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/. Introduction 

The surface chemistry of silicon is just beginning 
to be explored, with the use of modern tools of the 
surface scientist. Indeed, the unraveling of the 
surface chemistry of silicon has been one of the most 
significant driving forces in surface science, resulting 
in the award of the Nobel prize for the scanning 
tunneling microscope (STM) in 1986. The excitement 
of this development persists as the STM is applied 
as the ultimate probe of surface chemistry. 

The understanding and control of silicon surfaces 
is of great importance in the production of silicon-
based electronic devices as well as devices made from 
other semiconductor materials and constructed on 
silicon single crystal substrates. In addition to the 
control of the surface chemistry of etching, doping, 
and film deposition, it is important to achieve desired 
mesotropic structures for devices fabricated on silicon 
single crystal substrates. In this spatial regime, 
atomic level properties often dictate how this will be 
done, leading to miniature surface structures with 
quantum properties dependent on size. As continued 
reduction in the size of semiconductor devices takes 
place, surface phenomena will assume an even 
greater role in achieving this goal. 

This review begins with the interesting structural 
behavior of clean silicon single crystals and then 
proceeds to the adsorption of elements and com­
pounds on silicon ranging from hydrogen through 
group VII of the periodic table. Representative 
examples of the surface chemistry of elements and 
compounds from each group are provided, with a 
strong emphasis on thermal processes involving 
small molecules. For assistance to the reader, Ap­
pendix 1 provides a brief summary of selected surface 
science measurement techniques (and acronyms). In 

0009-2665/95/0795-1589$15.50/0 © 1995 American Chemical Society 



1590 Chemical Reviews, 1995, Vol. 95, No. 5 

Hanne Neergaard Waltenburg was bom in Copenhagen, Denmark, in 1968. 
From the University of Copenhagen, she received the B.S. degree in 
chemistry and physics in 1989 and the M.S. degree in chemistry in 1992. 
She did undergraduate research on oscillating chemical reactions with F. 
Hynne and P. Graae-Sorensen. Her graduate work with P. J. Moller 
was in the field of reactions at solid surfaces, with a master thesis on 
ultrathin copper layers on CaO(IOO). During her graduate study, she 
received an ERASMUS (EEC) scholarship to do research for four months 
at the University of Aix-Marseilles, France. She is currently a Ph.D. student 
with Professor John T. Yates, Jr., at the University of Pittsburgh, where 
her research is focusing on the vibrational and thermal properties of 
adsorbates on semiconductor and metal surfaces. 

Professor John T. Yates, Jr., began his research in surface chemistry as 
a graduate student at MIT. He continued this work from 1963 to 1982 at 
the National Bureau of Standards. In 1982 he founded the Surface 
Science Center at the University of Pittsburgh where he was appointed 
R. K. Mellon Professor. He now holds a joint appointment in the 
Departments of Chemistry and Physics. Work on metallic, semiconducting, 
and insulator surfaces is now underway using modem surface measure­
ment techniques. His work with students and postdoctorals is focused 
on the use of electronic excitation to probe surface phenomena as well 
as the use of a range of surface vibrational spectroscopies and other 
methods for understanding surface processes. 

addition, a categorized summary of the citations in 
the literature is given at the end (Appendix 2) for 
completeness. 

t 

II. Reconstructions of Clean Silicon Surfaces 

Silicon crystals have the diamond structure, i.e. the 
atoms are sp3 hybridized and bonded to four nearest 
neighbors in tetrahedral coordination. The covalent 
bonds are 2.35 A long and each has a bond strength 
of 226 kJ/mol.1 Consequently when the crystal is cut 
or cleaved, bonds are broken, creating dangling bonds 
at the surface. The number and direction of these 
dangling bonds will depend on the macroscopic direc­
tion of the surface normal, as shown schematically 
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100?) 
Figure 1. The dangling bond formation on the unrecon­
structed surfaces of the three low index planes of Si. Each 
Si atom in the bulk is tetrahedrally bonded to four nearest 
neighbors. The sizes of the Si atoms are shown to decrease 
away from the page.6 

TOP VIEW TOP VIEW 

SIDE VIEW SIDE VIEW 

(O) Ideal (b) Symmetric dimers 

Figure 2. Top and side views of the ideal and recon­
structed Si(IOO) surface.6 

in Figure 1. The surface energy is lowered by 
reducing the number of dangling bonds by rebonding, 
and this leads to a wide variety of surface reconstruc­
tions on silicon surfaces. These dangling bonds are 
the source of the surface chemical activity of silicon 
surfaces. If they are capped by atomic hydrogen 
chemisorption, the ability of the surface to react with 
other potential adsorbate molecules is reduced to 
zero.2 

A. Si(IOO) 

The {100} planes have a square unit cell, and each 
silicon atom below the surface is bonded to two atoms 
in the plane below and two atoms in the plane above. 
The structure of the bulk-terminated surface is 
shown in Figure 2a. Filled circles represent the 
surface atoms which have two dangling bonds each, 
open circles represent bulk atoms, and the size of the 
open circles in the top view decrease with distance 
from the surface. 

/. Nominally Flat Si(WO) 

The commonly accepted model for the recon­
structed Si(IOO) surface is the dimer model. The first 
model of this kind was proposed by Schlier and 
Farnsworth on the basis of their observation of a 
(2x1) LEED pattern.3 In this model the density of 
dangling bonds is decreased by 50% by creation of 
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(a) Symmetric D imers - ( 2 x l ) ( c ) Buckled Dimers - ( 2 x 2 ) 

(b) Buckled D i m e r s - ( 2 x l ) ( d ) Buckled Dimers - C ( 4 x 2 ) 

Figure 3. Schematic diagrams for the possible configura­
tions of surface dimers on the reconstructed Si(IOO) sur­
face.6 

rows of dimers, where each surface silicon atom 
bonds to a neighboring atom along the [110] direction 
using one of its dangling bonds, as shown in Figure 
2b. The original model was modified by Levine,4 and 
later by Chadi,5 who proposed that the dimers could 
be asymmetric. An asymmetric dimer can easily be 
achieved by pushing one end of the dimer down and 
pulling the other end up. The discussion leading to 
acceptance of the dimer model was reviewed by 
Haneman in 19876 together with several other mod­
els. Many experiments7-10 and theoretical calcu­
lations511-15 have been devoted to resolving the 
question of whether the dimers are symmetric or 
asymmetric (buckled) on perfect regions, and al­
though final agreement has not been reached yet, the 
majority of the results point toward buckled dimers. 

Depending on the relative ordering of the (buckled) 
dimers, different configurations are obtained as 
shown in Figure 3. (2x1) structures are expected for 
symmetric dimers (Figure 3a), and in the case of all 
dimers buckling in the same direction (Figure 3b). 
However, the additional lattice strain introduced by 
dimer buckling is expected to cause adjacent dimers 
in a row to buckle in opposite directions; two different 
orderings of these buckled rows are possible. If 
neighboring dimer rows buckle in the same direction, 
a local p(2x2) structure is obtained (Figure 3c), while 
if neighboring dimer rows buckle in opposite direc­
tions a local c(4x2) structure is obtained (Figure 3d). 
Recent calculations12-15 have indeed shown that 
buckling lowers the surface energy. The energy is 
further lowered when the buckling direction alter­
nates along a row,13-15 and thus the c(4x2) buckled 
dimers (Figure 3d) were found to be lower in energy 
by 13.5 kJ/mol dimers relative to symmetric (2x1) 
dimers.1415 

The observation of weak quarter-order streaks in 
LEED16 and in He diffraction17 supports an ordered 
structure with buckled dimers as shown in Figure 
3d. In addition, a phase transition from (2x1) to 
c(4x2) upon cooling below 200 K has been observed 
by LEED18 and STM,19 indicating that buckled 
dimers form the stable configuration at low temper­
ature. Landemark et al.10 found in a recent high-
resolution photoemission study that the spectra from 
the room temperature (2x1) and the low temperature 
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Figure 4. STM image of the clean Si(100)-(2xl) surface 
recorded at a crystal bias of —1.75 V. Buckled dimers are 
seen along step edges and near defects. Courtesy of V. 
Ukraintsev, J . C. Camp, and J. T. Yates, Jr. 

c(4x2) structures are very similar, suggesting that 
the local structure of the two phases is identical. On 
the basis of this observation the authors interpreted 
the c(4x2) to (2 x 1) phase transition as a loss of long-
range ordering. 

A typical STM image from the Si(100)-(2xl) sur­
face is presented in Figure 4, and the presence of 
parallel rows of symmetric dimers is observed. Fur­
thermore, buckled dimers are seen as zigzag patterns 
among the symmetric rows (Figure 4). Both p(2x2) 
and c(4x2) local structures have been observed by 
STM in areas with buckled dimers.20 Extensive 
studies of the Si(IOO) surface by STM have shown 
that the fraction of buckled dimers can vary drasti­
cally across the surface,21,22 although buckled dimers 
are mostly seen along steps or around other surface 
defects. The observation of predominantly symmetric 
dimers in room temperature STM images is thus 
believed to be due to rapid flipping of buckled dimers 
between different buckling directions in defect-free 
regions, while the buckling directions are "frozen" 
near defects. 

2. Vicinal Si(WO) 

Due to the tetrahedral bonding structure of the Si 
lattice, the direction of the dangling bonds on the 
(100) surface will rotate by 90° upon crossing a step 
of single-layer height. Consequently, the dimer rows 
on consecutive terraces separated by single-layer 
height steps are perpendicular to each other. Thus, 
due to the unavoidable presence of steps on any 
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Figure 5. STM image of single atom height stepped Si-
(100) at a crystal bias of -2 .0 V. The difference between 
the straight SA and the meandering SB steps is clearly seen. 
Courtesy of V. Ukraintsev, J. C. Camp, and J. T. Yates, 
Jr . 

macroscopic crystal, the LEED pattern obtained for 
nominally flat Si(IOO) surfaces is a superposition of 
two identical (2x1) patterns rotated by 90° (strictly 
speaking a (2 x 1) and a (1 x 2) pattern). A STM image 
of a stepped surface, with the change in dimer row 
direction on adjacent terraces clearly visible, is shown 
in Figure 5. By increasing the miscut of the crystal 
a single-domain LEED pattern can be obtained, 
indicating that double-layer height steps are created 
on the surface. Chadi23 introduced a useful notation 
to distinguish between the four different possible 
single and double steps. Single and double steps are 
denoted by "S" and "D", respectively, and subscripts 
"A" and "B" indicate the dimerization direction on 
the upper terrace. "A" is used for upper Si-Si dimer 
bonds perpendicular (i.e., upper dimer rows parallel) 
to the step, and "B" for upper dimer bonds parallel 
(i.e., upper dimer rows perpendicular) to the step. 
Schematics showing the lowest energy configuration 
obtained by Chadi23 are shown in Figure 6, where 
decreasing circle size corresponds to increasing dis­
tance from the surface, and open circles indicate 
atoms with dangling bonds. 

Chadi23 also calculated the formation energy for the 
different step structures and found that a SA step has 
lower energy. The magnitude of this difference is 40 
kJ/mol Si in the step, making SA steps more stable 
than SB. Using the Chadi notation the steps in 
Figure 5 can be recognized as one SA and one SB step, 
and the SA step is seen to be straight, whereas the 
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Single Atom Height Steps 

Double Atom Height Steps 

Figure 6. Top views of the step edge structures for single-
and double-layer height steps on a Si(100)-(2xl) surface. 
Open circles indicate top layer atoms with one dangling 
bond each and the dashed lines mark the step edge 
position.23 

SB step is meandering, and contains SA segments. 
This is in agreement with the results of Chadi's 
calculations, since creation of kinks in a SB step 
creates local segments of the energetically favorable 
SA step. Furthermore, it should be pointed out that 
according to calculations by Alerhand et al.24 and 
Poon et al.,25 the anisotropic stress of the (2x1) 
reconstructed surface would cause a perfectly flat 
(100) surface to break up into alternating (2x1) and 
(1x2) domains separated by single height descending 
and ascending steps, and these steps would all be of 
the favorable SA type. 

Among the double steps, DB steps are strongly 
favored over DA steps by 47 kJ/mol Si step atoms,23 

consistent with the observation of only DB steps in 
STM images of double-stepped crystals. In addition, 
the formation energy for a DB step is lower (by 11 
kJ/mol Si step atoms) than the sum of the formation 
energies for one SA and one SB step, in agreement 
with the experimental observation of single domain 
LEED patterns for high miscut angles. The trans­
formation from a purely single-stepped, through a 
mixture of single and double steps, to a purely 
double-stepped structure has been studied by both 
theory26-28 and experiments.29""32 Although there is 
general agreement that critical angles exist, several 
different values of these angles have been reported: 
purely single stepped below 1.5°,30 1.37°,26 and ~1°; 
purely double stepped above 4.7°,31 6°,32 and 8°.262930 

Furthermore, the distribution between double and 
single steps is changed in favor of single steps by 
increasing the temperature.2628,31~33 

B. Si(111) 

In the [111] direction the silicon crystal has a 
double-layer structure, with each Si atom having 
three bonds to atoms in the other layer of the double 
layer and one bond to an atom in a different double 
layer (Figure 1). Therefore, depending on where the 
surface is generated, each atom on the bulk termi-
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a) Unoccupied states b) Occupied states 

h 2OA 4 I- 1 2OA 
Figure 7. STM topographs of the clean Si( l l l ) - (7x7) surface: (a) unoccupied states imaged at +2.0 V crystal bias, (b) 
occupied states imaged at - 2 .0 V crystal bias. The 12 adatoms are clearly visible in both images, and in the occupied state 
image the stacking fault and differences between corner and center adatoms are also seen. Courtesy of V. Ukraintsev, J. 
C. Camp, and J. T. Yates, Jr . 

nated surface can have either one dangling bond or 
three dangling bonds. Simple counting of broken 
bonds would suggest that the structure shown in 
Figure 1, with one dangling bond per surface atom, 
would be the energetically favored one. For the Si-
(111) surface two very different types of reconstruc­
tions have been found for the cleaved and the 
annealed surface. 

/. Annealed Surface—(7x7) Structure 

Schlier and Farnsworth reported a (7x7) LEED 
pattern for the clean Si(II l) surface in 1959,3 and 
over the next 25 years many structural models were 
proposed to account for this observation.6 STM 
images, as the ones shown in Figure 7, of the (7x7) 
surface helped in elucidating the structure. Here, 
images at two tip-crystal bias conditions are shown. 
The widely accepted structural model is the dimer— 
adatom—stacking fault (DAS) model proposed by 
Takayanagi et al. in 198534 on the basis of TED 
results. 

As the name indicates the DAS structure is very 
complex; it involves large displacements of atoms 
within one (111) double layer and the introduction 
of 12 adatoms/unit cell on top. The structure is 
shown in top and side view in Figure 8, and Figure 
9 shows the buildup of the structure layer by layer. 
The structure of the bulk-terminated (111) surface 
with one dangling bond per surface atom is shown 
in Figure 9a. The bottom layer of the DAS double 
layer (the dimer layer) is nearly a normal full layer 
of atoms each saturating one dangling bond of the 
bulk layer below (Figure 9b). One atom is missing 
in each corner of the (7x7) unit cell (i.e. one missing 

atom per unit cell), creating the "corner holes", which 
are clearly observed in STM images (Figure 7). The 
dimer layer is largely unperturbed except for creation 
of strings of dimers, connecting the missing atoms, 
along the edge of the (7x7) unit cell and between the 
two triangular halves of the unit cell (Figure 9b). The 
dimer atoms have two dangling bonds each, while the 
rest of the atoms in the dimer layer have three 
dangling bonds each. These dangling bonds are 
saturated by the atoms of the upper layer of the 
double layer (the restatom layer), each of which 
saturates the dangling bonds of three underlying 
atoms (Figure 9c). In order to saturate all of the 
dangling bonds of the dimer layer, the rest layer 
atoms must occupy stacking fault sites within one of 
the two triangular subunits and "normal" sites within 
the other subunit. Differences in the electronic 
structure introduced by the stacking fault give rise 
to different contrast for the two subunits in STM 
images (occupied states, Figure 7b). The resulting 
surface at this stage has 21 dangling bonds nearly 
normal to the surface in each of the two subunits. It 
is impossible to saturate all of these dangling bonds 
using normal Si units with three dangling bonds 
pointing down and one dangling bond pointing up 
(other possible configuration would not eliminate any 
dangling bonds at all). The best possible solution is 
six adatoms in each subunit, which occupy sites of a 
local (2 x 2) structure (Figure 9d). The dangling bonds 
of the remaining three rest layer atoms (or restatoms 
in the conventional short notation) are untouched. 
The adatoms are divided into two classes according 
to their position in the subunits: the corner adatoms 
sit in the corners of the subunits next to the corner 
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B ,-CORNER 
HOLE 

CENTER rREST /-CORNER 
ADATOMS ATOMI/ ADATOM 

Figure 8. DAS model of the Si(lll)-(7x7) surface: (A) 
Top view, atoms at increasing distances from the surface 
are indicated by circles of decreasing size. The filled circles 
denote the adatoms, and circles marked A and B represent 
the restatoms in the faulted and the unfaulted half, 
respectively. (B) Side view, cut along the long diagonal of 
the unit cell. Atoms in the plane of the cut are shown with 
larger circles than those behind this plane. (C) Details of 
the bond configurations at restatom and adatom sites.253 

holes, and the center adatoms sit in the center of the 
edges of the subunits. The formation of this structure 
reduces the number of dangling bonds in the (7x7) 
unit cell from 49 to 19: Ve in each of two holes, Vs in 
each of two holes (making a total of 1 hole in the 
unit cell), one on each of the adatoms (12 in total), 
and one on each of six exposed restatoms. Compared 
to the unreconstructed and the cleaved surface the 
(7x7) structure has a 4% excess of atoms (48 (dimer 
layer) + 42 (rest layer) + 12 (adatoms) = 102 
compared to 98 for a (7x7) cell of unreconstructed 
double layer). 

The (7x7) structure was later35-38 shown to be only 
the most stable of a series of (nxn) (n odd) DAS 
reconstructions with very similar structures. These 
other structures can be obtained from the (7x7) 
structure by eliminating or creating one dimer at a 
time along the dimer strings, and eliminating or 
creating corresponding rows of adatoms and resta­
toms. Furthermore, the formation of the dimer 
strings and the stacking fault are more important 
than the introduction of adatoms in terms of lowering 
the surface energy.35 The dimer strings dictate the 
triangular shape as the basic unit of the DAS 
structures, since this is the only way the dimer 
strings can be combined without introducing other 
(less energetically favorable) structures. 

The considerable movement of atoms from their 
normal lattice positions in the unreconstructed sur-

—V 

d) Adatom layer \ ^ " J^ / * s " C^-': 

c) Restatom layer ___.* 

b) Dimer layer N v N T f T * 2~« £%-'* K 'Kh-

a) Base layer 

Figure 9. Layer-by-layer construction of the Si(lll)-(7x7) 
structure: (a) ( lx l ) unreconstructed surface (terminated 
by a double layer); (b) addition of the bottom layer of the 
reconstructed double layer, the dimer layer; (c) addition of 
the second layer of the reconstructed double layer, the 
restlayer; and (d) introduction of the Si adatoms. The 
dashed lines show the outline of the (7x7) unit cell for each 
layer drawn in the plane of the underlying layer. 

O si 
® Adatom 

® Backbonded 
Si atom 

• O atom 

Figure 10. Close-up of strained structures on the Si(IIl)-
(7x7) structure: (a) configuration at adatoms, three adja­
cent four-membered rings; (b) configuration at adatoms 
after insertion of an oxygen atom in one of the adatom 
back-bonds.39 

face to the positions in the (7x7) structure results in 
the surface being highly strained. As can be seen in 
Figure 1 the basic building blocks of the Si lattice 
are six-membered Si rings in the chair conformation 
analogous to one conformation of the cyclohexane 
molecule. On the other hand, inspection of the DAS 
model shows five-membered rings on both sides of 
the dimers (Figure 9b) and three adjacent four-
membered rings at each adatom site (Figure 10a). 
In spite of this the (7x7) structure is very stable and 
the transformation from the (2x1) cleaved surface 
(see below) is irreversible. This led Ohdomari39 to 
consider the possibility of stabilization by insertion 
of an O atom in one of the adatom back-bonds, 



Surface Chemistry of Silicon Chemical Reviews, 1995, Vol. 95, No. 5 1595 

Figure 11. Ball-and-stick model of the Si(lll)-(2xl) 
cleavage surface. Each of the atoms in the upper chain 
(atoms marked 1 and 2) has one dangling bond, while the 
atoms in the lower chain (atoms marked 3 and 4) have all 
bonds saturated.6 

eliminating two of the three four-membered rings 
(Figure 10b). It is well known that commercial Si 
crystals contain a considerable amount of oxygen and 
in the model of Ohdomari during annealing this 
oxygen diffuses to the surface, where it accumulates 
due to the desorption barrier. Cluster calculations 
by Verwoerd and Osuch40 showed that the oxygen-
modified structure would indeed be very stable. 

