depletion immediately surrounding the

interaction could also be the cause of the ordering of tha!USters were visible in the images, as shown in Fig. 6. The
molecule on S001). depletion of silicon next to the cluster is seen from the fact

that in this image, five layers of silicon have become visible.
Furthermore, the silicon immediately surrounding the cluster
is relatively defect free compared with the rest of the surface.
In order to study the surface reaction mechanism, weThis suggests that the layers of silicon that previously cov-
started by annealing a®0D1) surface that had been exposed ered these layers have been removed and incorporated into
to 0.2 L of GH, at 300 K. Annealing this surface to 575 K the cluster. Another point of interest in this image is the very
for 5 min resulted in very little change of the surface mor-high missing dimer defect density that is seen in the silicon
phology. Only a slight amount of disordering was noted.surface relatively far from the cluster. The missing dimer
However, as seen in Fig. 5, annealing at 775 K for 5 mindefects primarily consist of a single missing dimer pair.
resulted in a very disordered surface. Large area scaridowever, upon closer examination of the areas of high de-
(1125x 1125 A?) did not show any well-defined step struc- fect density, in addition to the missing dimer defects that are
ture. There is a strong Si-H stretching mode visible at 265maged as dark spots, there are also bright spots visible in the
meV in the HREELS spectrum after annealing th#iCex-  dimer rows. Taken together with the missing dimer defects,
posed surface at this temperatdfé. The C-H stretching the bright and dark features form a very well-ordexsd

B. Surface reaction mechanism
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FIG. 7. Filled-state image of the @00 surface after exposure FIG. 8. Filled-state image of the @00 surface after exposure
to 0.2 L of GH, at 300 K and subsequent annealing at 1275 K forto 2 L (saturation coverageof C,H, at 300 K and subsequent
5 min. The SiC islands formed act as pinning centers, restricting thannealing at 1275 K for 5 min. Well-defined facets are formed on
step movement. The image size is %5060 A2. The sample bias is the surface that act as nucleation sites for further SiC growth. The
—25V. image size is 11281125 A2, The sample bias is- 2.5 V.

X4) structure. This is know to be a metastable phase of thgerpendicular to that of the larger facets. The angle of the
Si(001) surface and can be formed in a number of differenttgcets was measured using the apparent height difference
ways: by exposure to hydrogen or ethylene or simply byfom the base to the top of the facets. The angle was some-
annealing within the appropriate temperature rafigThe  \hat dependent on the size of the facet, with the larger facets
bright spots in the image are Si ad-dimers, which are know,aying a steeper slope. The angle of the facets varied from
to be present in the(4x4) phase. _ approximately 10.4° to 24.5° away from th@01] direction
Annealing again at 1275 K for 5 min resulted in more stepiowards[111]. The smallest facets had angles of approxi-
movement, with the step movement belng pinned by themately 10°-11°, suggesting an approximatelg8] orienta-
clusters formed on the surface. The predominant shape of thg)n The medium size facets have angles of 14°-16°, indi-
clusters was rectangular. Figure 7 shows a typical image fating an orientation dfL16] to [115]. The angle of the large
the surface after annealing at this temperature. Reacting @cets was measured to be between 18.5° and 19.5°, suggest-
small amount of GH, with the surface leads to SiC clusters ing that these expose tfi#14] faces? Finally, annealing at
rather than the more dramatic faceting that is obtained Wheﬂamperatures above 1325 K destroys the facets and again
one starts with higher coverages. results in a disordered surface.
_ Figure 8 shows an image of the@Dl) surface that was The origin of the faceting of the @00 surface upon
first exposedd 2 L of GH,- (saturation doseat 300 K and  reaction with carbon to form SiC was discussed by Ki-
subsequently annealed at 1275 K for 1 min. The intermediatgypatake, Deguchi, and Hirao. The model they proposed is
steps of the reaction obtained by annealing below 900 K arghown in Fig. 9. Their quasidynamic calculation qualitatively
very similar to those obtained at lower coverages. Howevergescribes the structures that form after this reaction takes

at high temperatures, formation of SiC beginning with satu|ace® Their model initially begins with a X 1 silicon sur-
ration coverage of §H, results in pronounced faceting of the

surface rather than simply the formation of discrete SiC is- Jo8A

lands that are formed if one starts with lower coverages. If ! . .