2. Cleaved Surface—(2x 1) Structure 

The Si(IIl) surface structure obtained after cleav­
ing and before annealing is entirely different from 
the annealed surface. Although the possibility of two 
different cleaved surfaces (see Figure 1) exists, due 
to the difficulty of breaking three bonds per atom as 
compared to one, there is general agreement that the 
cleave proceeds between the double layers. For the 
cleaved surface a (2x1) LEED pattern is observed 
(even by cleavage at close to liquid He tempera­
tures),6 and STM images37 show parallel rows of 
atoms. The commonly accepted model is the jr-bond-
ed chain model proposed by Pandey,41,42 and slightly 
modified by Northrup and Cohen.43 As seen in 
Figure 11, this model contains two layers of chain-
bonded atoms: a top layer with one dangling bond 
per atom (atoms 1 and 2 in Figure 11) and a lower 
layer with saturated bonds (atoms 3 and 4 in Figure 
11). Extensive displacement of the atoms in the 
surface layers and even further bond breaking is 
required to obtain this structure. Nevertheless, 
calculations by Northrup and Cohen43 showed that 
the barrier for transition from the bulk terminated 
to the chain bonded geometry is very low (<3 kJ/mol 
Si), and they proposed a pathway for atomic displace­
ments, illustrated in Figure 12. Figure 12 shows a 
small part of the structure shown in Figure 11, and 
the numbering of the atoms in the two figures is the 
same. A layer inversion for the atoms 2 and 4 occurs 
by concerted bond breaking and bond formation, and 
concomitantly the dangling bond shifts from atom 4 
to atom 2. 

Annealing of the (2x1) cleavage structure leads to 
an irreversible phase transition to the (7x7) struc­
ture, and the (5x5) structure has been observed as 
an intermediate structure in the transformation.37,38 

9 

I 
© 

^®—©^ 

©" 

9 

XD= 
/ 

© 
Figure 12. Proposed reaction pathway for the atomic 
rearrangement during cleaving of Si(IIl). Partial bonds 
are shown by dotted lines, and the numbering of the atoms 
is the same as in Figure 11. 

The number density of surface atoms for the (2x1) 
structure is the same as for the ( lx l ) structure, and 
therefore the (7x7) structure has a 4% excess of 
atoms compared to the (2 x 1) structure. On the other 
hand, the (5x5) structure has no excess of atoms (24 
(dimer layer) + 20 (restlayer) + 6 (adatoms) = 50, 
i.e. the same as for a (5x5) cell of the unreconstructed 
double layer), and it has been speculated that the 
creation of a (5x5) structure is facilitated by the 
equal number densities of the (5x5) structure and 
the (2x1) surface. Only at higher temperatures is 
the mobility high enough to supply the extra atoms 
needed for the (7x7) structure. 

C. Other Si(M/) Surfaces 

Compared to the wealth of structural information 
available for Si(IOO) and Si(IIl) from both experi­
mental and theoretical studies, very little information 
is available for other Si surfaces. Several different 
high-index surfaces have been studied,44-51 but some 
were found to break up into facets of low-index 
surfaces. The (211), (113), and (331) surfaces-and 
the (110) surface—are believed to be smooth surfaces 
with unique surface structures.46,48'51 The issue is 
further complicated by the fact that many of the 
reconstructions initially reported later turned out to 
be stabilized by impurities, in particular by Ni.48,52 

It should be mentioned that Ni-induced reconstruc­
tions of Si(IIl) and Si(IOO), e.g., Si(IIl)-(V^x Vl9) 
and Si(100)-(2xn), are also well-known.53,54 

1. Si(HO) 

This is the last of the three low-index surfaces for 
which the creation of dangling bonds is schematically 
shown in Figure 1. The bulk terminated Si(IlO) 
surface consists of zigzag chains of atoms, as shown 
in Figure 13; each surface atom (large circles) bonds 
to two other atoms in the surface plane (along the 
chain), to one atom below the surface (small circles), 
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[|T01 

-coon 

Top View 

Side View 

Figure 13. Top and side views of the structure of the 
unreconstructed Si(HO) surface. Each of the upper surface 
atoms has one dangling bond as shown in the side view. 

and has one dangling bond. There is now general 
agreement from LEED,52'53-55-56 RHEED, and STM57 

studies that the clean surface reconstructs in a 
"(16x2)" reconstruction. As for the Si(IIl) surface, 
this is a very large surface unit cell, but in contrast 
to the Si(IIl), the unit vectors of the reconstruction 
are not parallel to the fundamental unit vectors. 
Several similar models have been proposed,52'55'5658 

all of which have a periodic arrangement of upper 
and lower terraces as their main element, but none 
of them has gained broad support. 

2. Si(113) 

This surface has attracted quite some interest due 
to its high stability, despite having a high Miller 
index.46-47'49'50 The unreconstructed Si(113) surface 
can be regarded as an alternation of Si(IIl) and Si-
(100) terraces, each of which are only one atomic row 
wide in the direction perpendicular to the steps. 
Thus the ( lx l ) unit cell contains one "(111)" atom 
with one dangling bond and one "(100)" atom with 
two dangling bonds. Both (3x2) and (3x1) recon­
structions have been observed by LEED46"48 and 
STM49'50 (the 3 x direction is along the step edge), and 
the question of whether one of these is more funda­
mental than the other is still controversial.49,50 The 
models proposed for the Si(113) reconstruction45,50 are 
based on rebonding of the atoms at the step edges 
and formation of dimers. 

///. Hydrogen-Terminated Surfaces 

Just as hydrogen plays a prominent role in the 
chemistry of carbon in the entire field of organic 
chemistry, where C-H bonds predominate, the Si-H 
bond is equally important in the chemistry of silicon. 
Formation of the Si-H bond on the surface of a 
silicon crystal provides a high degree of passivation 
of the surface chemistry of the silicon as a result of 
reaction with the dangling bond. In the processing 
of silicon surfaces, the role of the formation and 
destruction of the surface.Si—H bond is often domi­
nant in controlling the processes desired. 

The standard method for preparing silicon surfaces 
involves etching in HF solutions, and after this 

preparation the surfaces are covered with hydrogen.59 

The hydrogen layer passivates the surface by capping 
the dangling bonds, creating a fairly stable surface. 
The preparation and properties of etched surfaces 
will not be examined here; instead we will focus on 
the experimental and theoretical efforts devoted to 
understanding these hydrogen-covered surfaces by 
studies of single crystal surfaces exposed to atomic 
hydrogen under vacuum. 

The reactivity of molecular hydrogen toward silicon 
surfaces is very low,60-62 and hydrogen-terminated 
surfaces are usually produced by exposure to atomic 
hydrogen (created by flowing H2 over a tungsten 
filament held at ~2000 K or by other methods of 
activation). As is common practice, atomic hydrogen 
exposures are expressed in terms of the dose of 
molecular hydrogen, since the absolute dissociation 
efficiency on the heated tungsten surface is only 
poorly defined.63-65 The flux of atomic hydrogen to 
the surface also depends on the geometric arrange­
ment of the hydrogen doser, the W filament, and the 
crystal, and H atoms may be reflected from a cold 
glass surface if this is needed.66 

The Si-H bond strength in silanes is ~366 kJ/mol, 
whereas the Si-Si bond strength in disilane is ~318 
kJ/mol.67 In bulk silicon, the Si-Si bond strength is 
226 kJ/mol.1 On this basis then, on the silicon 
surface atomic H can result in Si-Si bond breaking 
as Si-H bonds are energetically preferred. Although 
the structures of the reconstructed Si(100)-(2x 1) and 
Si(lll)-(7x7) are fundamentally different some simi­
larities exist in the interactions with hydrogen. For 
instance, the surface atoms on both surfaces have at 
most one dangling bond, but, nevertheless, higher 
surface hydrides—SiH2 and SiH3 species—are often 
formed, showing that atomic hydrogen is capable of 
breaking Si-Si bonds. Furthermore, atomic hydro­
gen has been shown to be a powerful reagent for 
removing selected chemisorbed species from silicon 
surfaces, and we will return to this issue later. 
Abstraction of D atoms during subsequent atomic 
hydrogen exposure was first reported by Sinniah et 
al.68 for Si(100)-(2xl) and by Froitzheim et al.69 for 
Si(lll)-(7x7). For Si(100)-(2xl), the H atom ab­
straction reaction was studied in more detail by 
Naitoh et al.70 and Koleske et al.71 using recoil 
spectroscopy. Koleske et al.71 also determined the 
kinetics of the abstraction reaction to be first order 
with respect to the deuterium coverage with an 
activation energy of 2.5 ± 0.8 kJ/mol, and concluded 
that the reaction occurs by a direct abstraction of the 
surface D by a gas phase H (an Eley-Rideal-type 
reaction, in which surface accommodation of the 
incoming reaction partner involving energy exchange 
with the surface is unnecessary). These studies 
clearly show that abstraction of H already on the 
surface by incoming H atoms is a prominent reaction 
during atomic hydrogen exposure, as Si-H bonds are 
converted to H-H bonds in a facile manner. 

A. Si(100)-H 

For the Si(IOO) surface two different ideal hydrogen 
terminations were originally proposed.72 One is the 
monohydride phase where the dimers are preserved 
and the dangling bonds—one on each surface atom— 
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Si(100)-(2x1) monohydride 

Si(100)-(1x1) dihydride 

Si(100)-(3x1) mono-and dihydride 

Figure 14. Hydrogen-terminated Si(IOO) surfaces: (a) 
monohydride, (2x1) structure; (b) dihydride, ( lxl) struc­
ture; (c) (3x1) structure. 

are capped by hydrogen (Figure 14a), i.e. the (2x1) 
reconstruction is preserved. The other is the dihy­
dride phase where the dimer bonds are broken, and 
the two dangling bonds on each surface atom are 
capped with hydrogen (Figure 14b), leading to a (1 x 1) 
structure. Trihydride species on the surface can only 
be produced at defect sites or by breaking Si—Si back­
bonds. However, the structure of the hydrogen-
covered surface has turned out to be a surprisingly 
complex function of coverage and adsorption/anneal­
ing temperature.73-76 

The Si(IOO) monohydride phase is the least con­
troversial, and there is general agreement that it is 
formed after saturation exposure to atomic hydrogen 
at a surface temperature of 600 K72,74"76 or after high 
exposures at lower temperatures followed by anneal­
ing above 575 K.697273 A (2x1) LEED pattern is 
observed73,74 and vibrational spectroscopy, exclusively 
showing features below 2100 cm-1,69,73,77,78 indicate 
presence of only the S i -H species. The asymmetric 
and symmetric S i -H stretches of the H - S i - S i - H 
monohydride species are observed at 2088 and 2098 
cm-1, respectively,77,78 while the asymmetric and 
symmetric S i -H stretching modes of SiH2 (for ad­
sorption at lower temperatures, see below) are ob­
served at 2103 and 2091 cm"1.73,78 

Hydrogen adsorption at temperatures below the 
monohydride formation temperature was believed to 
give the dihydride phase (Figure 14b) at saturation, 
and indeed a ( l x l ) LEED pattern is obtained after 
saturation at 300 K.72,76 However, an unexpected 
ordered intermediate structure was reported by Cha-
bal and Raghavachari:73 the (3x1) structure. This 
structure was obtained after saturation hydrogen 
coverage at 400 K, and the IR spectra showed the 
presence of both monohydride and dihydride species 
on the surface. Their interpretation involved a 
structure with alternating rows of monohydrides and 
dihydrides as shown in Figure 14c. Their observation 

(3«!) mono- and dihydride 

Figure 15. STM image obtained after saturation of Si-
(100) with atomic hydrogen at 400 K. The image shows the 
(3x1) structure with alternating rows of bright monohy­
dride dimers and darker dihydrides.75 

of very similar IR spectra, after saturation at 300 K 
and at 400 K, lead them to the conclusion that the 
( l x l ) structure is merely a disordered (3x1) phase. 
However, several studies74,76,79 showed that the ( l x l ) 
phase has a higher saturation coverage (1.9 ML 
(monolayer)) than the (3x1) phase (1.4 ML). In fact 
Lu et al.79 showed by nuclear reaction analysis, NRA, 
that while the coverage does reach a plateau at ~2.0 
ML (after ~5000 langmuir D2), continued exposure 
to atomic D increases the coverage further (~3.0 ML 
after 4 x 105 langmuir D2), albeit at a much lower 
rate. This was attributed to etching and facetting. 
Furthermore, Gates et al.80 found from combined 
SSIMS and TPD measurements that at surface 
temperatures below 500 K, in addition to SiH2, SiH3 
is also formed, leading to desorption of SiH4 around 
650 K. The SiH3 coverage is highest for adsorption 
temperatures between 325 and 375 K, and decreases 
rapidly for higher adsorption temperatures. Cor­
relating the existence of an extra broad low-temper­
ature H2 desorption state (we will return to the 
desorption states from H/Si(100) below) with the 
desorption of SiH4, Cheng and Yates74 showed that 
surface SiH3 species are responsible for the (3x1) — 
( l x l ) transition, i.e. the ( l x l ) phase is a disordered 
mixture of mono-, di-, and trihydride. These conclu­
sions were confirmed by an STM study by Boland,75 

where STM images of the three different structures 
were obtained. Following saturation with atomic 
hydrogen at 600 K, a uniform monohydride structure 
with the dimer rows preserved were clearly seen. 
Dimer rows, separated by rows of dihydrides (ap­
pearing darker), are also seen in the STM image of 
the (3x1) structure, shown in Figure 15. It is 
interesting to note that the step edges are preferen­
tially covered with dihydride species. For the 300 K 
saturated surface, the STM images showed mainly 
a disordered structure, although areas with local 
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Table 1. Structural Evaluations for Si(IOO) and for Mono- and Dihydride Species on Si(IOO) 

Si-Si dimer length (A) S i -H distance (A) S i - S i - H angle (deg) H-Si-H angle (deg) ref 

clean Si(IOO) 
TOF-SARS 
SLAB-MINDO calculation 
calculation 
calculation 
bulk Si-Si bond length 

monohydride - Si(IOO) 
TOF-SARS 
recoil spectroscopy 
SLAB-MINDO calculation 
cluster calculation 
total-energy calculation 
cluster calculation 
SiH4(g) bond lengths 
Si2He(g) bond lengths 

dihydride - Si(IOO) 
TOF-SARS 
total-energy calculation 
SLAB-MINDO calc 

2.26 ± 0.10 
2.13 
2.32 
2.34 
2.35 

2.97 ±0.10 

2.37 
2.44 
2.40 
2.45 

2.33 

1.2 ±0.15 

1.53 
1.51 
1.54 

1.48 
1.49 

1.45 ±0.12 
1.50 
1.52 

133 ± 8 
110 ± 2 
110.2 
114.0 

112 ± 8 
102 
90.2 

81 
84 
85 
86 
90 

81,82 
83 
84,87 
88 
89 
85 
91 
91 

82 
89 
87 

( lx l ) dihydride structure were also seen.75 Observa­
tion of etch pits after desorption of hydrogen from 
the 300 K saturated surface75 confirms that etching 
does indeed take place during hydrogen adsorption 
at this temperature. It should be noted that while 
the (2x1) and (3x1) phases are unchanged by pro­
longed exposure to atomic hydrogen at their respec­
tive creation temperatures, subsequent atomic hy­
drogen exposure at 300 K causes conversion to the 
( lx l ) phase.72-73'75 

The structures for the (2x 1) and ( lx l ) phases—i.e., 
bond lengths and angles—were determined by Ra-
balais and co-workers8182 by TOF-SARS, detecting 
the scattered Ar/Ne and recoiled Si and H ions and 
neutrals resulting from bombardment with keV Ar+/ 
Ne+ ions. To enable interpretation, the data for the 
( lx l ) phase was analyzed by neglecting species other 
than the dihydride. The results (summarized in 
Table 1) are in agreement with the basic models 
shown in Figure 14 for the mono- and dihydride 
phases. Included in Table 1 are also structural 
parameters obtained from another recoil experi­
ment83 and from various calculations,84-89 and bond 
lengths for bulk silicon,90 silane, and disilane.91 

Although there are some discrepancies between the 
actual values, note the general trend that the dimer 
bond is shorter on the clean surface than on the 
monohydride surface, supporting the idea of a partial 
jr-bond for the clean surface being broken by hydro­
gen adsorption. 

B. Si(111)-H 
The ideal hydrogen-terminated surface of Si(IIl) 

has the unreconstructed ( lx l ) structure with one 
normally-oriented bond on each surface atom (see 
Figure 1), and these bonds are capped by hydrogen 
atoms; this is the structure obtained after chemical 
treatment of Si(IIl).59 

It was recognized early on that although the ( lx l ) 
structure is not easily obtained under vacuum condi­
tions, atomic hydrogen exposure on the Si(lll)-(7x7) 
surface introduces major changes in the structure. 
LEED pictures obtained near saturation show a 
pattern related to the (7x7) pattern, but all fractional 
order beams except those connecting the integral 

order beams and those next to the integral order 
beams are extinct. This has been termed the "(7 x 1)" 
pattern92 or the d-(7 x 7) pattern.93 Kobayashi et al.94 

studied the surface saturated with atomic hydrogen 
at ~300 K by HREELS, and found a SiHx deforma­
tion mode attributable to higher hydrides, but un­
fortunately it was not possible to distinguish between 
SiH2 or SiH3. Using SSIMS, Greenlief et al.95 were 
able to make the distinction, and show that, very 
similar to the Si(IOO) case, only monohydride is 
formed for adsorption at 693 K, mono- and dihydride 
are formed at 543 K, and mono-, di-, and trihydride 
are formed at 353 K. Even at 353 K the monohydride 
is still the dominant species with reported di- and 
trihydride coverages of 8% and 4% of a monolayer, 
respectively,95 based on a saturation coverage of 1.25 
± 0.13 ML obtained by NRA.96 This saturation 
coverage alone indicates that Si-Si bond breaking 
occurs, since merely saturating the dangling bonds 
of the restatoms and adatoms would give a saturation 
coverage of 0.39 ML (19 dangling bonds in the (7x7) 
unit cell). ESDLAD and TPD studies by Wallace et 
al.97 also indicated the presence of higher hydrides, 
and in addition, showed that hydrogen from the bulk 
diffuses to the surface. 

Karlsson et al.98 concluded from their ARPES and 
LEED study that a monohydride phase is formed 
within the (7 x 7) unit cell, and two independent STM 
studies99100 reached similar conclusions. Initial hy­
drogen exposure leads to saturation of the dangling 
bonds of the adatoms, i.e. the full (7x7) structure is 
preserved. In STS spectra, the difference between 
an unreacted (Figure 16a) and a reacted (Figure 16b) 
adatom site is clearly seen. The restatoms are not 
visible in STM images but the difference in STS 
spectra (Figure 16, parts c and d) reveals that some 
of the restatoms have also reacted. The peak at —0.8 
eV (dangling bond state, Figure 16c) is characteristic 
for an unreacted restatom site, while this state is not 
observed for a reacted site (Figure 16d). With 
increasing hydrogen exposure the back-bonds of the 
silicon adatoms are broken, and hydrogen saturates 
both of the new dangling bonds—one on the underly­
ing restlayer and one on the adatom. At low tem­
perature, isolated adatom dihydride and trihydride 



Surface Chemistry of Silicon Chemical Reviews, 1995, Vol. 95, No. 5 1599 

1 1 1 i i 

(a) v / 

/hv v \ Adatom / / 

~ (C) \ ^ " 

•— \ 

2- \ 
\ Restatom 

<d> V V > - \ 

i i i i i i 

- 3 - 2 - 1 0 1 2 3 

ENERGY (eV) 

Figure 16. STS spectra of specific sites of the Si(IIl) 
surface after submonolayer atomic hydrogen exposure: (a) 
Unreacted adatom, (b) reacted adatom, (c) unreacted 
restatom, and (d) reacted restatom." 

species were observed by STM," in agreement with 
the observation of random SiH3 species in a RHEED 
study by Ichimiya and Mizuno.93 At higher temper­
ature, the increased mobility of the adatom species 
leads to formation of adatom islands" accompanied 
by a hydrogen passivated rest layer. The exact 
composition and structure of these hydrogenated 
adatom islands are unknown, but the height as 
judged from STM images is typically close to the 
height of a Si(IIl) double layer. Boland" observed 
no etching of the surface during H exposure, whereas 
Mortensen et al.100 invoked the desorption of SiH4 
removing some of the displaced adatoms. The dimer 
strings along the edges of the (7x7) cell, and therefore 
also the stacking fault, remain. Before comparing 
to the reactivity of the dimers on the Si(IOO) surface, 
one has to bear in mind that the dimers bordering 
the Si(lll)-(7x7) unit cell do not have dangling 
bonds. The preservation of the dimers and the 
stacking fault is in agreement with the theory that 
these are the more fundamental elements of the DAS 
reconstruction compared to the adatoms.35 Further­
more, on the clean surface the number of dangling 
bonds is reduced notably by each adatom saturating 
the dangling bonds of three restatoms. However, this 
occurs at the expense of introduction of considerable 
surface stress. In contrast, the observation of a 
hydrogen-saturated rest layer shows that it is more 
favorable to saturate the dangling bonds of the 
restatoms by hydrogen atoms, with no introduction 
of surface stress. 

Landemark et al.101 used an interesting approach 
in an attempt to obtain the ideal Si(IIl)-(IxI)-H 
structure: removing the stacking fault by adsorption 
of In atoms followed by annealing to ~875 K, creating 
a (\/3x\/3)-In structure. Subsequent hydrogen ad­
sorption resulted in a sharp ( lx l ) LEED pattern, and 
photoemission spectra showed the replacement of S i -
In bonds by Si-H bonds, with the In forming metallic 
islands. Unfortunately, a pure H/Si(lll) phase can­
not be obtained following In desorption, since In is 

more thermally stable than the H/Si structure, and 
thus annealing leads to reversal to the (V3xv3)-In 
structure. 

That a near ideal ( lx l ) surface—i.e. a surface 
without dimers and stacking fault—can after all be 
obtained by exposure to atomic hydrogen was re­
cently reported by Owman and Martenson.102 They 
exposed a Si(lll)-(7x7) surface to atomic hydrogen 
at a surface temperature of 650 K. The density of 
defects on the surface depends strongly on the 
hydrogen exposure, and an exposure of 5000 lang-
muir was found to be optimal. STM images of this 
surface, as the one shown in Figure 17, show that 
small triangular domains with stacking faults re­
mained on only about 1% of the surface area. For 
lower exposures stacking faults remain in larger 
areas, and for higher exposures holes are created in 
the first bulk layer. This implies that this hydrogen 
terminated ( lx l ) surface is not stable under hydro­
gen exposure. In accordance with previous re­
sults,99,100 islands of displaced adatom species (bright 
spots in the STM image, Figure 17) are seen on top 
of the (IxI)-H structure, and they are observed to 
shrink during the removal of the stacking fault. This 
is expected since the removal of the stacking fault 
requires insertion of Si atoms along the dimer strings 
between the faulted and unfaulted parts of the Si-
(lll)-(7x7) structure. Compared to the bulk-termi­
nated surface, the Si(lll)-(7x7) structure with and 
without adatoms has a 4% excess and a 8% deficiency 
of atoms, respectively. 

C. Decomposition and Desorption of Hydride 
Species 

The thermal desorption of hydrogen from the 
different hydrogen phases on Si(IOO) and Si(IIl) 
exhibits many similarities as well as some differ­
ences. The dominant H2 desorption feature for all 
atomic hydrogen exposures and adsorption temper­
atures is the /3i state around 800 K,68'74*95'103 which 
is the only desorption process seen for low expo­
sures.68104 Depending on exposure and adsorption 
temperature two other H2 desorption states might 
also be observed: the fc state at ~650 K and the 
broad f}3 state at 350-550 K.74-97 For comparison, 
TPD spectra following atomic hydrogen adsorption 
on Si(IOO) and Si(IIl) at various temperatures are 
shown in Figures 18 and 19. 

Since the /?i state is the only state observed for 
adsorption at either lower coverages or higher tem­
peratures, this state has been assigned to H2 des­
orption from monohydride species. One would expect 
desorption from this phase to follow second-order 
kinetics, but several studies by TPD, LITD, and 
isothermal desorption have shown, that while this 
is the case for Si(IIl)104'105 and in the limit of very 
low coverage for Si(IOO),106 the desorption from Si-
(100) at higher coverages follows first-order kinetics 
instead.68,105-107 This very surprising result was first 
reported by Sinniah et al.,107 who proposed a der­
ealization model, where hydrogen recombination on 
the surface occurs via the irreversible excitation of a 
hydrogen atom to a delocalized state, followed by the 
reaction of this delocalized H with a localized H to 
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Figure 17. STM image (crystal bias -2.5 V) of a Si(lll)-(7x7) surface exposed to 5000 langmuir of hydrogen at a surface 
temperature of 645 K. The surface shows almost perfect ( lxl) ordering; the triangles seen are the remaining stacking 
faulted subunits.102 
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Figure 18. TPD of H2 desorption from H-saturated Si-
(100) at different adsorption temperatures: (a) 630 K, (b) 
400 K, (c) 210 K.74 

form H2(g). On the other hand, STM studies of the 
Si(100)-monohydride by Boland108 have been inter­
preted in terms of a pairing model similar to the 
concerted desorption model initially proposed by Wise 
et al.105 Hydrogen coverage measurements by Hofer 
et al.,106 using SHG measurements during isothermal 
desorption, has also been interpreted in favor of this 
model. During the initial stages of adsorption the 
hydrogen atoms occupy single dangling bonds, but 
at higher temperatures they tend to pair up on the 
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Figure 19. TPD of D2 desorption from D-saturated Si-
(111) at different adsorption temperatures: (a) 693 K, (b) 
543 K, (c) 353 K.95 

surface dimers108 as can be seen in Figure 20. Figure 
20a shows a STM image of the Si(100)-(2x 1) surface 
after submonolayer exposure to atomic hydrogen. 
Supported by the tunneling spectra (Figure 21), the 
bright ball-like features are assigned to the remain­
ing dangling bond on dimers where one of the 
dangling bonds has reacted with hydrogen, and this 
assignment is supported by recent calculations by 
Uchiyama and Tsukada.109 The dark features are 
assigned to dimers where both dangling bonds are 
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a) Submonolayer H b) Following H pairing on Si dimers 
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TJ 

Figure 20. STM of Si(IOO)-(2 x 1) with (a) submonolayer coverage of H adsorbed at 295 K, and (b) previous surface following 
10 s annealing at 630 K. The areas shown are 180 x 148 A2, bias +0.8 V.389 

tions have given values of 21,85 4-8 , 8 8 and 31 kJ/ 
mol.111 Following desorption of small amounts of 
hydrogen from the saturated Si(IOO) surface, dan­
gling bonds are again found in pairs, supporting the 
idea that desorption from the monohydride phase 
occurs by recombination of hydrogens from the same 
dimer. 

Interestingly, Shane et al.112 found that the rovi-
brational state of the H2 desorbing from the mono-
hydride phase is insensitive to the structural differ­
ences between Si(IOO) and Si(IIl) . Specifically, H2 
is rotationally cold but vibrationally hot, and this 
result was confirmed for Si(IOO) by the calculations 
of Sheng and Zhang.113 On the basis of these 
observations, Shane et al.112114 proposed that the 
recombinative desorption of H2 from Si(IOO) and Si-
(111) surfaces occurs through very similar intermedi­
ates, which have a dihydride-like structure. 

The coverage dependence is more complex for the 
/?2 state resulting from SiH2 decomposition,80 and at 
least on Si(IIl) , also from SiH3 decomposition.95103 

As mentioned above the ^3 state has been uniquely 
assigned to SiH3 species on the Si(IOO) surface,74 and 
the same state has been observed from Si(IIl) for 
room temperature saturation exposure to atomic 
hydrogen.97 It is important to note that a monohy­
dride phase is always obtained after decomposition 
of the higher hydrides, and for initial coverages > 1 
ML the monohydride coverage after annealing may 
be adjusted to 1 ML by controlled heating.76 Two 
different mechanisms can account for this, as origi­
nally suggested by Froitzheim et al.;69 these consider 
only di- and monohydride, but the arguments can 
easily be extended to trihydride: 

Model I. Initial desorption takes place by removing 
one hydrogen from each dihydride (trihydride) giving 
rise to the fc (̂ 3) desorption state. Then, at higher 
temperatures hydrogen desorbs from the resulting 
monohydrides. 

Model II. Initial desorption (/?2, possibly ^3) re­
moves two hydrogens from the same dihydride (tri­
hydride), yielding monohydride directly from trihy-

• 3 - 2 - 1 0 1 2 3 

ENERGY (eV) 

Figure 21. STS spectra of H/Si(100) recorded at (i) 
unreacted dimer site, (ii) bright ball-like site, and (hi) 
reacted (dark) dimer site.389 

capped with hydrogen, giving rise to a hydrogen 
induced state at 1.2 eV above .EF- After annealing 
(Figure 20b) the number of ball-like features de­
creases while the number of fully reacted dimers 
increases. This pairing is attributed to the energeti­
cally favorable ^-interaction between two dangling 
bonds on the same dimer,110 thereby forcing the 
hydrogens to pair on other dimers. Figure 21 shows 
three STS spectra for (i) an unreacted dimer site; (ii) 
a bright ball-like site; and (iii) a dark reacted dimer 
site. For the bright ball-like site, two maxima close 
to EY are seen, attributed to the bonding and anti-
bonding dangling bond states, respectively. These 
are the states giving rise to the high tunneling 
current responsible for the bright appearance in STM 
images. In contrast, the unreacted and fully reacted 
sites have no states close to Ep, causing them to 
appear darker in STM images. The experimental 
and theoretical estimates of the jr-bond stabilization 
energy, e, for the conversion of unpaired dangling 
bonds to paired dangling bonds (and therefore also 
for conversion of unpaired monohydride species to 
paired monohydride species) span a wide range. On 
the basis of the STS spectra (Figure 21), Boland 
estimated € to be 75 kJ/mol,108 Hofer et al. reported 
24 kJ/mol,106 whereas different theoretical calcula-
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Figure 22. Models of possible desorption mechanisms 
from higher hydrides on Si(IOO) (for simplicity shown only 
for dihydrides): (a) one H atom from each SiH2; and (b) 
both H atoms from the same SiH2. 

dride. For dihydride, diffusion occurs from other 
dihydride sites to fill the created empty sites. As for 
model I hydrogen desorbs from the resulting mono-
hydride phase at higher temperatures. 

The two models are shown schematically in Figure 
22, where for clarity only dihydride is shown. This 
question has not been addressed in detail, but the 
initial result of the HREELS study by Froitzheim et 
al.69 was that model I applies for Si(100)-(2xl) and 
model II for Si(lll)-(7x7). On the other hand, 
Greenlief et al.95 found by SSIMS that decomposition 
OfSiH2 follows second-order kinetics on both surfaces, 
which suggests model I is operative. 

As mentioned above, limited etching also takes 
place following adsorption at low temperatures, 
resulting in desorption of silane, SiH4;

80-97103 from Si-
(100), polysilicon hydrides, SixHy, have also been 
reported.80 Desorption of SiH4 is clearly linked to the 
presence of SiH3 on the surface,7480103 and thus two 
channels for depletion of SiH3 exist: recombination 
with H to form desorbing SiH4, or decomposition 
ultimately resulting in H2 desorption. The trihydride 
species is a minority species, with a coverage of a few 
percent of a monolayer as measured by SSIMS,95103 

depending on adsorption temperature. No results 
have been reported for the distribution among the 
two reaction channels, but for Si(IOO) a maximum of 
4% of the surface hydrogen coverage desorbs as SiH4, 
removing about 0.01 ML of Si atoms.80 

IV. Group III Adsorbates 

The elements of group III of the periodic table are 
important for two applications in silicon technology: 
they are used as dopants (acceptors) in bulk silicon 
crystals, and for fabrication of III—V semiconductor 
films on silicon surfaces.115116 

The group III metals (Al, Ga, and In) are solids 
with vapor pressures suitable for use in evaporation 
sources, and thus these metals are usually deposited 
on the clean Si surfaces by evaporation from heated 
tungsten filaments or Knudsen cells. In device 
fabrication, compounds such as the organometallics 
and hydrides are also used, but with organometallics 
the problem of carbon contamination persists; the use 
of organometallics is a field in itself and will not be 
treated here. For boron the usual sources are boron 
hydrides, and since the sticking coefficient of the 
simple hydrides is very low,117 decaborane (BioHi4) 
is widely used. 
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Figure 23. Phase diagrams for the different reconstruc­
tions of Si(IOO) induced by group III metals, as seen by 
electron diffraction. Phases marked by ovals indicate those 
also seen in STM studies. Note that the temperature scale 
is different for the Ga panel, and that the 0.5—1.0 ML 
coverage region has been compressed.119 

Figure 24. Models for dimer reconstructions of group III 
metals on Si(IOO). Note that the Si dimers are intact; 
adsorbate dimers form in the channels between the Si 
dimer rows: (a) The original model with adsorbate dimers 
perpendicular to Si dimers; and (b) the model more recently 
proposed (for Al) with adsorbate dimers parallel to Si 
dimers.119 

A. Si(IOO) 
As seen in the phase diagrams in Figure 23, 

complex sequences of structures are observed for 
deposition of Al, Ga, and In on Si(IOO) depending on 
coverage and deposition/annealing temperature.118-123 

The (2x2) structure, which is common for all three 
adsorbates for coverages around 0.5 ML, is the most 
studied and best understood of these structures. The 
model shown in Figure 24a was originally proposed 
on the basis of LEED,118121124 SEM and RHEED,124 

and later confirmed by STM.53119122 In STM images, 
adsorbate strings were observed to form in directions 
perpendicular to the Si dimer rows. This was inter-
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preted as adsorbate dimers forming in the channels 
between the Si dimers, saturating the dangling bonds 
of the Si dimers. In the original model (Figure 24a), 
the adsorbate dimers were perpendicular to the Si 
dimers, while Nogami et al.,119 for Al/Si(100), favored 
the model in Figure 24b, with the adsorbate dimers 
parallel to the Si dimers. The model for the (2x3) 
structure observed for Al and Ga contain the same 
adsorbate dimer rows as for the (2x2) structure, but 
here the adsorbate dimer rows are separated by a 
string of unaffected Si dimers.119120 Adsorbate dimers 
have also been proposed to be involved in some of 
the other structures observed,121 but this has not been 
confirmed. 

Gallium and indium have been reported to react 
more strongly with double-stepped than with nomi­
nally flat Si(IOO) crystals.125126 When deposited on 
a double-stepped crystal at 300 K, the behavior of 
Ga was identical to that observed for nominally flat 
crystals.125 If, however, the surface was annealed 
after deposition or if Ga was deposited at elevated 
temperatures (725 K), a strong interaction with the 
double height steps was observed in STM images. At 
very low Ga coverages (0.1 ML), kinks developed in 
the steps or the steps split into single height steps. 
At higher coverages, step bunching was observed, 
with Ga dimer rows forming on the large flat terraces 
between the bunched steps. Similar observations of 
step bunching and changes in the step directions 
were made following In adsorption and annealing.126 

B. Si(IH) 
As for Si(IOO) several different reconstructions 

have been observed for Al and In.127128 In general, 
no ordered structures are observed following deposi­
tion of any of the group III elements at temperatures 
around 300 K. In the submonolayer regime, the most 
prominent and the best characterized structure is the 
(v/3xv/3)R30° structure with a coverage of V3 ML. 
This structure is obtained when several monolayers 
of the adsorbate are deposited on the Si(lll)-(7x7) 
surface, followed by annealing to 1275 K (B), 925 K 
(Al and Ga), or 725 K (In).128"132 In the case of B, Al 
and In, the (>/3x\/3)R30o structure has also been 
reported for deposition of V3 ML directly at the 
annealing temperature.127133134 From studies using 
several experimental techniques it has been con­
cluded that Al, Ga, and In atoms occupy 3-fold 
adatom (T4) sites,127131132134135 see Figure 25, while 
B atoms occupy subsurface substitutional (S5) 
sites,129130 see Figure 26. The different site observed 
for B compared to Al, Ga, and In was attributed to 
the difference in covalent radius. The covalent radius 
of B is smaller than that of Si, while the others have 
covalent radii larger than Si. The adsorbates in the 
T4 sites saturate all the dangling bonds of the Si 
surface atoms, and since the group III metals are 
trivalent, no new dangling bonds are introduced. Lyo 
et al.129 found by STS that, although a Si atom 
occupies the adatom (T4) position on the boron-
modified surface, charge transfer from Si to B leaves 
the Si dangling bond state for the T4 adatom unoc­
cupied. Thus the Si(II l) surface is expected to be 
passivated by the adsorption of group III elements, 
as discussed below. 
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Figure 25. Top and side views of the structure of the 
(73XVS)RSO0 structure observed for Al, Ga, and In on Si-
(111). The adsorbate occupies the adatom (T4) site. Also 
shown are the two other high symmetry sites, which have 
been considered: the hollow (H3) site and the on-top (Ti) 
site. 
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Figure 26. Top and side views of the structure of the 
(VSXVS)RSO0 structure observed for B on Si(IIl). Boron 
occupies a subsurface (S5) site. 

The thermal decomposition of BioHi4 on Si(II l ) 
was studied in detail by Lyo et al.129 using STM and 
by Chen et al.130 using HREELS and TPD. B10H14 
adsorbs molecularly,130 and during decomposition no 
S i -H bonds form, i.e., the H2 desorption observed 
over the temperature range 300-900 K occurs di­
rectly from B - H bond breaking. STM images136 

show that the surface is poorly ordered up to the 
point where the (\/3x\/3)R30o structure forms after 
annealing to 1275 K. On the other hand, the 
(>/3x\/3)R30o phase is very smooth and well-or­
dered.136 

As expected the reactivity of the Si(IIl) surface is 
affected by modification with the group III elements. 
The boron modified surface is far less reactive toward 
ammonia136137 and hydrogen138 than the clean sur­
face. Ammonia adsorbs and desorbs molecularly,136137 

in contrast to the dissociation and decomposition 
observed for the clean surface, as discussed in section 
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VLA. For hydrogen, the saturation coverage is 
lowered significantly and etching is inhibited; no SiPLi 
desorption is observed.138 Surprisingly, the opposite 
effect is observed for hydrogen on the aluminum-
modified surface,139 where the reactivity for etching 
is increased. The silane production is increased by 
a factor of approximately 6, and furthermore the 
silane desorption temperature is decreased by 300 
K. As described in more detail in section III.B, In 
facilitates the adsorption of atomic hydrogen, forming 
a ( l x l ) structure, which is difficult to obtain for 
hydrogen on the clean surface. 

V. Group IV Adsorbates 

Silicon shares the diamond crystal structure with 
its neighbors in group IV of the periodic table, carbon 
and germanium. Other allotropic forms of carbon, 
graphite and Ceo, are less interesting from the 
electronic device technology standpoint. Diamond, 
however, has strong possibilities for use as an 
electronic device material in the future and a review 
on diamond surface chemistry has just appeared.140 

Ge furthermore has a lattice constant (and covalent 
radius) very close to that of Si, only 4% larger, while 
that of C is 34% smaller. Si and C react to form the 
stoichiometric compound silicon carbide, SiC, while 
Si and Ge form alloys with various composition, 
Sii-zGe*. Both of these products, SiC and Sii-jGe*, 
and thin films of diamond, Si itself and Ge on silicon 
crystals are of technological importance. 

A. Carbon and Organic Molecules 

The growth of single crystal diamond on Si surfaces 
is still an elusive goal;141 in most cases, so-called 
diamondlike films, polycrystalline films with proper­
ties intermediate between graphite and diamond, are 
obtained. Some of the more promising results have 
recently been obtained by laser ablation of graphite 
onto Si(IOO).142-143 The significant sp3 bonding and 
the high crystallinity (extending over areas as large 
as 140 x 140 A2) obtained even at 300 K have been 
attributed to the high kinetic energy of the C result­
ing from laser ablation. Like the diamond surface 
itself, the thin diamond films are not stable at high 
temperatures;143 annealing to 1175 K causes graphi-
tization and formation of silicon carbide. 

Recently, the behavior of carbon monoxide on 
silicon surfaces has been studied and compared to 
the vast amount of work on CO on transition metal 
surfaces. Bu and Lin144 reported that for low expo­
sures (<10 langmuir) at 100 K, CO does not stick to 
Si ( I I l ) , while it adsorbs molecularly on Si(IOO). 
HREELS and TPD showed no evidence for any 
decomposition on Si(IOO), and molecular desorption 
was observed around 180 K. Interestingly, Cham­
berlain et al.145 found for that for very high exposures 
QO4 langmuir), CO also adsorbs on Si(IOO) at 300 K. 
Again, the adsorption is molecular, and exclusively 
molecular desorption is observed around 375 K. 

/. Unsaturated Hydrocarbons on Si(WO) 

Hydrocarbons are important precursor molecules 
for silicon carbide growth on silicon surfaces. On the 
clean Si(IOO) surface, however, the sticking coef-
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Figure 27. Kinetic uptake measurement of C2H2 adsorp­
tion on a Si(IOO) surface at 105 K using a calibrated doser 
and a QMS detecting the random flux.148 

ficient is zero for hydrocarbons containing single 
carbon-carbon bonds, even for strained ring com­
pounds such as cyclopropane.137,146 Thus, attention 
has turned to hydrocarbons with multiple carbon-
carbon bonds, particularly ethylene and acetylene. 
The interaction of these unsaturated hydrocarbons 
with Si(IOO) is particularly interesting, since in this 
case the interaction of two jr-bonded systems is 
probed. The high reactivity of the C=C double bond 
with the Si(IOO) surface was first reported by Bozack 
et al.146 for propylene on Si(IOO), where an initial 
coverage-independent sticking coefficient near unity 
was obtained at 120 K.146 This was also reported for 
ethylene and acetylene,147148 and a typical uptake 
curve is shown in Figure 27, where the reflected or 
nonreacted molecules are detected by a mass spec­
trometer. From the initial independence of the 
sticking coefficient on coverage and the decrease in 
sticking coefficient with increasing adsorption tem­
perature, adsorption through a mobile precursor 
mechanism was proposed.147148 Furthermore, the 
saturation coverage of C2H2 and C2H4 on Si(IOO) was 
determined as 0.75 molecules/Si dimer relative to the 
perfect surface, which, considering the density of 
defects on the surface (as observed in STM images), 
was interpreted as being due to one molecule/Si 
dimer.149 Earlier HREELS measurements by Nish-
ijima et al.150151 showed that both C2H2 and C2H4 

adsorbed molecularly on Si(IOO). The model pro­
posed148 for C2H2 and C2H4 based on these results 
was the di-cr model, shown in Figure 28a, where for 
simplicity only C2H2 is shown. In the original 
model,150151 the dimer bond was intact, but later 
studies by Weinberg and co-workers148152153 postu­
lated that the Si dimer bond is cleaved as S i -C bonds 
are formed. This model is also in agreement with 
preservation of the (2x1) LEED pattern following 
adsorption of ethylene and acetylene.150,151'154 The 
C - C stretching mode was observed at 1450152 and 
1100 cm"1 151153 for adsorbed C2H2 and C2H4, respec­
tively, compared to 2100, 1600, and 950 cm"1 for 
triple-, double-, and single-bonded carbons. Thus it 
was concluded that C2H2 rehybridizes to sp2 upon 
adsorption, and the unusually low C=C vibrational 
frequency was attributed to interaction between the 
Si dangling bonds and the rehybridized acetylene 
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Figure 28. Models for di-a bonding of C2H2. (a) on 
Si(IOO): C2H2 bonds to the Si dimer atoms through 
cleavage of the dimer bond (the same model applies to 
bonding of C2H4). (b) On Si(IIl): C2H2 bonds to the 
dangling bonds of an adatom and a restatom.148161 

jr-orbital.152 Similarly, C2H4 rehybridizes to near 
Sp3 i5i,i53 T n a t the Si dangling bonds are indeed 
preserved after adsorption of propylene155 and eth­
ylene153 is evidenced by the preserved ability to 
adsorb atomic hydrogen after saturation with the 
olefin. On the other hand, preadsorbed hydrogen 
acts as a site blocker, preventing the subsequent 
adsorption of the olefin.2147 The di-a model is also 
supported by theoretical studies.156157 

Despite the similarity in bonding of C2H2 and C2H4 
to the Si(IOO) surface, marked differences exist in 
their thermal behavior. The majority channel for 
acetylene is dissociation to produce chemisorbed C 
and H2(g), with only <5% desorbing molecularly at 
~750 K.148 H2(g) is evolved at slightly higher tem­
perature than from the hydrogen-covered Si(IOO) 
surface, indicating that hydrogen desorption is lim­
ited by the C - H bond scission. The carbon left on 
the surface begins to diffuse into the bulk at tem­
peratures above 800 K. In contrast, ethylene desorbs 
molecularly at ~550 K, with only approximately 2% 
of the monolayer undergoing dissociation.147 This has 
been attributed to a lower activation energy of C2H4 
desorption (159 kJ/mol)147 compared to C2H2 (193 kJ/ 
mol),148 allowing the majority OfC2H4 to desorb prior 
to dissociation. An isotopic mixing study by Cheng 
et al.158 excluded recombinative desorption: 2 CH2-
(a) — C2H4(g) from playing a role in ethylene des­
orption, showing that ethylene desorbs unimolecu-
larly. A recent study by Widdra et al.153 showed that 
the fraction of ethylene decomposing can be increased 
dramatically by postadsorption of atomic hydrogen. 
Hydrogen capping of the dangling bonds apparently 
stabilizes the chemisorbed ethylene on the surface, 
and, at high hydrogen exposures, induces a conver­
sion of the di-a bonded ethylene to a mono-a bonded 
ethyl species. Thereby the ethylene desorption tem­
perature increased by 100 K, allowing ~60% of the 
ethylene to decompose. 