one starts with saturation coverage, the step structure of the Shrinkage ¢ ‘

original surface is obliterated by the faceting induced by the "**C ) Opening

SiC growth. A substantial amount of mass movement has sjc S Bare Si Sucface

taken place during the creation of the facets. The faceting is Si
strongly anisotropic, producing rectangularly shaped surface

structures with an approximate aspect rafratio of the 136 AL
length to the width of about 4:1. The axes of the facets are [""llt 384K
oriented in thg110] and[110] directions. The vast majority [To) ® Carbon @ Silicon

. . . . [110]
of the facets are_oriented with their major axes parallel to

each other in th¢110] direction, but there are also smaller  FIG. 9. Schematic of the SiC on Si growth model proposed in
facets visible in the image that have their major axes oriente@ef. 5.
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face on top of which are placed or@e atom for every Si
atom. As the temperature is increased, shrinkage occurs
along the[110] direction due to the large lattice mismatch
(20%) between SiC and Si. In addition, there is a significant
amount of C penetration into the Si lattice. As can be seen in
the figure, the shrinkage of the SiC lattice in f140] direc-

tion produces facets similar to those seen in the STM image.
However, this model only describes qualitatively how the
faceting developed, thus no comparison with our measure-
ment is possible. Our measurement of the angle of facets a:
a function of the facet size provides gquantitative information |
of how the facets evolve, which can be used to guide future |
theoretical work.

Since, as discussed in the Introduction, there is a great
deal of technological interest in growing SiC thin films on |
silicon substrates, the next logical step in our study is to |
grow a thicker layer of SiC on the surface and follow the
evolution of the surface morphology. For the purpose of
growth of a thicker layer, repeated cycles of the following
procedure were used. First the clean surface was saturate
with C,H, and annealed in order to obtain the faceted surface
shown in Fig. 8. This faceted surface was then dosed with a ) .

FIG. 10. Filled-state image of the (800 surface after several

relatively large dos&20 L) of Cat,. This was followed by cycles exposure to 20 L of 8, at 300 K and subsequent annealing

annealing the dosed, faceted surface at 1275 K in a Si flux L - -
: e - at 1275 K for 3 min in a silicon flux. The silicon flux was then
for several minutes. The silicon flux was obtained by evapo-

fi i f thin slab of sili | d th turned off and the sample was annealed for one more minute at
rating silicon from a thin slab of silicon placed near €335 « The image shows the additional growth of SiC in well-
sample. Following the silicon flux annealing step,

. the S"’_‘mph?:iefined crystallites. Atomically resolved images of the top of the
was further annealed at 1330 K for one more minute Withoug,ytajiites show that the surface has the2structure that is char-

the Si flux to evaporate excess silicon from the surface. Thgcteristic of the &-SiC(000) surface. The image size is 1125
resulting surface is shown in Fig. 10. The further growth andy 1125 A2, The sample bias is- 2.5 V.

ordering of the SiC facets is evident. At this stage, it was

possible to image the top of the facets with atomic resoluously suggested. Since,i&, adsorption on this surface is
tion. They exhibited X 3 reconstruction, which is a typical known to take place via a mobile precursor mechanism, a

surface phase of the silicon-richC3SiC(001) surface® possible cause for the formation of thx2 [c(4 X 2)] over-
layer is a dipole-dipole interaction between the molecules
IV. CONCLUSIONS during adsorption. The morphology obtained during the