Recently, the first study of the role of geometrical 
isomerism in controlling the chemistry of olefin 
chemisorption and desorption/decomposition has been 
carried out. Kiskinova and Yates159 compared cis-
and £rans-2-butene on Si(IOO). These two molecules 
differ in thermodynamic stability by 4.4 kJ/mol, with 
the trans-isomer being most stable. Both 2-butene 
molecules adsorb by di-a chemisorption with similar 
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adsorption kinetics. This indicates that the confor­
mational differences between the two molecules are 
of little importance in the adsorption kinetics via a 
mobile precursor process. It is suggested that the 
molecules preserve their cis- and trans-forms in the 
di-a-bound states on the silicon dimer sites. Upon 
heating of the saturated 2-butene layers, 25% of the 
£rans-butene and 13% of the cis-butene undergo 
decomposition. The steric and related energetic 
differences in the two chemisorbed butene-derived 
species are postulated to control the different reactiv­
ity, with the more stable Jrans-butene-derived species 
remaining on the surface to higher temperatures, and 
therefore being able to undergo more extensive 
decomposition, compared to the ds-derived surface 
species. 

2. Unsaturated Hydrocarbons on Si(111) 

Acetylene adsorption has also been studied on the 
Si ( I I l ) surface by both experiment160161 and 
theory.162163 The sticking coefficient depends strongly 
on the surface structure, with an initial sticking coef­
ficient at 300 K of <10~4 on the Si(IIl),161 compared 
to >0.5 on the Si(IOO) surface.148 By HREELS, 
Yoshinobu et al.160 showed that acetylene adsorbs 
molecularly and rehybridizes to a hybridization state 
between sp2 and sp3. A di-a model was proposed, but 
due to the complexity of the Si(IIl) surface the exact 
adsorption site could not be determined. Theoretical 
studies supported the di-a model,162163 but suggested 
that significant restructuring of the surface was 
necessary to give dangling bonds with the appropri­
ate separation. However, a recent STM study161 

showed no evidence of rearrangement of Si surface 
atoms. Instead, a 2:1 preference for reaction at 
center adatoms compared to corner adatoms was 
observed. Among the pairs of atoms with dangling 
bonds in the (7x7) DAS structure, only the resta­
tom—adatom pairs are close enough for reasonable 
S i -C and C-C bond lengths of a di-a bonded C2H2. 
And since there are twice as many restatom-adatom 
pairs involving center adatoms versus corner ada­
toms, the observed preference for center adatoms is 
in excellent agreement with di-a bonding of acetylene 
between an adatom and a restatom, as shown in 
Figure 28b. Interestingly, another site preference is 
also observed for acetylene adsorption on Si( 111): the 
adatoms in the faulted subunits react faster than 
those in the unfaulted subunits.161 This site prefer­
ence could be due to either differences in surface 
stress or to differences in electronic structure. In 
either case, the fact that the incoming acetylene is 
able to sample the surface in order to select the most 
favorable site indicates either that adsorption occurs 
by a mobile precursor mechanism, or that reaction 
occurs with different probabilities for adsorption from 
the gas on the different sites. 

3. Ring Compounds on Si(WO) and Si(111) 

Recently, studies of ring compounds, cyclohexene 
and cyclohexadienes,164165 as well as aromatic mole­
cules,165-170 have also been carried out, mainly on Si-
(111). An interesting difference in the bonding of 
benzene to Si(IOO) and Si(II l) was reported from 
HREELS studies by Taguchi et al.166168 On both 
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surfaces, benzene adsorbs molecularly; but on Si-
(100), benzene is di-a bonded,168 while on Si(IIl), 
jt-bonding is observed.166 HREELS spectra of ben­
zene on Si(IIl) display only one C-C stretching 
mode at 1440 cm-1, close to the frequency observed 
for gas-phase benzene. In contrast, the spectra from 
Si(IOO) display two C-C stretching modes at 1080 
and 1595 cm-1, showing the presence of both single 
and double C-C bonds. The only desorption product 
observed in TPD is benzene itself,166168170 and the 
difference in bonding is also evident from the differ­
ence in desorption temperatures. On Si(IOO), ben­
zene is stable up to 450 K, while on Si(IIl), it is only 
stable up to 315 K. By sputtering of the Si(IIl) 
surface, sites can be created where benzene has a 
thermal stability similar to that observed on the Si-
(100) surface.170 The jr-bonded species is believed to 
be parallel to the surface,166170 while the di-a bonded 
species is believed to be tilted with respect to the 
surface plane.168,169 A tilt angle of 24° was deter­
mined from a theoretical study by Craig.169 Since no 
H2(g) or other decomposition products were observed 
in TPD,166168 it was assumed that C was not depos­
ited on the surface. 

B. Silicon 
Epitaxial Si films are produced either by molecular 

beam epitaxy (MBE) through deposition of elemental 
Si or by chemical vapor deposition (CVD) with silicon-
containing compounds, mainly silicon hydrides (si-
lanes) and silicon chlorides (chlorosilanes). In the 
CVD process, the Si crystal is usually held at high 
temperatures where the unwanted byproducts (hy­
drogen, etc.) desorb easily. 

The surface species obtained after exposure to 
silanes or chlorosilanes are very similar to the surface 
species obtained after exposure of the clean surface 
to hydrogen and chlorine, respectively. Accordingly, 
in early studies, unambiguous conclusions about the 
decomposition pathway were hampered by the lack 
of ability to distinguish adsorbate Si atoms from 
surface Si atoms. This problem has been alleviated 
to a certain extent by STM, where a distinction is 
possible under favorable conditions. 

In contrast to the saturated hydrocarbons, silanes 
with single Si-Si bonds adsorb on Si surfaces with 
high sticking probability, although the bond strengths 
of the C-C bond (average experimental value for 
several small hydrocarbons171) and the Si-Si bond 
(theoretical value for Si2H667) are comparable, ~318 
kJ/mol. On the other hand, the Si-H bond is 
somewhat stronger (366 kJ/mol67) than the Si—Si 
bond in disilane. This may be associated with a 
significantly lower sticking coefficient for SiH4 com­
pared to Si2H6. The silanes adsorb dissociatively, 
leading to silicon hydride species, SiHx, on the 
surface. 

/. Adsorption and Decomposition of Silane, Sify 

The surface reactions of silane on silicon surfaces 
have been studied in detail by Gates and co­
workers.172-175 Precise determination of the sticking 
coefficient of silane is difficult due to the unavoidable 
presence of disilane impurity in silane gas, but using 
silane gas with less that 4 ppm disilane, a value of 
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Figure 29. SSIMS spectra from silane adsorbed on Si-
(100) and Si(IIl) at 325 K. On Si(IOO), only SiH3 and SiH 
are observed, while on Si(IIl), mainly SiH2 and SiH are 
observed.1743 

10-5 at zero coverage was obtained for both Si(IOO) 
and Si(IIl) at surface temperatures between 375 and 
775 K.173 They proposed that the internal energy of 
the incoming molecules (i.e., the fraction of the 
molecules having sufficient energy to overcome the 
adsorption barrier) is more important than the 
surface structure in controlling the rate of adsorption. 

However, very recently Engstrom et al.176 found 
that for higher kinetic energies (~1 eV) the sticking 
coefficient is much higher, in the range 10"2 to 10~\ 
and is influenced by the surface structure. The 
sticking coefficient is higher for Si(100)-(2xl) than 
for Si(lll)-(7x7), and additionally, the sticking coef­
ficient for Si(IIl) increases sharply between 800 and 
900 0C, where the (7x7) — ( lx l ) phase transition 
occurs. Finally, Engstrom et al.176 also found that 
the observed angular dependence of the sticking 
coefficient could be explained as scaling with energy 
along the local surface normal of a corrugated sur­
face. 

In spite of the identical sticking coefficient, differ­
ent species are formed on the surface during the 
adsorption process at ~300 K. SSIMS results,1731743 

shown in Figure 29, showed that SiH3 and SiH are 
formed on Si(IOO), while SiH2 and SiH are formed 
on Si(IIl). This difference was attributed to the 
larger distance between the dangling bonds on Si-
(111) (~7 A) compared to Si(IOO) (-2.5 A), and the 
following models were proposed:173 (1) on Si(IOO), 
SiHj dissociates at adjacent dangling bonds, with 
SiH3 bonding to one of the dangling bonds and H 
bonding to the other; (2) on Si(IIl), the dissociation 
occurs at a single dangling bond, where SiH2 bonds, 
while H2(g) is liberated. For adsorption at higher 
temperatures, SiH4 dissociates fully upon adsorption, 
giving SiH(a) and adsorbed H(a). 

Following SiH4 exposure, the only desorption prod­
uct observed in TPD is H2.

173'174b For SiH4ZSi(IOO), 
two states were observed identical to the /3i and ĵ 2 
states observed following atomic hydrogen expo­
sure,17411 and by comparing the TPD areas, a total 
hydrogen coverage of 0.8 ML from SiH4 was obtained, 
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corresponding to 0.4 SiHVSi dimer. Interestingly, 
only a single H2 desorption state was observed from 
Si( I I l ) , at the same temperature where the /?i state 
was observed following atomic hydrogen exposure.173 

2. Adsorption and Decomposition of Disilane, Si2H6 

The sticking coefficient for disilane is ~0.5 for both 
Si(IOO)177 and Si(II l)1 7 2 at 300 K, and adsorption is 
dissociative on both surfaces at temperatures above 
120 K,178"185 but molecular adsorption occurs on Si-
(100) below 90 K.186 Engstrom et al.184*185 found that 
the adsorption probability is very sensitive to the 
incident translational energy and to surface corruga­
tion. Different models have been proposed for the 
dissociation process:187-188 

Si2H6(g) - SiH2(a) + SiH4(g) (1) 

S i 2 H 6 ( g ) - 2 S i H 3 ( a ) (2) 

with the SiH^(a) species decomposing further at 
elevated temperatures. Kulkarni et al.187,189 found 
that reaction 1 dominates during Si growth on Si-
(111) at temperatures above 775 K. As for SiH4, the 
only desorption product observed in TPD following 
adsorption at lower temperature is H2, with peak 
desorption temperatures identical to those observed 
after atomic hydrogen exposure.172,177 

a. Si2HeISi(IOO). Several groups have studied the 
deposition of Si films from disilane on Si(IOO) by 
XPS186 and STM,180'182'183'188 and very interesting 
results have been obtained from recent detailed STM 
studies by Hamers and co-workers.182188 Several 
different adsorbate features are observed in STM 
images after disilane adsorption at 300 K. One type 
of small bright feature is found midway between two 
dimers in a single row, away from the center of the 
dimer row. An adsorbate in this position must have 
two bonds to the surface, and thus this feature was 
attributed to SiH2.182 A second type of bright feature, 
appearing slightly larger, is particularly interesting, 
as it was observed to transform spontaneously to the 
feature described above over a time scale of minutes. 
These features were found atop of one of the dimer 
atoms, and thus they were assigned to SiHa termi­
nally bonded to a dangling bond.188 The third char­
acteristic feature is a dimer with one dark and one 
bright half, and this is attributed to a dimer with one 
dangling bond capped by hydrogen182 (identical to 
features observed after atomic hydrogen exposure, 
see section III.A). At high coverage, a large number 
of SiHa(a) were observed immediately after adsorp­
tion. However, over a time span of a few minutes, 
the transformation SiHa(a) —• SiH2(a) + H(a) was 
observed.188 At low coverages, only the dissociation 
products SiH2(a) and H(a) were observed, and the 
observation of an 1:1 ratio of the numbers of these 
species excludes adsorption through release of SiH4-
(g), reaction 1 above.188 The higher stability of the 
SiH3(a) at higher coverages is probably due to the 
decreasing number of dangling bond sites available 
for the further dissociation. 

Further decomposition of the SiH2(a) and creation 
of new Si dimers occur upon annealing to 470 K.188 

Figure 30a shows models of the new dimer structures 
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D O 
Figure 30. Models for creation of Si dimers following 
deposition of Si2H6 on Si(100)-(2xl) and annealing to 470 
K. Dimers with their dangling bonds (jr-bond) intact are 
shown with a double bond: (a) Models for dimer structures 
observed in STM (NRD, non-rotated dimer (parallel to the 
underlying dimers)); T, dimer in "trough" site, bonded 
between two dimer rows; and A, dimer in "atop" site, 
bonded directly on top of two dimers within a single dimer 
row) and (b) proposed model for the decomposition of SiH2, 
creation of initial nonrotated dimers, which decompose and 
eventually form rotated dimers.188 

observed by STM. Ideally, since the S i -S i bond 
directions rotate by 90° in going from one layer to 
the next, the dimer direction should also change by 
90° when new dimers are formed on top of a dimer-
ized surface. These ideal rotated dimers are observed 
in two inequivalent positions: on top of the dimer 
rows (species A in Figure 30a) or in the trough 
between the dimer rows (species T in Figure 30a). 
However, nonideal (nonrotated) dimers are also 
observed, occupying the position between the dimer 
rows (species NRD in Figure 30a), both with and 
without attached hydrogens. The presence of non-
rotated dimers is surprising, since they are expected 
to be highly strained, but considering the bonding of 
the SiH2(a) species a straightforward model evolves.188 

As shown in Figure 30b, two SIH2 species next to each 
other on adjacent dimer rows can easily form a 
nonrotated dimer by releasing two H atoms. Since 
the nonrotated dimers are only observed as isolated 
dimers, not as extended islands,188 they are consid­
ered to be intermediate species. Later, they break 
up again allowing the individual Si atoms to diffuse 
over the surface and nucleate into islands of rotated 
dimers, as shown schematically in Figure 30b. In­
terestingly, segregated regions are formed on the 
surface, with the Si atoms deposited from disilane 
accumulating in hydrogen-free Si islands, while the 
H atoms are transferred to the substrate Si atoms 
creating monohydride regions separating the Si 
islands.188 

b. Si2H.6l'Si(IIl). Following adsorption of disilane 
on Si( l l l ) - (7x7) at 120 K, IR spectra179190 show two 
vibrational modes at 2154 and 2130 cm"1 attributed 
to the symmetric and asymmetric stretching modes 
of SiHa(a), respectively. On the other hand, adsorp­
tion at 400 K gives only SiH(a) species, characterized 
by a single stretching mode at 2096 cm -1 . From the 
preferential quenching of the S2 state (dangling bond 
state of the restatoms) in UPS spectra (Figure 31), 
Avouris and Bozso181 concluded that SiH3 bonds 
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Figure 31. UPS spectrum of (a) clean Si(lll)-(7x7), (b) 
after exposure to 1.5 langmuir of Si2H6 at 100 K, (c) after 
annealing to 300 K, and (d) after annealing to 650 K. 
Preferential quenching of the S2 (restatom dangling bond) 
state is observed, first upon adsorption and further when 
the adsorbate Si-H bonds are broken by annealing to 650 
K.181 

primarily to the restatoms. The UPS spectrum 
following disilane adsorption at 100 K (Figure 31b) 
clearly shows the decrease in intensity of the S2 state 
relative to the spectrum of the clean surface (Figure 
31a), while the Si state (dangling bond state of the 
adatoms) is unchanged. The remainder of the spec­
trum is dominated by peaks assignable to phys-
isorbed Si2H6. Annealing to 300 K desorbed the 
molecularly adsorbed Si2H6, leaving the S i - H state 
at 6.5 eV and the 3sSi state at 11.5 eV (Figure 31c). 
The intensity of the S2 state is unchanged, however, 
showing that reaction with the restatom dangling 
bonds occurs already at low temperature. The in­
tensity of the S2 peak decreases even further after 
decomposition of the SiHx species by annealing to 650 
K (Figure 3Id), showing that the H atoms released 
bond preferentially to the restatoms. In contrast, on 
Si(II l ) surfaces exposed to atomic hydrogen, H atoms 
bond to both adatom and restatom sites. 

3. Adsorption and Decomposition of Chlorosilanes 

Several of the chlorinated silicon compounds con­
sidered as candidates in CVD growth of silicon films, 
SiCl4,191-193 SiH2Cl2,194-196 Si2Cl6,

192-197 and (C2H5)2-
SiCl2,198 have been studied on clean Si surfaces. 
Many of the chlorosilanes, however, cannot be used 
in CVD processes alone, since the primary chlorine-
containing desorption product from a chlorine-
covered surface is SiCl2. This implies that unless the 
Cl atoms are removed in a different way (in high-
temperature CVD, chlorosilanes are mixed with H2), 
the surface will be etched instead, e.g., through the 
net reaction SiCl4 + Si — 2SiCl2. If H atoms are 
present on the surface, at least some of the Cl atoms 
can be desorbed as HCl, and promising silicon 
deposition results have also been obtained with SiH2-
Cl2,194195 and with alternating exposures of Si2H6 and 
Si2Cl6.197 

Similar to the case of the silanes themselves, the 
sticking coefficient is much higher for chlorinated 
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Figure 32. Si2p3/2 XPS spectra after exposure of 300 K 
Si(lll)-(7x7) to increasing amounts OfSiCl4 and Si2Cl6.

192 

silicon compounds containing a S i -S i bond,192 al­
though there is some discrepancy in the values 
reported for SiCl4 on S i ( I I l ) at 300 K. The LITD 
results of Gupta et al.191 yielded a value of 0.1, while 
Whitman et al.192 estimated a value <0.002 from AES 
measurements. Both SiCl4 and Si2Cl6 adsorb disso-
ciatively, but as seen in the XPS spectra of Figure 
32 the dissociation products are different.192 SiCl4 

dissociates fully to monochloride species (Figure 32, 
top), although it is not clear whether three or four 
Cl atoms are transferred to substrate Si atoms. On 
the other hand, a mixture of mono-, di-, and trichlo­
ride species are formed from Si2Cl6 (Figure 32, 
bottom). Interestingly, the binding energy shifts for 
the SiCl3 (+3.13 eV) and SiCl2 (+1.89 eV) species 
obtained from Si2Cl6 are significantly higher than 
those obtained after chlorine exposure, 2.72 and 1.65 
eV, respectively (see section VIII.A and Figure 53). 
This was attributed to reduced screening for the SiCl1 

species sitting on the surface than for similar species 
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where the Si atom is part of the surface Si layer.192 

Annealing of the Si2Cl6 exposed surface to 575 K 
leads to dissociation of the SiClx species, leaving only 
monochloride on the surface.192 

A recent study by Gao et al.193 using TPD, ESDIAD, 
and HREELS, showed that the behavior of SiCU on 
Si(IOO) is very different from that on Si(IIl). At 125 
K, molecular monolayer and multilayer adsorption 
of SiCU was observed, and the majority of the SiCU 
desorbs molecularly at temperatures below 200 K. A 
few percent of a monolayer dissociates during heat­
ing, yielding monochloride species on the surface at 
673 K, and finally desorbing as SiCl2(g) above 800 
K. 

4. Deposition of Elemental Silicon 

Depending on the surface temperature of the 
substrate, two basic growth modes are observed in 
MBE: island growth and growth through step propa­
gation. Island growth, where nucleation occurs on 
extended terraces, dominates at lower temperatures 
where the surface diffusion is limited; defect sites 
often serve as nucleation centers.199 In most cases, 
however, bonding at step sites is favored over bonding 
at terrace sites, and thus at higher temperatures the 
increased silicon mobility enables all of the incoming 
atoms to diffuse to the steps. In this case, growth 
through step propagation, step flow, is obtained. 

For deposition of silicon on silicon surfaces, tem­
peratures above 750200"202 and 875 K199 are required 
for initiation of growth by step flow on Si(IOO) and 
Si(IIl), respectively. At lower temperatures, island 
growth occurs and the islands are partly amorphous 
at temperatures below ~525 K.199203 In the inter­
mediate temperature range the structures of the 
islands are similar to those of the underlying sub­
strates, i.e., dimer structures on Si(IOO) and DAS 
structures on Si(IIl). 

The Si islands observed on Si(IOO) are strongly 
anisotropic, a few dimers wide and up to 100 dimers 
long.202'204 Mo et al.205 showed that after annealing 
the shapes are much more rounded, and thus the 
anisotropy is a growth phenomenon and not an 
equilibrium phenomenon. Two other plausible causes 
for the anisotropy have been considered: anisotropic 
diffusion and anisotropic accommodation. Although 
it has been shown by both STM experiments206 and 
by theory207 that surface migration is much faster 
along the dimer rows than perpendicular to them, 
other calculations have shown that this would not 
be sufficient to give anisotropic growth shapes.208 On 
the basis of these calculations, the anisotropic shapes 
were attributed to a much larger kinetic sticking 
coefficient at the end than at the side of a dimer 
row.208 In agreement with this, SB steps (which 
consist of dimer row ends, Figure 6) were found to 
be much better sinks for Si atoms than SA steps 
(which consist of dimer row sides, Figure 6).206 This 
conclusion was based on the observation of a consid­
erably larger denuded zone (regions from which all 
the deposited atoms have migrated to the step) 
around SB steps than around SA steps. Furthermore, 
the SB steps appeared to be symmetric sinks for 
atoms coming from the upper and lower terrace, i.e., 
no large barrier for step crossing exists.206 This 

conclusion was drawn from the observation of de­
nuded zones of equal width around steps in the (100) 
direction. Steps in this direction are at an angle of 
45° relative to the dimer rows; thus they consist of 
alternating sections of SA and SB steps, causing all 
terraces in between to be equivalent. 

The structure of the deposited Si layer on Si(IIl)-
(7 x 7) is highly affected by the surface reconstruction. 
Even the amorphous clusters obtained for deposition 
at 300 K grow exclusively within the (7 x 7) unit cells, 
leaving the corner holes and the dimers uncovered.199 

The islands formed at a deposition temperature 
above 650 K display (7 x 7) reconstruction, and for the 
majority of the islands, the (7x7) structure on top of 
the island is in registry with that of the substrate 
below.199 In addition, smaller domains with other 
DAS reconstructions, (5x5) and (9x9), are also 
observed. 

C. Germanium 

The interest in germanium interactions with silicon 
surfaces stems from potential applications of Ge thin 
film structures and the production of Sii-zGe* alloys 
for electronic device technology. The main interest 
is obtaining thick films, and Ge hydrides and chlo­
rides are commonly used in chemical vapor deposition 
(CVD) of Ge on silicon surfaces, but very few studies 
of the decomposition of these species on clean Si 
surfaces exist. GeH4, Ge2H6,

209 and GeCU210 were all 
reported to adsorb dissociatively at 300 K and below. 
By annealing, Cl and H can be removed, as SiCl2 and 
H2, respectively, leaving elemental Ge on the surface. 
Part of the hydrogen desorbs at lower temperature 
than from clean Si, and this effect can be enhanced 
by cycles of GeH4 adsorption and H2 desorption.209 

This low temperature H2 was speculated to originate 
from Ge sites, as the desorption temperature is close 
to that observed from hydrogen on Ge surfaces. 

A full description of the CVD and related processes 
is beyond the scope of this review, but one aspect of 
growth of thick films is worth mention. Ge grows 
on clean Si crystals in the Stranski-Krastanov 
mode,211-214 i.e., islands start to form after deposition 
of only a few Ge layers. This is undesirable from the 
point of view of obtaining thick homogeneous films, 
and ways to circumvent this problem have been 
sought. Good results have been obtained215-218 by 
using "surfactants" as originally proposed by Copel 
et al.219 Surfactants are defined as species that 
change the surface energies of the substrate and the 
adsorbate; in this case, in such a way that island 
formation is suppressed. Furthermore, in order to 
obtain uncontaminated films, the surfactant must 
segregate from the substrate and the adsorbate, 
always staying on top of the layered structure. 
Common surfactants in Ge epitaxy on Si are As219 

and Sb,215217,218 but Te was also found to be very 
effective,216 and pure layer-by-layer Ge growth and 
high crystallinity were obtained even for thick Ge 
films. One practical obstacle is that perfect segrega­
tion is rarely obtained, and usually small amounts 
of surfactant must be supplied continuously—meaning 
that the films are slightly contaminated. 

In the growth of the very first layers, the behavior 
of Ge on Si surfaces mimics that of clean Si surfaces 
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Figure 33. Schematic structure of a Ge island on Si(IOO) 
observed by STM. Empty and filled circles indicate Si 
atoms with and without a dangling bond, respectively. The 
Ge dimers are buckled; large hatched circles denote up-
atoms, and smaller hatched circles denote down-atoms. 
Note that substrate Si dimer rows meet with Ge dimer up-
atoms (positions marked A), and channels between Si 
dimer rows meet with Ge dimer down-atoms (positions 
marked B).220 

closely. For studies of these systems, deposition of 
elemental Ge from evaporation sources has been 
employed primarily. Deposition at a crystal temper­
ature of 300 K gives unordered surfaces, and tem­
peratures above 625 K are needed to form ordered 
structures. On Si(IOO), Ge dimers are formed,8220 

and the discussion of symmetric versus buckled 
dimers extends to this system as well. Figure 33 
shows a schematic diagram of a typical Ge island 
observed by STM220 during early stages (<0.2 ML) 
of the deposition. At least in this low coverage limit, 
the Ge dimers are buckled, and the correlation 
between the buckling direction of the Ge dimers and 
the location of the underlying Si dimer rows should 
be noted. 

For Ge deposition on Si(lll)-(7x7), DAS structures 
were observed, but interestingly, the (5x5) structure 
appeared to be the more stable structure.211,221 For 
very low coverages the (7x7) and the (5x5) structures 
coexisted,221 but for a coverage of 2 ML, the surface 
was completely (5 x 5) reconstructed. After annealing 
to 975 K or for deposition at this temperature, a (7x7) 
structure is obtained. Since the DAS reconstructions 
involve several layers, the question arises of how Ge 
is distributed among these layers—and whether Si/ 
Ge substitution occurs below the surface. Early 
studies211222 suggested that in particular the high 
temperature (7x7) structure was a Ge-Si alloy 
structure, while more recent experimental and theo­
retical results223 indicated that Ge adsorption on top 
is more likely. 

Vl. Group V Adsorbates 

Interactions of species containing elements from 
group V of the periodic table with silicon surfaces fall 
into two important classes: (1) incorporation of the 
group V element in the silicon surface itself, creating 
a silicon-containing film on top of the silicon crystal; 
and (2) reaction of the group V element with other 
species to form thin films on top of the silicon crystal. 

Neergaard Waltenburg and Yates 

The first class of reactions has mainly been studied 
for nitrogen containing species, where the goal is to 
produce films of technologically important silicon 
nitride, Si3N4, on the surface. Another technologi­
cally important product are thin films of IH-V 
semiconductors supported on silicon. GaAs115116 is 
the most studied example from the second class. 

The vast majority of the work with group V 
elements has been concerned with nitrogen, and with 
ammonia in particular, since the reaction of NH3 with 
Si surfaces has been used as a prototypical example 
to study the reactivity of the dangling bonds on 
silicon surfaces. 

A. Nitrogen-Containing Species 

The first study of thermal nitridation of silicon 
surfaces by Heckingbottom and Wood in 1973224 

reported Si3N4 production on Si(IOO), Si(IIl), and Si-
(311) by exposure to ammonia and nitrogen gas at 
elevated temperatures (1073-1373 K). It was al­
ready recognized at this point that N2 gas is far less 
efficient for silicon nitridation than NH3, and it has 
later been confirmed that the sticking coefficient of 
N2 is very low. Therefore more recent studies have 
focused on other nitrogen containing compounds, 
mainly NH3 but also NO and lately N2H4 and HN3 

(hydrazoic acid), and on nitrogen atoms created by 
dissociation of N2. Independent of the reactant gas 
employed the properties of the Si3N4 layer formed are 
very similar.225 A new Si(LW) Auger feature devel­
ops at ~84 eV224"229 in addition to the elemental Si-
(LW) AES feature at 92 eV, which shifts down in 
energy to 90.5 eV after initial nitrogen expo­
sure.225227-229 The N(KLL) Auger feature remains 
fixed in energy at -368 eV.224-226"229 Two different 
ordered structures are formed for silicon nitride on 
Si(II l) depending on the adsorption/annealing tem­
perature, the "8x8" and the quadruplet structures 
(for films contaminated with small amounts of car­
bon228),226228,230231 whereas no ordered structure has 
been found for silicon nitride on Si(IOO).232 HREELS 
spectra after annealing to 1240 K show four vibra­
tional loss features at 485, 735, 970, and 1135 cm"1, 
which further develop into spectra with one intense 
loss at 970 cm -1 and two small features at 485 and 
725 cm"1 by further annealing to 1350 K.225229231 On 
the basis of a comparison of HREELS spectra231 with 
IR spectra of crystalline and amorphous Si3N4, the 
film obtained after 1350 K annealing is believed to 
be Si3N4. Several studies have indicated that a 
monolayer of silicon exists on top of the Si3N4 

film.225,231,233,234 

Low temperature (<300 K) growth of Si3N4 has 
been carried out by electron stimulation during235236 

or following236 NH3 adsorption. Bozso and Avouris235 

suggested that the main role of the electrons is to 
desorb hydrogen from the surface. However, N - H 
bond breaking is a dominant process in electron-
stimulated surface chemistry.237-239 Using a cycling 
procedure, alternating NH3 adsorption and electron 
irradiation, Tarasova et al.236 confirmed that the 
stimulation occurs at the surface and is not due to 
excitation of NH3 in the gas phase. 
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Silicon nitride is removed from the surface by 
annealing above 1400 K, where desorption of Si2N 
occurs 225>227>232>240 

/. Adsorption of N Atoms 

The processes leading from initial Si-N bonding 
at low temperatures to the ultimate silicon nitride 
film after annealing can be investigated with the 
adsorption of N atoms on the surface without inter­
ference from other coadsorbed molecular fragments. 
Unfortunately most studies have been concerned 
with reaction with atomic nitrogen at high temper-
atures,224,226-228 preventing the thermal activation 
steps at lower temperatures from being probed. For 
N adsorption on Si(IIl) at 300 K the HREELS 
spectra of Edamoto et al.231 showed two vibrational 
features at 400 and 820 cm-1, assigned to a near-
planar SiaN structure by comparison to the known 
structure and vibrational modes of (SiHs^N. Bozso 
and Avouris241 found by UPS for N on Si(IOO) that 
adsorption at 100-300 K removed the dangling bond 
states of Si, indicating that the dangling bonds are 
of importance in binding atomic N to Si(IOO). 

2. Adsorption and Decomposition of NH3 

Although the direct thermal nitridation takes place 
at high temperatures, finding ways to make SisN4 
films at low temperatures is an important issue. After 
intensive studies it has been concluded that NH3 
adsorption is dissociative even at 90 K235'242"244 and 
the dissociation products depend on the actual sur­
face structure. Over the years, several models have 
been proposed for ammonia adsorption on Si(IOO) and 
Si(IIl) at low temperatures including all possible 
configurations from molecularly adsorbed NH3,245 to 
partially dissociated NHx species,241'242-246'247 to full 
NH3 dissociation.235248-250 Before we turn to these 
different models and the experimental results sup­
porting them, some common observations for the two 
surfaces are worth mentioning. On both surfaces it 
has been reported that the reconstructions, (2x1) and 
(7x7), respectively, are preserved after the reaction 
with NH3,

244'248,251"253 indicating that reaction occurs 
mainly at existing dangling bond sites without major 
disruption of the Si surface structure. Specifically, 
for the Si(IOO) surface the preservation of the (2x1) 
structure strongly suggests that the dimer bonds are 
not broken, i.e. reaction can only take place at the 
dangling bonds. For adsorption at low temperature, 
multilayers of molecular NH3 are adsorbed on top of 
the initial dissociated layer,247'248'254-256 and the mul­
tilayers are removed by mild annealing (220-350 K 
depending on physisorbed amount).248'255 

a. NH3ISi(IOO). On the basis of XPS, ISS, 
UPS,235-248 and STM249'250 studies, Avouris and co­
workers originally proposed that NH3 dissociates 
fully on Si(IOO) even at 90 K yielding N in subsurface 
sites and hydrogen capping the dangling bonds in 
a structure similar to the monohydride phase. They 
based this conclusion mainly on STM images and 
UPS spectra following NH3 adsorption which were 
very similar to those obtained following atomic H 
adsorption. In a later photoemission study, Bozso 
and Avouris241 reported an N(Is) XPS peak with a 
binding energy (BE) of 398.5 eV, which they assigned 

H 
/ 

Figure 34. Schematic of the bonding of NH2 and H, 
resulting from dissociative adsorption of NH3, to the 
dangling bonds of Si(100)-(2xl).247 

to NH(a), concluding that Si(IOO) dissociates NH3 to 
produce NH(a) at 100 K. From their photoemission 
studies Bolmont et al.242'257 also reported only partial 
dissociation to NHx species Ge = 1, 2), although they 
favored NH2 species over NH, despite the reported 
saturation coverage of ~0.25 ML of N. The presence 
of NH2 was confirmed by the HREELS studies of 
Fujisawa et al.,246 where stretching (3335 cm-1) and 
bending (1570 cm-1) modes of Si-NH2 and Si-H 
stretching modes (2080 cm-1) were observed after 
NH3 adsorption at 300 K. The model proposed by 
Fujisawa et al.246 on the basis of these result was that 
NH2 and H each saturate one dangling bond of the 
surface dimer, as shown in Figure 34. The same 
model was proposed for NH3 adsorption at 120 K 
from an independent study by Dresser et al.247 From 
the observation of NH2D as the dominating D-
containing species in TPD following coadsorption of 
D2 and NH3, together with a characteristic H+ ES-
DIAD pattern attributable to torsional oscillations 
about the Si-NH2 bond, it followed that NH2 was the 
majority surface species. Furthermore, these work­
ers247 showed by uptake measurements using a 
calibrated doser and a QMS that the saturation 
coverage was one NH3 (i.e. one NH2 and one H) per 
Si dimer. This has later been challenged by Cherif 
et al.,252 who reported a saturation coverage of one 
NH2 and one H per 2 Si dimers (NH2 and H occupy 
bridging positions above the dimers) from uptake 
measurements on Si(IOO) surfaces dosed by backfill­
ing the chamber with NH3. The measurements 
locating the saturation exposure were made by AES. 
On the other hand, a theoretical study by Zhou et 
al.258 confirmed that the adsorption OfNH3 on Si(IOO)-
(2x1) is dissociative to NH2 and H each bonded to 
one of the dangling bonds of the Si dimers as shown 
in Figure 34. Later studies by HREELS,259-260 

XPS,254'261 and SSIMS255 have all confirmed that the 
dissociation products are NH2 and H, but the issues 
of the adsorption site and the saturation coverage are 
still not fully resolved. Interestingly, Dufour et al.256 

concluded from their very recent XPS study that in 
addition to NH2(a) and physisorbed NHs(s), N(a) and 
weakly adsorbed NHs(a) are also present at the Si-
(100) surface after adsorption at 90 K. On the other 
hand, this study suggests that after heating to 300 
K, exclusively NH2(a) is found on the surface, as can 
be seen from the deconvoluted XPS measurements 
shown in Figure 35a. 
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Figure 35. XPS spectra of NH3 on (a) Si(IOO) and (b) Si-
(111). The assignments of the peaks are indicated.256 

Only a few studies247'252,262 have been concerned 
with NH3 adsorption kinetics, and it was shown that 
NH3 adsorbs with a high and constant sticking 
coefficient almost up to saturation, suggesting that 
the adsorption occurs by a mobile precursor mecha­
nism. 

The next important issue is the further decomposi­
tion of the NH2 resulting from the dissociative 
adsorption, eventually leading to Si3N4 deposition on 
the surface. Apart from the low temperature (<350 
K) desorption of the molecularly adsorbed NH3 
mentioned above, the most prominent thermal des­
orption state is the H2 state at ~750 K,235'247 and in 
addition, a second NH3 desorption state is observed 
at ~625 K.247 By coadsorption of D and NH3 Dresser 
et al.247 confirmed that the low-temperature NH3 
desorption state is indeed due to desorption of 
molecularly adsorbed NH3, since no isotopic mixing 
is observed for this state. In contrast, isotopic mixing 
is observed for the high-temperature NH3 state, 
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Figure 36. Thermal desorption of H2 and NH3 compared 
to temperature-programmed SSIMS OfSiH2

+, SiNH2
+, and 

Si2N
+ for Si(IOO). The decrease in the SiNH2

+ SSIMS signal 
is accompanied by increases in Si2N

+ and SiH+ signals and 
by desorption OfNH3. Subsequently the SiH+ SSIMS signal 
decreases as H2 desorption is observed.255 

indicating that this state arises from recombinative 
desorption of NH2 and H(D).247 Thus the following 
two reaction channels for NH2 decomposition on the 
surface were proposed:247 

NH2(a) - N(a) + 2H(a) 

NH2(a) + HCa) - NH3Cg) 

(3) 

(4) 

The direct decomposition, step 1, OfNH2 to N and 
H was confirmed by a SSIMS study by Zhou et al.255 

and a HREELS study by Chen et al.,260 where no 
evidence for an intermediate NH species was found. 
Indeed, the intensities of the SiNH2-SSIMS signal255 

and the SiNH2-vibrational mode260 decrease only 
slightly up to ~600 K, and then the SiNH2-SSIMS 
signal decreases rapidly above 630 K, accompanied 
by increases in SiH- and Si2N-SSIMS signals and 
NH3 desorption;255 results from SSIMS and TPD are 
shown in Figure 36. From the relative peak areas 
for NH3 and H2 in the early TPD study,247 the 
recombination channel was reported to be the minor­
ity channel, whereas a more recent TPD study 
concluded from a comparison of the amount of H2 

desorption following saturation with atomic hydrogen 
and with NH3, respectively, tha t 73% of the NH2Ca) 
is depleted by recombination to produce NH3 at ~600 
J^ 260 

b. NHsISi(IIl). Although the surface structure 
of Si( l l l ) - (7x7) is much more complicated than the 
structure of Si(100)-(2xl), the adsorption of NH3 on 
the former surface has been much less controversial. 
The adsorption was found to be dissociative to 
produce NH2 and H at 300 K and below. This was 
determined from HREELS,244 '260 XPS, UPS,241 and 
AES251 measurements. However, as for Si(100)-(2 x 1) 
very recent XPS results by Dufour et al.256 have been 
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Figure 37. STM topographs of the unoccupied states of Si( l l l )-(7x7); left, clean (crystal bias = +0.8 V); center, partially 
reacted with NH3 (crystal bias = +0.8 V); and right, partially reacted with NH3 (crystal bias = +3.0 V).253 

interpreted as revealing the presence of N(a) and 
weakly adsorbed NH3(a) at the surface at 90 K in 
addition to NH2(a) and physisorbed NH3(s). In 
contrast to Si(IOO), some NH3(a) and N(a) remain on 
the surface in addition to NH2(a) after annealing to 
300 K (Figure 35b). 

Due to its complicated structure, the Si(lll)-(7x7) 
surface displays several different adsorption sites, 
and the scanning tunneling microscope has been a 
powerful tool in elucidating the reactivity of the 
different sites. Combining STM and STS, Wolkow 
and Avouris253 found significant differences in the 
reactivity of the different kinds of dangling bonds, 
with the restatoms being more reactive than the 
adatoms; the center adatoms are more reactive than 
the corner adatoms. Figure 37 shows STM images 
of the surface before (Figure 37, left) and after 
(Figure 37, center and right) reaction with NH 3 - the 
bright features in the images are adatoms. Imaging 
the partially reacted surface with the same the bias 
(0.8 V) as the clean surface (Figure 37, center), some 
adatoms have apparently disappeared—these appear 
as dark sites. Increasing the bias (+3.0 V, Figure 
37, right) causes these adatoms to reappear, although 
still darker, and the basic (7x7) unit cell is seen to 
be preserved. As seen in Figure 37, the restatom 
sites are not prominent features in the STM images, 
but they can be probed by STS as shown in Figure 
38. The curves A are the tunneling spectra over the 
unreacted restatom sites while the curves B and C 
are over two types of adatom sites. The difference 
between the unreacted (Figure 38A, left hand side) 
and the reacted restatom site (Figure 38A, right hand 
side) is striking. Clearly, the dominant feature at 
-0.8 eV due to the occupied dangling bond state for 
the restatoms on the clean surface has been removed 
on the reacted surface. In the right panel the solid 
and the dashed curves B show the spectra for an 
unreacted and a reacted corner adatom site, respec­
tively, and again a clear difference is observed. 
Inspection of large numbers of topographs and spec­
tra similar to those in Figures 37 and 38 revealed 
that when about half the adatoms were still unre­
acted, no unreacted restatoms remained at all; among 
the adatoms more unreacted corner adatoms than 
unreacted center adatoms were found. Furthermore, 
by comparing curves B and C in the left and right 
panel of Figure 38, is evident that while the unre­
acted corner and center adatom sites are different 

on the clean surface they become very similar on a 
surface where the restatoms have reacted. Specifi­
cally, for the center adatoms the distribution between 
occupied and unoccupied states is reversed. 