course of the reaction of the surface withH; has been

We have presented here a STM study of the initial bondinvestigated. Annealing submonolayer coverages of the mol-
ing structures and subsequent reaction mechanismyldf C ecule first results in a disordered phase. This is followed by
with the S{001) surface. Our STM images are consistentthe creation of SiC clusters with a restoration of the
with the initial bonding geometry proposed in previous stud-Si(001)2x<1 structure next to the clusters. The metastable
ies, specifically that the ££l, molecule bonds across the sili- c(4x4) Si(001) structure is formed between the clusters. At
con dimer, with no adsorption taking place inbetween thenhigher temperatures the SiC clusters pin the step movement.
dimer rows. Furthermore, the STM data provide evidence tAnnealing the saturated surface results in the formation of
help resolve the issue of whether or not the underlying Si-Soriented, rectangular facets on the surface with an aspect
dimer bond is cleaved. Our STM data are consistent with theatio (length to width of approximately 4. These facets act
dimerized model in which the Si-Si dimer bond remains in-as nucleation sites for further SiC growth. Subsequent SiC
tact. The overall structure of the adsorbate overlayer is logrowth using repeated cycles of adsorption followed by an-
cally 2X2 orc(4X2) rather than X1 as proposed in pre- nealing in a silicon flux resulted in the growth of larger SiC
vious studies. Thus saturation coverage gH&L on this  crystals that exhibited the>23 surface reconstruction typi-
surface is 0.5 monolayer rather than 1 monolayer as previeal of the 3C-SiC polytype.

1H. Okumuraet al, J. Appl. Phys61, 1134(198%. 4Cree Research Company, Raleigh, NC.

2). R. Waldrop and R. W. Grant, Appl. Phys. Le62, 2685 M. Kitabatake, M. Deguchi, and T. Hirao, J. Appl. Phyd, 4438
(1993. (1993.

30. Madelung, in Semiconductors edited by O. Madelung, °T. Yoshinobu, H. Mitsui, I. Izumikawa, T. Fuyuki, and H. Mat-
Landolt-Banstein, New Series, Group lll, Vol. 22&pringer- sunami, Appl. Phys. Let60, 824 (1992.

Verlag, Berlin, 1987, p. 43. ’S. Hara, T. Megura, Y. Aoyagi, M. Kawai, S. Misawa, E. Sa-



56 STM STUDY OF GH, ADSORPTION ON S(001) 4655

kuma, and S. Yoshida, Thin Solid Filn225 240 (1993. 16C. s. Carmer, B. Weiner, and M. Frenklach, J. Chem. Pags.
8. Kusunoki, M. Hiroi, T. Sato, Y. lgari, and S. Tomoda, Appl. 1356(1993.

Surf. Sci.45, 171(1990. 7R. M. Tromp, R. J. Hamers, and J. E. Demuth, Phys. Rev. Lett.
9C. Huang, W. Widdra, X. S. Wang, and W. H. Weinberg, J. Vac. 55, 1303(1985.

Sci. Technol. All, 2250(1993. 18g, Ege,Organic Chemistry 2nd ed.(Heath & Co., Lexington,
0p A, Tayloret al, J. Am. Chem. Socl14, 6754(1992. MA, 1989), p. 56.
M. Nishijima, J. Yoshinobu, H. Tsuda, and M. Onchi, Surf. Sci. 1°A. J. Mayne, A. R. Avery, J. Knall, T. S. Jones, G. A. D. Briggs,

192, 383(1987. and W. H. Weinberg, Surf. Sc284, 247 (1993.
127 sakuraiet al, Prog. Surf. Sci33, 3 (1990. 20R. I. G. Uhrberg, J. E. Northrup, D. K. Biegelsen, R. D. Bringans,
13R. J. Hamers, R. M. Tromp, and J. E. Demuth, Phys. Re84B and L.-E. Swartz, Phys. Rev. &5, 10 251(1992.

5343(1986. 21T, Takaoka, T. Takagaki, Y. Igari, and I. Kusunoki, Surf. Sci.
H. Henzler and W. Ranke, iRhysics of Solid Surfacesdited by 347, 105(1996.

G. Chiarotti, Landolt-Benstein, New Series, Group IIl, Vol. 24a 22S. Hara, S. Misawa, and S. Yoshida, Phys. Rev5® 4548

(Springer-Verlag, Berlin, 1993 p. 284ff. (1994.

15y, Imamura, Y. Morikawa, T. Yamasaki, and H. Nakatsuji, Surf. 22S. C. Erwin, A. A. Baski, and L. J. Whiteman, Phys. Rev. Lett.
Sci. Lett.341, L1091 (1995. 77, 687 (1996.