As for the Si(100)-(2xl) surface the main thermal 
desorption feature after NH3 adsorption on Si(IIl)-
(7x7) is the desorption of hydrogen at ~750 K. 
Interestingly, no high-temperature NH3 desorption 
is observed for Si(lll)-(7x7),263 indicating that some 
differences exist between the decomposition channels 
for NH2(a) on the two surfaces. In the original 
HREELS study244 it was proposed that NH2(a) de­
composes directly to N(a) and H(a) as on Si(IOO), 
since the expected S i - N - H bending mode (~1170 
cm-1) was not observed. However, in a later HREELS 
study on Si(IIl) , Colaianni et al.263 assigned the 
weak mode at 1100 cm"1 (which in ref 244 had 
tentatively been assigned to NH2) as a d(NH) mode, 
indicating that NH(a) exists on the Si(II l) surface 
between 200 and 700 K following NH3 adsorption at 
80 K. This study also showed that the thermal 
stability OfNH2 depends on the initial NH3 exposure; 
for high exposure NH2 is stable up to 600 K. Similar 
results were obtained by Koehler et al.240 using LITD, 
except for a discrepancy in temperature; in this study 
NH(a) and NH2(a) was reported to be stable up to 
800 and 700 K, respectively. Thus the following 
scheme for decomposition of NH2 on Si(IIl) was 
proposed:260 

NH2Ca) - NH(a) + H 

NH(a) - N(a) + H 

(5) 

(6) 

By comparing usual S i -N bond lengths to the 
different Si-Si distances on the (7x7) reconstructed 
surface, Chen et al.260 recognized that >NH cannot 
bridge two dangling bond sites. Combining their 
result with the differences in reactivity of different 
sites mentioned earlier,253 they proposed the model 
shown in Figure 39. Initially NH2 bonds to the 
dangling bond of an adatom. Then, during anneal­
ing, one of the strained backbonds of the adatom is 
broken and >NH is inserted into the backbond. 
Because less strain exists in the Si-Si back-bonds 
on Si(IOO) compared to Si(IIl), adsorbed NH2 species 
can exist on Si(IOO) to higher temperatures where 
the recombination reaction to produce NH3 takes 
place.260 This is an example of the role of local strain 
effects in the surface region in controlling surface 
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Figure 38. Comparison of STM topographs (top) and atom-resolved tunneling spectra (below) of the clean (left) and NH3 
reacted (right) Si(lll)-(7x7) surface. Left: Curve A is for a restatom site, curve B for a corner adatom site, and curve C 
for a center adatom site of the clean surface. Right: Curve A is for a reacted restatom site, curve B (dashed line) is for a 
reacted corner adatom, while curve B (solid line) and curve C are for unreacted corner and center adatoms, respectively.253 

chemistry on covalent solid surfaces. The H atoms 
bond to the less strained restatom sites (Figure 39), 
i.e., for each NH3 adsorbed one adatom dangling bond 
and one restatom dangling bond is removed. Since 
there are twice as many adatom sites as restatom 
sites on the Si(lll)-(7x7) surface, this model is in 
excellent agreement with the STM results.253 

3. Other Nitrogen-Containing Compounds 

The results for adsorption and decomposition of 
nitric oxide (NO), hydrazine (N2H4), and hydrazoic 
acid (HN3) on silicon surfaces are far more sketchy 
than for NH3, especially for N2H4 and HN3 where the 
earliest results are only a few years old.264-266 These 
three molecules are energetic compared to NH3, and 
their decomposition kinetics and routes might be 
expected to differ from that of NH3. The relevant 
AGf0 values for the gaseous molecules:171 NH3(g): 
-16.50 kJ/mol; NO(g): +86.62 kJ/mol; N2H4(g): 
+159.39 kJ/mol; and HN3(g): +328 kJ/mol. 

Adsorption of NO on Si(lll)-(7x7) was found to 
yield N and O in on-top sites characterized by 
vibrational losses around 975 and 820 cm-1, respec­
tively.229 For NO adsorbed on Si(IOO) at 90 K, 
Avouris et al.248 reported two N(Is) XPS peaks (397.7 
and 401.9 eV), attributed to initial dissociatively 
adsorbed N (low binding energy) followed by the 
physisorbed multilayer NO (high binding energy). 
After removal of molecular NO by annealing to 300 
K, only O was detected with ISS, which is highly 

surface sensitive, while both N and O were detected 
with photoemission and AES, leading to the conclu­
sion that N occupies subsurface sites while O satu­
rates the dangling bonds. Taguchi et al.267 also found 
dissociative adsorption for NO adsorption at 300 K 
by HREELS, attributing the observed losses to S i -
O—Si and near-planar Si3N species. On the other 
hand, Sasse and co-workers268-270 found that the NO 
adsorption at 300 K is molecular with low saturation 
coverage (~15% of a monolayer by AES), and that 
dissociation takes place at 550 K. Originally,269 the 
low saturation coverage was explained by NO ad­
sorbing exclusively at missing dimer defects, but after 
further studies270 electrostatic repulsion was found 
to be a better explanation with NO bonding to silicon 
dimers also. The observation of molecular adsorption 
was supported by their theoretical calculations,270 

whereas a more recent calculation by Fu et al.271 

found adsorption to be dissociative with N and O 
saturating the dangling bonds. 

For N2H4 adsorption, Lin and co-workers264,272 

reported N - H bond breaking to occur upon N2H4 
adsorption at 120 K on Si(lll)-(7x7)264 and on Si-
(100)-(2x I),272 upon the basis of the observation of a 
S i -H stretching mode (2057 cm"1) in HREELS. 
Simultaneous observation of NH2, NH, and N - N 
modes indicates that the adsorbed species are mainly 
N2Hx (x = 2, 3). The relatively narrow N(Is) XPS 
peak, indicating that all N atoms sit in a similar 
environment, and the high intensity of the N - N 
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Figure 39. Ball—stick model for the adsorption and 
decomposition of NH3 on Si(lll)-(7x7).260 

stretching mode (1129 cm"1) observed by HREELS 
in the off-specular direction, strongly suggested that 
the N - N bond was parallel to the surface. Further 
N - H bond breaking occurred upon annealing, and 
as for NH3,

260 NH2 was more stable on Si(IOO) than 
on Si(IIl).272 Above 600 K the N-N bond breaks,264-272 

as evidenced by the disappearance of the N - N mode 
and slight changes in the frequencies OfNH2 and NH 
modes. For Si(IOO) it was proposed272 that upon 
N - N bond breaking, the Si dimer bond is also broken 
and NH is inserted into a bridging position between 
the Si atoms, as shown schematically in Figure 40. 
Final annealing leads to H2 desorption and Si3N4 
formation. Slaughter and Gland265 studied the ni-
tridation of Si(IOO) by cycles OfNH3ZN2H4 adsorption 
and annealing using AES uptake measurements, and 
found that N2H4 nitrided the surface much more 
effectively than NH3. 

Hydrazoic acid (HN3) was first studied by Bu et 
al.266 on the less common Si(IlO) surface and was 
reported to adsorb molecularly. Following adsorption 
at 120 K, molecular vibrational modes similar to 
those obtained for HN3 in the gas phase were 
observed, whereas warming to 220 K resulted in 
dissociation to N2 and NH. The N2 was believed266 

to desorb immediately upon formation, while NH 
dissociated further to give N and H as the surface 
was annealed from 580 to 800 K. Jonathan et al.273 

studied HN3 on Si(IOO) by TPD and reached very 
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Figure 40. Model for thermal decomposition of N2H4 on 
Si(IOO) following adsorption at 100 K.272 

similar conclusions, although they questioned the 
immediate desorption of N2, since in their experiment 
N2 desorption was only observed above 400 K. The 
only other desorption product observed was H2 around 
750 K, which is typical for H on silicon, consistent 
with the result for Si(IlO) where transfer of H from 
N to Si is observed.266 Recently, Chu et al.274 studied 
HN3 adsorption on Si(lll)-(7x7) and compared it to 
Si(IOO) and Si(IlO), concluding that the adsorption 
and decomposition of HN3 is essentially identical on 
the three low-index surfaces. 

B. Phosphorus 
Phosphorus is widely used as bulk dopant in silicon 

crystals,275 but the surface reactions of phosphorus-
containing species has attracted very little attention. 
Early studies16'117,276-279 showed that several different 
reconstructions exist depending on the adsorption/ 
annealing temperature. In more recent studies, 
phosphine (PH3) was reported to adsorb dissociatively 
as PH2 and H at T < 100 K on Si(IIl) by Chen et 
al.280 and on Si(IOO) by Colaianni et al.281 Very 
similar to the case OfNH3,

260'263 only low-temperature 
molecular desorption OfPH3 occurs on Si(IIl), whereas 
some PH2 undergoes recombinative desorption to 
produce PH3 at 635 K on Si(IOO). Decomposition of 
PH2 occurs on both surfaces during annealing, and 
ultimately P2 and H2 desorption processes are ob­
served. 

C. Arsenic 
The growth of GaAs and other III-V semiconduc­

tors by molecular beam epitaxy is beyond the scope 
of this review, and a overview of this topic can be 
found in refs 115 and 116. However, the first step 
in growth of GaAs on Si surfaces is often the creation 
of an As monolayer, and some very interesting 
observations have been made for this process.282283 

With five valence electrons As (and Sb) prefer a 3-fold 
coordination with the remaining two electrons oc­
cupying a lone-pair orbital; thus the substitution of 
As for surface Si atoms with dangling bond(s) leads 
to elimination of one dangling bond per substituted 
atom. This substitution is not unlikely since the 
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Figure 41. Schematic drawings of step structures (a, b, and d; arrows indicate dimer direction) and dimer arrangement 
(c and e) for vicinal Si(IOO) before and after coverage with a monolayer of As. (a) Clean Si(IOO )4°-(2x 1) with dimers parallel 
to the step edges. Depending on deposition conditions, As deposition leads either to "rotated dimers" as shown in b (step 
structure) and c (dimer arrangement), or to "nonrotated dimers" as shown in d (step structure) and e (dimer arrangement). 
(Parts a, b, and d are from ref 286; parts c and d, from ref 287.) 

covalent radius of As is within 1% of that of Si.275 

Since the elimination of dangling bonds is the driving 
force for reconstruction, substitution of As is pre­
dicted to change the reconstruction of the surfaces. 
This is especially true for the Si(II l) surface where 
the atoms in the outermost layer of the unrecon­
structed surface have one dangling bond each (Figure 
9a) and thus substitution of these atoms with As 
atoms eliminates all of the dangling bonds. Substi­
tution of As is therefore expected to stabilize the 
unreconstructed surface, creating a Si(Hl)-(Ix I)-As 
surface. In contrast, on the unreconstructed Si(IOO) 
surface, each Si atom has two dangling bonds, and 
thus substituted As atoms will still have one dangling 
bond each. These dangling bonds are expected to be 
eliminated by creation of As dimers, thus giving a 
Si( 100 )-(2x I)-As surface with no dangling bonds. 

/. AsZSi(WO) 

As expected, As adsorption on Si(IOO) leads to 
formation of As dimers, and these dimers has been 
found to be symmetric by both experiment283 and 
theory.14 On single-domain, double-stepped Si(IOO), 
where the Si dimers are parallel to the step edges, it 
was originally reported284 that incoming As adsorbs 
on top of existing dimers, breaking them and creating 
new As dimers rotated by 90°. This was observed 
by LEED where the initial (2x1) pattern was trans­
formed to a (1x2) pattern following As adsorption. 
However, in other cases—under different deposition 
conditions—the (2x1) structure was preserved after 
As deposition, meaning that the new As dimers were 
parallel to the original dimers.285 Bringans et al.286 

studied this in detail by LEED, STM, and XPS and 
found that rotated As dimers resulted from initial As 
deposition on a cold crystal (low mobility), whereas 
nonrotated dimers resulted from initial As deposition 

on a hot crystal (high mobility). An interesting 
model285 was proposed to account for these obser­
vations: under low mobility conditions (Figure 41, 
parts b and c), As2 adsorption occurs, whereas under 
high mobility conditions (Figure 41, parts d and e), 
the incoming As atoms displace Si atoms in the top 
layer, and these displaced Si atoms diffuse to the 
steps. Schematics showing structures of the As layer 
under the two different conditions are seen in Figure 
41. In agreement with this, total energy calculations 
by Alerhand et al.287 found DB steps to be energeti­
cally favored for the As-covered surface, as is true 
also for the clean Si(IOO) surface, and predicted the 
formation of nonrotated dimers in equilibrium (high 
mobility), but rotated dimers in kinetically limited 
(low mobility) conditions. In a later study by Tromp 
et al.288 using LEEM and STM, nonrotated dimers 
were observed after As deposition at 900 K on Si-
(100) surfaces with wide, flat terraces separated by 
single layer steps, suggesting that displacive adsorp­
tion takes place also on large terraces. Some islands 
with rotated dimers (adsorption on top without Si 
displacement) were also observed within large areas 
of nonrotated dimers. Step movement was observed 
during the deposition in agreement with displace­
ment of Si atoms from the terraces, and surface stress 
relaxation was proposed as the driving force for the 
displacement. A model for the dimer exchange 
mechanism on the atomic level was proposed by Yu 
and Oshiyama289 and is shown in Figure 42. In this 
model, initially an As dimer forms on top by breaking 
two Si dimers (Figure 42b), followed by the As dimer 
and a pair of Si atoms on one side changing place 
(Figure 42c). The resulting Si dimer diffuses away 
(Figure 42d) leaving room for a new As dimer to form 
on top (Figure 42e). The place change process then 
repeats with the remaining pair of Si atoms under-
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Figure 42. Model for dimer exchange mechanism during 
As adsorption on Si(100)-(2x 1): (a) Si dimers on the clean 
surfaces; (b) the incoming As atoms break the existing 
dimers and create a new As dimer on top; (c) the pair of 
As atoms then exchanges places with a pair of underlying 
Si atoms; (d) the top Si dimer diffuses away; (e) a new As 
dimer is formed on top; (f) the place exchange process is 
repeated; and (g) the top Si dimer diffuses away, leaving 
two new As dimers parallel to the original Si dimers.289 

Si(111)-(1x1)-As 

Qs, O -
Figure 43. Structural model for arsenic-terminated Si-
(111)-(I x I).290 

neath (Figure 42f), thus having exchanged two Si 
dimers with two As dimers (Figure 42g). 

Tromp et al.288 also studied the desorption of As 
from the single-stepped surface at 1073 K. The As 
islands desorb first, followed by creation of holes in 
the "nonrotated" As layer. The displacement is then 
reversed by Si migration, leading to a step structure 
very similar to that of the initial surface. For the 
double-stepped surface, annealing to 1073 K has also 
been reported284 to lead to As desorption and recovery 
of the original Si(100)-(2xl) structure. 

2.As/Si(111) 
Several studies by different experimental tech­

niques (XPS,282-290 XSW,291 UPS,290 LEED,292 and 
STM293) have shown that As lifts the (7x7) recon­
struction of Si( 111) leading to a (1 x 1) structure with 
As replacing the top half of the Si double layer, i.e., 
As bonds to three Si atoms (Figure 43). From XSW 
measurements, Patel et al.291 found that the As atoms 
reside 0.17 A above the ideal unrelaxed positions of 
the Si lattice. Comparing experiments and theory, 
Uhrberg et al.290 confirmed that an As lone-pair state 
replaced the Si dangling-bond state. This led to a 
highly stable surface, where no further As adsorption 
can take place.282 Furthermore the surface was 
almost unaffected by high exposures to oxygen and 
air,282290 but was less stable toward atomic H expo­
sure, which has been reported to lead to H bonding 
to the As layer.290 The Si(lll)-(7x7) reconstruction 
is recovered by annealing to 1123 K. 
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Figure 44. Top and side view of the missing-dimer model 
for the Si(100)-(2xn)-Bi structure; the missing rows are 
marked by arrows. For simplicity, the case of n = 5 is 
shown.295 

D. Antimony and Bismuth 

From a bonding point of view, antimony and 
bismuth atoms have the same prospect of favorable 
substitution for silicon atoms as arsenic atoms, but 
the large ratios of their covalent radii to that of silicon 
are far less promising for substitution.275294-295 

Although initial studies indicated that the Sb and 
Bi layers formed were disordered,296"298 later 
studies294,299-301 have reported that dimers do form. 
STM and SEXAFS studies294299-300 found Sb dimers 
only following annealing to 810 K, and even at this 
temperature only short rows of dimers formed, and 
domain boundaries were abundant, giving a less 
ordered surface than the As/Si(100) surface. How­
ever, in a recent transmission ion channeling study,301 

dimers were found after deposition at temperatures 
between 300 and 820 K. It was proposed that at low 
temperatures the dimers forms a random array, and 
only at higher temperatures do they have enough 
mobility to coalesce and form short rows. The small 
domain size is probably also the reason for the very 
faint half-order spots observed in LEED. In contrast 
to As/Si(100), studies on vicinal surfaces300 have 
shown that Sb dimers form exclusively on top of 
existing Si dimers; no displacive adsorption has been 
observed. For Bi/Si(100), RHEED investigations by 
Hanada and Kawai295 showed a (2 xn) structure. The 
Vn streaks moved away from the fundamental LEED 
beams (n increasing from 13 to 5) over the temper­
ature range 530 to 820 K, above the temperature 
where multilayer Bi desorbs. This was interpreted 
as a succession of structures with Bi dimers, where 
every nth. dimer in the row is missing, as shown in 
Figure 44. For Bi/Si(lll), a LEED study by Wan et 
al.302 found two different phases, both with a (V3 x V3)-
R30° structure: the a phase occurring at a coverage 
of V3 ML and temperature of 630 K, and the /? phase 
at 1 ML and 570 K. Figure 45 shows the structural 
models for the two phases, giving the best agreement 
between calculations and experimental results. It 
should be noted that these structures for Bi overlay-
ers are very strained compared to the substitutional 
structure for As on Si(IIl) . 
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Figure 45. Top and side views of optimized structural models for Bi/Si(l l l ) : (a) the a phase obtained for V3 ML at 630 
K; and (b) the $ phase for 1 ML at 570 K.302 

VII. Group Vl Adsorbates 

Oxygen is the only representative of group VI of 
the periodic table for which the interaction with 
silicon surfaces has been studied in any detail. On 
the other hand, silicon oxide (Si02) films on silicon 
surfaces and the Si—Si02 interface are overwhelm­
ingly well-studied.303 Oxidized silicon surfaces can 
be produced by wet oxidation in a chemical etching 
environment, or by exposure of the clean silicon 
surface held at elevated temperatures to oxygen or 
water under vacuum. Silicon oxide films produced 
by chemical etching are widely used to protect the 
silicon surface from contamination while it is handled 
in the atmosphere. Later, the oxide film can easily 
be removed by annealing, revealing the clean Si 
surface. Furthermore, Si02 films are important as 
insulator films and as protective coatings against 
etching in electronic device technology. 

A. Oxygen 

Interaction of silicon surfaces with oxygen gas can 
lead to either production of a silicon oxide film on 
the surface (passive oxidation) or to etching of the 
surface (active oxidation), depending on surface tem­
perature and oxygen pressure. The two different 
oxidation processes that can take place are: 

passive oxidation: Si(s) + O 2
- * SiO2Cs) (7) 

active oxidation: Si(s) + V2O2 — SiO(g) (8) 

The general trend is that active oxidation domi­
nates at high temperatures, while passive oxidation 
dominates at high oxygen pressures. Lately, the 
focus has been on understanding the initial stages 
of the oxidation process, i.e., the interaction of atomic 
and molecular oxygen with clean Si surfaces, and a 
review by Engel304 has recently appeared. N2O is a 
common source of atomic oxygen as it dissociates at 

the surface: N20(g) — 0(a) + N2(g).305 Atomic 
oxygen is also used for oxidation of silicon.306 

It is well established that O2 adsorption on both 
Si(IOO) and Si(II l) is predominantly dissociative at 
300 K, and the adsorption occurs by a molecular 
precursor mechanism.307-311 The configuration of 
oxygen in crystalline Si02 is a bridging position 
between two silicon atoms; each silicon atom in turn 
is surrounded by four oxygen atoms in a tetrahedral 
configuration in the bulk Si02. The bridging site 
where O is inserted into a Si—Si back-bond is the 
preferred major adsorption site on silicon surfaces 
obtained from both experiment312-318 and 
theory.307,316319 On the other hand the dangling 
bonds must also be involved in the dissociation 
process, since hydrogen-covered surfaces have been 
shown to be nearly inert toward O2.309'320 

/. Oxygen/Si(100) 

Many conflicting results for the initial oxidation of 
the Si(IOO) surface have been reported. A saturation 
coverage of 1.0 ML was reported from most AES and 
XPS studies306-318-320-321 for O2 adsorption at 300 K, 
while lower saturation coverages have also been 
reported.322 From an atomic oxygen beam study306 

no true saturation was found for atomic oxygen 
exposure, but the uptake slowed down considerably 
at a coverage of 2 - 3 ML. From STM studies,323 

Avouris and Lyo concluded that the initial adsorption 
occurred predominantly at defect sites. 

From theoretical calculations, O2 is predicted to 
adsorb dissociatively,307-319 and Figure 46 shows 
different adsorption sites that have been considered— 
except for the dangling bond site, marked 1, oxygen 
is inserted into a Si—Si bond. Initial adsorption of 
both molecular and atomic oxygen was found to lead 
to insertion of O into the dimer bond307-319-324 (site 
marked 2 in Figure 46). During this step, the (2x1) 
reconstruction of the silicon atoms was predicted to 
be intact since the atoms of the former dimer are 
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Figure 46. Possible adsorption sites for oxygen on Si-
(100): (1) dangling bond site; (2) short (dimer) bridge site, 
dimer bond is broken; (3) long (nondimer) bridge site; and 
(4) bridge site between first and second layer. 

pulled toward each other in the Si-O-Si bridge. At 
high exposures O also bonds in the remaining surface 
bridge sites (between the original dimer positions, 
site 3 in Figure 46) and the two bridging sites become 
equivalent during this step.319324 Insertion of O into 
the bridge sites between the first and second layer 
(site 4 in Figure 46) was predicted to occur only at 
elevated temperatures.324 

In contrast to the consistent theoretical predictions 
of well-ordered surface structures, experimental re­
sults show a high degree of local disorder. Bu and 
Rabalais318 studied adsorption of both molecular and 
atomic (from N2O) oxygen by TOF-SARS. The results 
obtained for the two adsorbates were identical, 
confirming that O2 adsorption is dissociative. The 
results showed that no short-range ordering of the 
O atoms exists. The results did show, though, that 
while initially adsorbed oxygen resided above the 
surface Si atoms, oxygen was also found below the 
first Si layer in later stages. The STM study by 
Johnson et al.321 confirmed that the surface is disor­
dered, and no evidence of the (2x1) reconstruction 
was observed. Bu and Rabalais318 also found that the 
(2x1) LEED pattern was extinct at saturation, while 
Westermann et al.320 observed a (2x1) pattern with 
high background. Yaguchi et al.322 reported that the 
(2x1) RHEED pattern was preserved even after 
exposure to 1500 langmuir of O2 at 300 K. 

2. Oxygen/Si(111) 

Little experimental data exist on the sticking 
coefficient and saturation coverage for oxygen on the 
Si(IIl) surface. Gupta et al.309 and Tikhov et al.325 

reported that the initial sticking coefficient of O2 on 
Si(lll)-(7x7) decreased with surface temperature, 
and values around 0.1 at 300 K were reported.309 

Furthermore, the saturation coverage increased with 
temperature from 0.4 ML at 110 K309 to 1.0 ML at 
750 K.325 

For O2 on Si(IIl), the molecular precursor is 
metastable, with the reported lifetime ranging from 
14 min308 to several hours.311 This long lifetime gives 
a unique possibility to study both the molecular 
precursor and the stable dissociated species. The 
lifetime is temperature dependent, and a short an­
nealing to 400 K results in full dissociation.308'311315 

Figure 47 shows the adsorption geometries and 
reaction pathways on Si(lll)-(7x7) proposed by 
Schubert et al.316 based on extensive studies by STM, 
STS, UPS, and tight-binding calculations.310314"316 

Since the (7x7) unit cell is too large for theoretical 
calculations to be feasible, the calculations where 
carried out for a (2x2) unit cell (shown as an insert 
in Figure 47) representing the local symmetry of 

adatoms and restatoms inside the (7x7) unit cell. 
Since the adatoms dominate STM images, and the 
dangling bonds of the restatoms and adatoms give 
easily identified features in UPS and STS spectra, 
this model is regarded as a good model, although it 
ignores the dimer strings and the corner holes. 
Earlier studies by Hofer et al.308 characterized the 
precursor as a species in bridge configuration be­
tween dangling bonds. They recognized the bridge 
species shown in Figure 47 as the unstable precursor 
of a stable dissociated species, and proposed a bridge-
bonded species in a less well-defined environment of 
the oxygen-modified surface as the stable molecular 
precursor.308 Schubert et al.316 calculated the local 
density of states for several bridged species as well 
as for the on-top species shown in Figure 47 (grif, 
para, and paul), and the best agreement with UPS 
spectra was obtained for the species shown in Figure 
47. 

For the stable dissociated species, Morgen et al.312 

found only a bridge-bonded atom inserted into the 
back-bond between the adatom and the atom below 
(identical to ins shown as part of ins-rest in Figure 
47) to be compatible with their XPS and UPS spectra. 
Avouris et al.315 showed by calculation of the local 
density of states that this species—with the adatom 
dangling bond intact—would give rise to a bright site 
image in STM, and bright sites are observed only as 
minority sites in STM. The majority of the reacted 
adatom sites appear dark314-315 and thus a different 
configuration is required to account for these sites. 
The local density of states calculations showed that 
dark sites are obtained for configurations where the 
adatom dangling bond is capped by oxygen. Satura­
tion of the dangling bond alone {ad species) was 
excluded due to the lack of a plausible pathway 
leading to this species from the precursor states, and 
the ins-ad species shown in Figure 47 was preferred. 

Recent ESDIAD results311 were also interpreted in 
favor of the species shown in Figure 47. The des-
orption of O2

+ was concentrated in directions close 
to the surface normal and attributed to an on-top 
molecular species (paul in Figure 47), while the O+ 

desorption was evenly distributed in all directions 
and attributed to a combination of O atoms in the 
on-top dangling bond site and the bridging site. 

3. Decomposition of Oxidized Layers 

Very interesting results have been obtained for the 
decomposition of the oxide layer on silicon sur­
faces.326-330 The only decomposition product observed 
is SiO(g), which desorbs with a coverage-dependent 
peak temperature around 1000 K. Thus extra Si is 
needed in the decomposition process: 

SiO2 + Si — SiO(g) (9) 

and on the basis of this alone, the decomposition is 
expected to require major diffusion in the surface 
layers. For thick oxide films produced by thermal 
oxidation (adsorption at above 900 K) or by wet 
chemical methods, the decomposition was found to 
be strongly inhomogeneous.326,327'329'330 Voids (nucle­
ating at defect sites) exposing the clean silicon 
surface were created in the oxide layer, even for 
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Figure 47. Adsorption geometries and reaction pathways for the oxidation of Si(II l) . Para, paul, and grif are the metastable 
molecular precursors. The thickness of the arrows indicates the importance of the corresponding reaction.316 
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initial coverages in the submonolayer range. The 
exposed Si surface in the bottom of the voids serves 
as the source of the extra Si needed. Using STM, 
Johnson et al.321 observed voids forming also for Si-
(100) surfaces exposed to O2 at 300 K. In addition, 
after complete oxide removal, reconstructions due to 
dimer vacancies were observed: the c(4x4) and the 
(2xn) reconstruction. The exact structure of the 
c(4x4) reconstruction is unknown, but it was specu­
lated to involve a complex pattern of dimers in the 
top and second layer of the Si(IOO) surface. The 
(2xn) structure is the missing row structure, which 
is shown in Figure 44 (for Bi dimers). The (2x1) 
dimer reconstruction is restored by annealing to 1525 
K, where Si sublimation occurs. 

B. H2O on Silicon Surfaces 

Since H2O is a relatively simple molecule one might 
expect that its interaction with silicon would also be 
uncomplicated, but it has turned out to be very 
controversial. The results and discussions up to 1987 
were reviewed extensively by Thiel and Madey.331 

One fundamental and controversial issue that has 
only recently been resolved, is whether H2O under­
goes dissociative or molecular adsorption. Early 
photoemission studies on both Si(IOO)332 and Si-
(111)333 were interpreted in terms of molecular 
adsorption, whereas vibrational studies, by both IR334 

and HREELS,335 supported dissociative adsorption, 
through the observation of Si—H and SiO-H stretch-
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Figure 48. IR spectra after H2O exposure on Si(IOO) at 
80 K: (a) 0.5 langmuir, (b) 10 langmuir, and (c) 10 langmuir 
followed by annealing to 280 K. The assignments of the 
peaks are indicated.334 

ing modes (Figure 48a). Later PES studies336-338— 
including an angle-resolved study336—together with 
reinterpretation of the old PES data,338 led to the 
conclusion that H2O adsorbs dissociatively to OH and 
H on both surfaces. Few studies have been under-
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taken on other Si surfaces, but Schaefer et al.339 

reported adsorption of H2O on the cleaved Si(IOO)-
(2x1) surface to be dissociative. 

The adsorption probability is strongly structure 
dependent, resulting in vastly different sticking 
coefficients on Si(IOO) and Si(IIl).334'340341 At room 
temperature the sticking coefficient on Si(IOO) is high 
(near unity) and constant up to saturation, suggest­
ing the involvement of a mobile precursor adsorption 
mechanism.340 On the other hand, the sticking 
coefficient on Si(IIl) is around 1O-2 and depends on 
the H2O pressure during adsorption.341 At low tem­
peratures (below 160 K) molecular water may be 
physisorbed on top of the initial chemisorbed layer 
(Figure 48a),334-342'343 as evidenced by the observation 
of vibrational modes of molecular water in IR (Figure 
48b). Figure 48c shows that the chemisorbed layer 
remained after desorption of the physisorbed layer 
by annealing to 280 K. LITD results342 suggested 
that on Si(IIl) the physisorbed layer began to form 
before saturation of the dissociated layer. For Si-
(100), the saturation coverage in the dissociated layer 
is reported to be 0.5 ML, i.e. one OH or H per Si 
surface atom.344'345 

Recent STM studies345-347 have led to very inter­
esting results. Reaction does not take place uni­
formly over the surface, but instead islanding is 
observed.345-347 Following initial adsorption of H2O 
on Si(IOO) at 300 K, Chander et al.345 observed a 
marked increase in the number of two types of 
features: dark dimers and dimers with one bright 
and one dark end. On the clean surface identical 
features have been interpreted as defects: missing 
dimers and missing single Si atoms, respectively.348 

Further H2O adsorption, on the other hand, gave 
features with atomic resolution in both filled and 
empty state images, while for the clean surface 
atomic resolution is only obtained in empty state 
images.345,347 The interpretation345 based on these 
observations was that the first features are due to 
molecular water, while the second ones are due to 
dissociation; thus the first 0.05 ML of H2O adsorbed 
molecularly followed by dissociative adsorption up to 
saturation. This suggests that some of the "defects" 
normally seen on Si(IOO) surfaces by STM are in fact 
impurities in the form of molecularly adsorbed water. 
This is not unreasonable, since H2O is always present 
in the ultrahigh vacuum chamber background gas, 
and H2O has a high sticking coefficient. As the H2O 
coverage increased, some of the molecular features 
were converted to dissociated features, while the rest 
remained, and the latter were speculated to be "true 
defects". (It should be mentioned that recent theo­
retical calculations349 have shown that molecularly 
adsorbed oxygen will also have the appearence of a 
"missing dimer defect", and thus some of the observed 
defects could be due to oxygen adsorption.) Ander-
sohn and Kbhler347 reached similar conclusions and 
furthermore found that adsorption preferentially 
occurs on terraces, and steps are saturated in later 
stages, in agreement with the observations by Avour-
is and Lyo346 for Si(IIl), and with earlier conclusions 
from IR.334,350 F r o m I R studies, Chabal350 originally 
concluded that H2O adsorption did not saturate the 
steps at all, whereas Schrbder-Bergen and Ranke344 
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Figure 49. Adsorption of H2O on Si(IOO). Schematic of 
OH and H bonding to adjacent dangling bonds, which is 
the only reaction observed by STM. 

found the saturation coverage to decrease with 
increasing step density, but attributed this to smaller 
dangling bond density at steps (as may be seen in 
Figure 6). On the basis of LEED it had been 
proposed that the step structure and distribution was 
changed by water adsorption,30 but this was not 
observed in the STM images.347 

STM images346-347 also suggest that a very strong 
site correlation exists. On Si(IOO), only pairwise 
saturation of adjacent dangling bonds by OH(a) and 
H(a) was observed, although not necessarily on the 
same dimer,347 as shown schematically in Figure 49. 
Furthermore, isolated dangling bonds on the nearly 
saturated surface were very stable against adsorp­
tion, supporting the idea that two adjacent dangling 
bonds are needed for dissociative adsorption. Taken 
together, these two observations strongly suggest 
that the dissociative adsorption occurs through a 
mobile molecular precursor347 at surface sites pre­
senting adjacent dangling bonds. Interestingly, in 
images recorded at short time intervals, an apparent 
oscillation of the features assigned to isolated dan­
gling bonds between the two ends of the dimer was 
observed. Thus, adsorbed H and OH species on 
singly occupied dimers are not immobile, they can 
move to the adjacent unoccupied site. On Si(IIl), 
where the Si adatoms are most easily imaged by 
STM, center adatoms were twice as reactive as corner 
adatoms.346 In the DAS model, the closest pairs of 
atoms with dangling bonds are restatom-adatom 
pairs, and among these there are twice as many pairs 
with center adatoms as with corner adatoms (each 
restatom is surrounded by two center adatoms and 
one corner adatom). Thus if it is assumed that the 
adsorption of H2O occurs at adjacent dangling bonds, 
those of a restatom and an adatom, one would expect 
twice as many center adatoms as corner adatoms to 
react. This is exactly what is observed by STM, 
strongly suggesting that adsorption of H2O on Si(IIl) 
also occurs at adjacent dangling bond sites. Finally, 
the observation that preadsorbed hydrogen blocks the 
adsorption of H2O,342 is also in agreement with 
adsorption occurring at dangling bond sites. 

H2O on Si(IOO) has been studied by ESDIAD and 
only the desorption of H+ in a four-lobe pattern was 
observed. By comparison to the much lower yield 
from hydrogen-terminated surfaces, it was concluded 
that this H+ originated from OH groups on the 
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surface.351-353 The observation of H+ from the OH 
groups indicates that the 0 - H bond is pointing away 
from the surface (as shown in Figure 49), since H+ 

from an O—H bond pointing toward the surface is 
expected to be neutralized by the surface. On double-
stepped Si(IOO) crystals,353 the patterns are domi­
nated by two lobes, which are perpendicular to the 
step edges and therefore perpendicular to the terrace 
dimer bonds. Thus the O-H bond is tilted away from 
the vertical plane of the dimer bond. Since the angle 
of the Si-O bond relative to the surface is unknown, 
the S i -O-H bond angle cannot be determined from 
the H+ beam angle observed in ESDIAD. Recent 
TOF-SARS results318 showed two hydrogen positions, 
one close to the surface and one high above the 
surface. These were attributed to the hydrogens of 
Si-H and Si-OH, respectively, and interpreted in 
favor of the O-H bond pointing away from the 
surface. The dynamical behavior of the Si-OH 
moiety has been studied by ESDIAD.352 H+ beam 
broadening effects which are highly anisotropic in­
dicate that the torsional mode about the Si-O bond 
in Si-OH species is of high amplitude.352 

For low exposures at low temperature or for H2O 
exposures on Si(IOO) at >200 K, only the decomposi­
tion products H2 and SiO are observed in TPD.342343 

The SiO desorption temperatures reported for Si(IOO) 
and Si(IIl) surfaces are very similar, 930 and 950 
K for Si(IOO)343 and Si(IIl),342 respectively. The H2 
desorption temperature of 800 K is the same as that 
of H2 desorption from hydrogen covered Si surfaces, 
suggesting that H2 desorption occurs from Si sites. 
This is in agreement with results from PES,340 

LITD,342 and SIMS,343 which show conversion of the 
terminally bonded OH species to a bridge bonded 
oxygen species: 

b) 
Cl 

Si-OH - S i - O - S i + S i -H (10) 

On Si(IIl), the decrease of SiOH and H2O LITD 
signals, attributed to direct desorption of SiOH and 
recombinative desorption of H + OH —* H2O, respec­
tively, showed that this process occurred between 400 
and 600 K. On Si(IOO), the OH species is more 
stable; although some OH starts to decompose at 300 
K, the majority decomposes between 500 and 750 
K.343 For high exposures at low temperature (<200 
K), desorption of multilayer H2O was observed at 170 
and 225 K for Si(IOO)343 and at 160 K for Si(IIl).342 

IR spectra (Figure 48c) showed that following high 
exposures on Si(IOO) at 80 K and annealing to 300 
K, only OH and H was left on the surface.334 

It is interesting to compare the reactivity toward 
silicon surfaces of the hydrogen atoms in H2O to that 
of atomic and molecular hydrogen. The sticking 
probability OfH2O is much greater than for molecular 
hydrogen—which of course could also be related to 
the lone-pair electrons on the oxygen atom in 
H2O-and on Si(IOO) the sticking probability OfH2O 
is comparable to that of atomic hydrogen. However, 
in contrast to atomic hydrogen, the adsorbed hydro­
gen resulting from dissociation of H2O is not capable 
of breaking Si-Si bonds, as evidenced by the persis­
tence of Si(IOO) dimers and the conservation of the 
step structure. 
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Figure 50. Different proposed bonding configurations for 
chlorine on Si(IOO): (a) terminal bonding at dangling bond 
sites of symmetric dimer, (b) bridging site, (c) terminal 
bonding at dangling bond of asymmetric dimer, and (d) 
dichloride spe«ies. 

VIII. Halogens on Silicon Surfaces 

With their preference for formation of single bonds, 
the halogens are expected to be similar to hydrogen 
in their interaction with silicon surfaces. The halo­
gens (except iodine), however, are more agressive in 
terms of etching, and especially chlorine and fluorine 
are widely used in commercial etching processes, 
although often in form of chlorinated and flourinated 
compounds in a plasma. 

As is the case with nitrogen in group V, chlorine 
dominates the studies of halogen chemistry on silicon 
surfaces. 

A. Chlorine 

The studies of chlorine on silicon surfaces has been 
complicated by the use of different chlorine sources: 
Cl2 gas itself, or chlorine species from an electro­
chemical chlorine source. Although the majority of 
the chlorine from the electrochemical source is mo­
lecular, the presence of Cl atoms has also been 
reported.354 Recent studies with molecular and atomic 
chlorine suggest that the reactivities of the two 
species toward silicon surfaces are different.355356 

1. CIZSi(WO) 

The question of the adsorption site and saturation 
coverage of chlorine on Si(IOO) is controversial and 
intimately related to the question of buckled or 
symmetric dimers. There is general agreement from 
LEED studies357"362 and RHEED363 that the (2x1) 
structure is preserved after adsorption of Cl, although 
both weakening359 and strengthening362 of the half-
order spots following adsorption has been reported. 
Furthermore, it has been reported that CI2 adsorbs 
with high and constant sticking coefficient up to near 
saturation.356359 An early study363 found a very low 
saturation coverage, concluding that Cl bonded only 
to steps and defects, but most later studies356-359-360 

have concluded that the saturation coverage is close 
to 1.0 ML, i.e. one Cl per surface Si atom. For 
adsorption of atomic chlorine, Szabo et al.356 found 
no true saturation, but the uptake slowed down 
considerably above ~1.5 ML coverage. 

Figure 50 shows the different models that have 
been proposed for bonding of chlorine to Si(IOO). 
Terminal bonding to the dangling bonds of the 
symmetric dimer (Figure 50a) was first proposed by 
Thornton et al.357 on the basis of NEXAFS results, 
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and ARPES364 and EELS363 results were also inter­
preted in favor of an off-normal Si-Cl bond. This 
structure was also one of the two structures found 
by Gao et al.359,365 in a study combining several 
experimental techniques and employing adsorption 
OfCl2 gas at a Si(IOO) temperature <120 K. Prima­
rily on the basis of the ESDIAD patterns and 
HREELS spectra shown in Figure 51, these authors 
concluded that a mixture of a bridging species (Figure 
50b) and a terminal species (Figure 50a) exists after 
adsorption at ~120 K. In the ESDIAD patterns four 
shoulders or peaks are seen in the directions of the 
dangling bonds in the two orthogonal (2x1) domains, 
indicating off-normal Si-Cl bonding in these direc­
tions. At low temperature a central Cl+ beam is also 
observed, corresponding to a species bonded normal 
to the surface. The HREELS spectra show a Si-Cl 
stretching mode at ~600 cm-1, and a 300 cm -1 mode 
which was interpreted as a stretching mode of a 
bridged Si-Cl-Si species as shown in Figure 50b. 
As seen in Figure 51, annealing up to 673 K gradu­
ally removes the normal Cl+ ESDIAD beam and the 
300 cm-1 mode, suggesting that a conversion of the 
bridging species to a terminal species occurs. Sup­
port for this model has come from several calcula­
tions,14366'367 where both the terminal dangling bond 
site (Figure 50a) and the bridging site (Figure 50b) 
are found to be stable sites. All studies found the 
terminal site to be lowest in energy, but different 
results for the magnitude of the stabilization have 
been reported from 145366 to 9314 to 12 kJ/mol 
dimers.367 The initially asymmetric dimers convert 
to a symmetric configuration after chlorine adsorp­
tion.14367 For the bridge-bonded species, one impor­
tant difference in the theoretical structure14-366 com­
pared to the experimental structure,359 is that the 
theoretical calculations found the Si-Si dimer bond 
to be broken. The Si-Cl bond length obtained from 
NEXAFS357 was 1.95 A, slightly shorter than theo­
retical estimates of the bond length for the terminal 
site: 2.05,14 2.16,366 and 1.97 A.367 For the Si-Cl 
bond angle relative to the surface normal there is also 
some discrepancy between the experimental value of 
25 ± 4° from ESDIAD359 and the values of 150,14 

14.80,366 and 21°367 calculated from the models. 

A bridge-bonded species has also been invoked by 
Boland368 as a metastable state undergoing tip-
induced hopping of chlorine between adjacent sites 
observed in STM. Two main features were observed 
after CI2 adsorption: dark dimers and bright "balls" 
on one side of the dimer rows, and these were 
interpreted as dimers with both or one dangling bond 
saturated with Cl, respectively. In addition, STM 
evidence for CI2 dissociative adsorption on adjacent 
Si dimers in the same dimer row was found. 

Entirely different conclusions have been reached 
from other NEXAFS362 and ESDIAD358 studies em­
ploying an electrochemical source. In these studies 
the dominant bond direction was found to be close 
to the surface normal, interpreted as Cl bonding to 
the dangling bond of the "up-atom" of a buckled dimer 
(Figure 50c). In the study by Purdie et al.362 only 
this species was found after adsorption at 500 K, 
whereas after adsorption at 300 K evidence for some 
off-normal bonding was also found. The ESDIAD 

patterns of Bennett et al.358 also show contributions 
from both normal and off-normal species after ad­
sorption at 300 K, but in contrast to the ESDIAD 
patterns in Figure 51, only a normal Cl+ beam is 
observed after annealing to 670 K. Thus, the normal 
beam was attributed to Cl bonded to a buckled dimer 
(Figure 50c). To account for the off-normal species 
at 300 K, in addition to bonding to dangling bonds of 
a symmetric dimer (Figure 50a), the possibility of 
dichloride species (Figure 5Od) was also proposed. It 
should be noted that two studies355356 have found that 
polychlorides are formed only after exposure to 
atomic chlorine, not after exposure to molecular 
chlorine. 

In the ESDIAD study by Bennett et al.,358 Cl on 
vicinal Si(IOO) was also studied. For these surfaces 
an extra peak in the downstairs direction (perpen­
dicular to the terrace dimers) was also found and 
attributed to either etching or terminal bonding at 
step sites. The same downstairs beam was observed 
by Dohnalek et al.,369 who favored bonding to a step 
site, where the presence of a downstairs-tilted dan­
gling bond is in agreement with Chadi's model23 of 
double steps (DB step in Figure 6). 

Most studies356'359,370 have reported that thermal 
removal of Cl from the Si(IOO) occurs exclusively by 
etching—desorption of SiCl2 and SiCl4-although in 
one study,361 Cl2 was observed to desorb at 115 K 
following very large Cl2 doses. For small exposures 
only a high-temperature SiCl2 desorption state is 
seen,356,359'361'370 with reported peak temperature 
varying from 850 K359 to 950 K,356361 and furthermore 
the peak temperature decreases with increasing 
initial coverage. With increasing exposure, a SiCU 
desorption state develops at 500 K.356'359361370 For 
very high exposures, etching is observed at surpris­
ingly low temperature, through the development of 
several additional SiCU desorption states below 200 
K 356,361 These desorption states were first observed 
by Mendicino and Seebauer361 after CI2 gas exposure, 
whereas Szabo et al.356 found that they were only 
observed for atomic Cl exposure. In molecular beam 
scattering experiments direct desorption of SiCl has 
been observed for temperatures above 1073 K.371 

2. Cl/Si(111) 

The results reported for chlorine on Si(IIl) are far 
more consistent than those reported for Si(IOO). 
After adsorption at temperatures below 300 K the 
(7x7) structure is preserved as observed by RHEED363 

and LEED.372 Photoemission results of Schnell et 
al.373 obtained after saturation at 300 K showed that 
SiCU, SiCl2, and SiCl species are present on the 
surface (Figure 52 bottom), while after annealing to 
673 K only SiCl remains (Figure 52 top). Further 
coverage-dependent XPS192 revealed that only SiCl 
is present for low exposures (Figure 53a), while first 
SiCl2 and then SiCU develop with increasing expo­
sure (Figure 53, parts b and c). The indicated 
coverages are based on the density of Si(lll)-(7x7) 
restatoms (the reason for this will become apparent 
from the STM results below) and corresponds to 0.10, 
0.52, and 1.62 ML, respectively, in terms of density 
of the ( l x l ) surface. Similar results have been 
reached from LITD,374 where the SiCl2 and SiCl3 
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Figure 52. Si2p XPS spectra (after subtraction of Si2pi/2 
contribution and background) for a saturation chlorine 
exposure on Si(lll)-(7x7) following adsorption at 300 K 
(bottom) and annealing to 673 K (top).373 

desorption yields were correlated with the existence 
of mono-, di-, and trichloride on the surface. SiCl2 
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Figure 53. Si2p3/2 XPS spectra after exposure of 300 K 
Si(lll)-(7x7) to increasing amounts of chlorine. The indi­
cated chlorine coverages are the ratios of the areas of the 
Si2p chemically shifted peaks to the SiCl peak obtained 
after annealing to 673 K.192 

was assigned to recombinative desorption of SiCl + 
Cl —* SiCl2, while SiCU was assigned to a combination 
of direct desorption of SiCU and recombinative des-
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orption OfSiCl2 + Cl — SiCl2. Szabo et al.356 reported 
a slightly smaller saturation coverage of 1.4 ± 0.1 
ML after exposure to molecular chlorine, while as in 
the case of Si(IOO) no true saturation was obtained 
for atomic chlorine exposure, but the uptake slowed 
down considerably above 1.5 ML. For both atomic 
and molecular chlorine, the coverage after 800 K 
annealing was 1.0 ± 0.1 ML. The adsorption site 
after annealing reported from NEXAFS357-375 was the 
atop site with a Si-Cl bond distance of 2.03 A. 
ESDIAD results of Yonezawa et al.372 for a submono-
layer Cl coverage indicated that the Si-Cl bond was 
close to the surface normal, while the authors re­
marked that Si-Cl bonds with large angles to the 
surface normal might exist, since they would not be 
detected in their experimental arrangement. For 
very low exposures, STM measurements by Boland 
and Villarrubia376 indicated that Cl bonds exclusively 
to the Si adatoms. 

In addition to the conversion from a mixture of 
mono-, di-, and trichloride to pure monochloride, 
major structural changes occur during annealing of 
the chlorine-saturated Si ( I I l ) surface. STM 
images376-378 showed conversion from the (7x7) DAS 
structure to a ( l x l ) bulk-like structure. By mild 
annealing the stages of the lifting of the reconstruc­
tion can be studied, and Boland and Villarrubia377 

showed that the first step beginning at 573 K is 
creation of a surface with (7x7) periodicity but 
without Si adatoms. As seen in the STM image of 
Figure 54a, 42 maxima (Si rest layer atoms, compare 
to Figure 54b) per unit cell were observed, instead 
of the 12 maxima (Si adatoms) observed for the clean 
surface (Figure 7). Dimer strings are still observed 
as troughs on the surface. A few adatoms are still 
observed within the (7x7) cells in Figure 54 as bright 
protrusions near corner holes, while the "missing 
adatoms" are observed as protruding islands in other 
areas of the surface.376 Scanning tunneling spectra 
showed no dangling bond states, confirming that the 
surface is Cl covered. Close inspection of these and 
higher resolution STM images also provided striking 
evidence for the existence of the stacking fault in the 
DAS structure, in addition to the strong contrast of 
adjacent halves of the (7x7) unit cell; a line drawn 
through a row of restatoms in one unit cell falls 
between the rows in a neighboring unit cell. Con­
tinued annealing initiated the removal of the dimer 
strings, leading to a conversion to extended ( l x l ) 
regions.376 This process appeared to be kinetically 
limited, and quantitative conversion could only be 
achieved by long annealing or by dosing chlorine at 
the annealing temperature. The reaction could be 
reversed by annealing to still higher temperature, 
causing loss of Cl.376 The adatoms from the protru­
sions were redispersed over the surface, and after 
heating to 1320 K the (7x7) structure was reestab­
lished. Feltz et al.378 studied the nucleation of the 
( l x l ) and the (7x7) structures in the (7x7) — ( l x l ) 
phase transition induced by adsorption and desorp-
tion of Cl at temperatures between 950 and 1030 K. 
The two processes appear to be reversible in details 
with the ( l x l ) structure nucleating on the lower 
terrace side of steps and at domain boundaries, while 

b) Si(111)-(7x7) - Adatoms Removed 

Figure 54. (a) STM image (bias + 3 V) of the Si ( I I l ) 
surface after saturation exposure of chlorine and annealing 
to 743 K for 2 min. The area shown is 88 x 96 A. (b) 
Structure of the Si( l l l ) - (7x7) DAS model without the Si 
adatoms.377 

the (7x7) structure nucleated at the upper terrace 
step edges. 

As for Si(IOO), SiCl2 is the only desorption product 
observed for low coverages on Si(IIl) , and the 
observed desorption temperature (950 K) is similar 
to that for Si(IOO).192-356-374 For higher coverages, 
SiCU desorption develops, but while Whitman et al.192 

and Szabo et al.356 reported a SiCU desorption tem­
perature of ~600 K, Gupta et al.374 reported SiCU 
desorption at 950 K. Furthermore, additional SiCl2 
desorption occurs around 700 K.192-374 The 700 K 
desorption OfSiCl2 (and possibly SiCl4) appears to be 
related to the presence of higher chlorides, since these 
are not observed on the surface above this temper­
ature.374 For atomic chlorine exposure, the same low 
temperature (<200 K) etching as for Si(IOO) is also 
observed. The 950 K SiCl2 desorption has been 
reported to be second order in chlorine coverage,356-374 

and the reported kinetic parameters are in fair agree­
ment: Eact = 71 kcal/mol, v = 90 cm2/s from Gupta 
et al.374 and Eact = 83 kcal/mol, v = 2000 cm2/s from 
Szabo et al.356 In molecular beam scattering experi­
ments direct desorption of SiCl has been observed for 
temperatures above 1073 K,379 as was seen on Si-
(10O).371 
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B. Fluorine, Bromine, and Iodine 

Studies of adsorption and desorption of the other 
halogens are far more scarce that for chlorine, and 
in particular very little structural data is available. 
Fluorine380 and bromine381 were reported to etch the 
surface like chlorine, while no etching was observed 
for iodine, which was reported to desorb as I.382 

ESDIAD results for adsorption of residual F358>383 

and HF351 on Si(IOO) indicated that F bonds to the 
dangling bonds of the dimers, very similar to the 
bonding of Cl shown in Figure 50a. The reported 
bond angles were 36 ± 50,383 29 ± 30,351 and 30 ± 
50 358 Adsorption of molecular and atomic fluorine 
was studied in detail by Engstrom et al.380 using 
molecular beam techniques, XPS, TPD, and LEIS. 
Molecular fluorine adsorbs dissociatively with an 
initial sticking coefficient of 0.46 ± 0.02 ML, and 
rapid adsorption occurs up to apparent saturation at 
~1.5 ML after ~20 ML exposure. However, this is 
followed by a much slower phase of adsorption, which 
yields a coverage of 3-4 ML after 600 ML exposure. 
The sticking coefficient for atomic fluorine is initially 
similar to that of molecular fluorine, but it decreases 
much more slowly with coverage, and ~400 ML 
exposure yields a coverage of ~10 ML. The coverage 
of 1.5 ML380 is inconsistent with bonding only to the 
existing dangling bonds of Si(IOO). Calculations by 
Wu and Carter384 showed that while bonding occurs 
at the dangling bonds up to a coverage of 1.0 ML, 
beyond this point the dimer bonds are broken and 
difluoride species form. However, the repulsion 
between adjacent F atoms creates a barrier for 
further adsorption at a coverage of 1.5 ML. Recent 
studies by Ceyer et al.385 have shown that an F2 
molecule interacting with a Si(IOO) surface ejects an 
energetic F atom, which can either desorb or chemi-
sorb elsewhere on the surface. 

C. Abstraction of Halogens by Atomic Hydrogen 

The halogens can be efficiently removed by bom­
bardment with atomic hydrogen, as has been first 
reported by Yates and co-workers386,387 for Cl, Br, and 
I on Si(IOO) and by Koleske and Gates381388 for Br 
on both Si(IOO) and Si(IIl). From Si(IOO) the 
abstraction was studied for temperatures of 300-600 
K and the removal rate was highest for I, followed 
by Br and Cl.386,387 For surface temperatures below 
600 K, the removal rate for both surfaces was first 
order in atomic hydrogen flux and in halogen surface 
coverage and exhibited a near-zero activation en­
ergy.386-388 On Si(IIl), however, the rate is also first 
order in the surface hydrogen coverage, suggesting 
that different mechanisms are operative on the two 
surfaces. For Si(IOO) an Eley-Rideal (ER) mecha­
nism was suggested,386-388 while a hydrogen transfer 
(HT) mechanism was suggested for Si(IIl),388 and 
schematics showing the two mechanisms are shown 
in Figure 55. Interestingly, Koleske and Gates381 

found that for higher temperatures (above 673 K), 
the removal rate is first order in both the surface 
hydrogen and the halogen coverage for Si(IOO) as well 
as for Si(IIl). Furthermore, the removal was now 
activated with E&ct — 45 and 43 kcal/mol for Si(IOO) 
and Si(IIl), respectively, interpreted in terms of a 
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Figure 55. Schematic drawings of Eley-Rideal (ER, top), 
and hydrogen transfer (HT, bottom) mechanisms.388 

thermal HBr desorption process. This process begin­
ning at 720 K had also been observed in temperature-
programmed desorption studies of Br/Si(100) after 
atomic hydrogen exposure.386 

IX. Concluding Remarks 
In this review the major recent results for the 

thermal reactions of hydrogen and the main group 
elements on silicon surfaces have been presented. We 
have focused on reactions occurring directly at the 
silicon surface and on reactions where an under­
standing of the individual steps has been pursued. 
Other major areas of research on silicon surfaces 
include photochemical reactions and reactions of the 
transition metals and their compounds, as may be 
inferred from the supplementary bibliography (Ap­
pendix 2). 

Despite the extensive research on silicon surfaces, 
the field of semiconductor surface chemistry is still 
in its early stages, and many questions that have 
been addressed have not yet been answered conclu­
sively. However, one commonly observed trend is 
that lattice energy effects control the surface chem­
istry through reconstruction and strain relief pro­
cesses. 

New exciting results in semiconductor surface 
chemistry are likely to be spurred by the desire for 
higher device density in electronic device fabrication, 
and to be closely connected to the development of new 
atomic resolution experimental techniques. 
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Appendix 1. Surface Science Measurement 
Techniques 

Surface science employs a wide variety of surface 
measurement techniques which give thermodynamic, 
kinetic, structural, electronic and dynamical informa­
tion about the character of the surface species. 
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Because of the complexity of chemical bonding effects 
on silicon surfaces, it has proven desirable to use a 
combination of measurement techniques, and this is 
very common in the best research work on surfaces. 
The following lists all of the techniques employed by 
the workers referenced in this review and gives a 
brief explanation of the physical principles of each. 

Acronym Name 

AES Auger Electron Spectroscopy 

Atoms in the near-surface region are ionized in 
their core levels, followed by relaxation in a radia-
tionless process, where one electron from an outer 
level fills the core hole and a second outer level 
electron leaves with the excess kinetic energy. The 
energy of the departing electron depends only on the 
energies of the involved electronic levels (i.e., it is 
independent of the source and energy of the excita­
tion), and thus each element has its own character­
istic set of Auger electron energies. See: Briggs, D.; 
Seah, M. P., Eds. Practical Surface Analysis; Wiley: 
New York, 1983. 

ESDIAD Electron-Stimulated Desorption Ion 
Angular Distribution 

Surface species are electronically excited by elec­
tron impact and both positive and negative ions as 
well as electronically and vibrationally excited species 
can be ejected. The angular distribution is closely 
correlated with the surface orientation of the chemi­
cal bond being broken. The thermal broadening of 
the angular distribution can be used to infer the dy­
namical behavior of the surface bond. See: Ramsier, 
R. D.; Yates, J. T., Jr. Surf. ScL Rep. 1991, 12, 243. 

HREELS High-Resolution Electron Energy 
Loss Spectroscopy 

Vibrational modes of surface species are excited by 
a monoergetic electron beam. The spectrum of reflec­
ted electrons is collected and displays peaks at loss 
energies (relative to the peak of elastically scattered 
electrons) characteristic of the vibrational modes. 
See: Ibach, H.; Mills, D. L. Electron Energy Loss 
Spectroscopy and Surface Vibrations; Academic: New 
York, 1982. 

IRAS Infrared Reflection Absorption 
Spectroscopy 

Infrared light is reflected from the surface at 
glancing angles, exciting vibrational modes of surface 
species. See: Hayden, B. E. In Vibrational Spectros­
copy of Molecules on Surfaces; Yates, J. T., Jr., 
Madey, T. E., Eds.; Plenum: New York, 1987; pp 
267-344. 

ISS Ion Scattering Spectrometry 
Also known as low-energy ion scattering (LEIS). 

A monoenergetic, well-collimated beam of ions (0.1— 
10 keV) strikes the surface and the energy distribu­
tion of ions scattered in some particular angle is 
measured. The mass, i.e., chemical identity, and 
number of surface atoms is obtained from the energy 

and intensity, respectively, of peaks in the spectrum. 
See: Buck, T. M. In Methods of Surface Analysis; 
Czanderna, A. W., Ed.; Elsevier: New York, 1975; 
pp 75-102. 

LEED Low-Energy Electron Diffraction 
The long-range ordering of the surface is probed 

by diffraction of electrons with energies in the range 
of 20-50OeV. See: Van Hove, M. A.; Weinberg, W. 
H.; Chan, C-M. Low-Energy Electron Diffraction; 
Springer: New York, 1986. 

LEEM Low-Energy Electron Microscopy 
Low-energy electrons reflected of the surface are 

used for imaging of the surface. The low electron 
energy gives very high surface sensitivity, while the 
resolution is limited to observation of larger struc­
tures such as steps. See: Bauer, E. In Chemistry and 
Physics of Solid Surfaces VIII; Vanselow, R.; Howe, 
R., Eds.; Springer: Berlin, 1990; pp 267-287. 

LITD Laser-Induced Thermal Desorption 
The species desorbing from the surface are moni­

tored by mass spectrometry as the crystal tempera­
ture is increased rapidly (1000 K in <100 ns) by a 
laser pulse. See: Hall, R. B.; Bares, S. J. In Chem­
istry and Structure at Interfaces; Hall, R. B., Ellis, 
A. B., Eds.; VCH: Weinheim, Germany, 1986; pp 8 5 -
149. 

NEXAFS Near-Edge X-ray Absorption Fine 
Structure 

Described under SEXAFS. 

NRA Nuclear Reaction Analysis 
Also known as nuclear microanalysis. The surface 

is bombarded by high-energy charged particles (pro­
tons or He nuclei) and a nuclear reaction occurs. The 
emitted particles are collected, and using known cross 
sections, the number of reacting surface atoms can 
be determined. This technique is especially valuable 
for determination of hydrogen coverage. See: FeId-
man, L. C. In Ion Spectroscopies for Surface Analysis; 
Czanderna, A. W., Hercules, D. M., Eds.; Plenum: 
New York, 1991; pp 311-361. 

PES Photoelectron Spectroscopy 
Originally known as electron spectroscopy for 

chemical analysis (ESCA). The surface atoms are 
photoionized by UV (UV PES, UPS) or X-ray (X-ray 
PES, XPS) radiation, and the kinetic energy distribu­
tion of the photoelectrons is measured. This in turn 
gives the binding energies of the electronic levels, 
which will depend on the initial charge state and the 
chemical environment of the atom in the surface. The 
photoelectron energies are also influenced by polar­
ization effects in the medium surrounding the ionized 
atom. Using angle-resolved measurements (ARPES), 
the dispersion of the individual electron bands may 
be obtained. See: Siegbahn, K.; et al. Electron 
Spectroscopy for Chemical Analysis; Almquist and 
Wiksells: Stockholm, 1967. 

RHEED Reflection High-Energy Electron 
Diffraction 

Structural information is obtained from electron 
diffraction, and enhanced surface sensitivity is ob-
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tained by using grazing incidence. See: Ino, S. In 
Reflection High-Energy Electron Diffraction and Re­
flection Electron Imaging of Surfaces; Larsen, P. K., 
Dobson, P. J., Eds.; Plenum: New York, 1988; pp 
3-28. 

SEXAFS Surface X-ray Absorption Fine 
Structure 

The surface atoms are ionized by X-ray radiation, 
and the dependence of the absorption coefficient on 
photon energy above the ionization threshold is 
measured. Surface sensitivity is obtained by mea­
suring the absorption coefficient indirectly, commonly 
by detecting the electron yield. The energy depen­
dence stems from interference effects of the ejected 
electron, which will scatter at the surrounding atoms, 
and thus coordination numbers and interatomic 
distances are available from Fourier transformation 
of the absorption coefficient. For the energy region 
very close to the ionization threshold, the terms near-
edge EXAFS (NEXAFS) or X-ray absorption near-
edge structures (XANES) are used. See: Stohr, J. 
In X-ray Absorption: Principles, Applications, Tech­
niques of EXAFS, SEXAFS, and XANES; Konings-
berger, D. C, Prins, R., Eds.; Wiley: New York, 1988; 
pp 443-571. 

SHG Second Harmonic Generation 

The surface is irradiated with laser light of fre­
quency a), and the radiation emitted with frequency 
2a> is detected. The emission will be enhanced when 
there is resonance with an absorption band of the 
adsorbates, and thus by varying the frequency of the 
incoming light, a spectrum from the adsorbed mol­
ecules is obtained. The method works only for atoms 
bound in noncentrosymmetric sites such as those at 
the surface. Furthermore, surface symmetries may 
be deduced by taking advantage of the polarization 
of the laser radiation. See: Shen, Y. R. In Chemistry 
and Structure at Interfaces; Hall, R. B.; Ellis, A. B., 
Eds.; VCH: Weinheim, Germany, 1986; pp 151-196. 

SIMS Secondary Ion Mass Spectroscopy 

The surface is bombarded with high-energy ions, 
causing sputtering of atomic and molecular ions and 
neutrals, which are detected by mass spectroscopy. 
The technique can be used for depth profiling, when 
multiple layers are removed, or for surface analysis 
(often termed static SIMS or SSIMS), when only a 
fraction of a layer is removed. See: Benninghoven, 
A.; Riidenauer, F. G.; Werner, H. W. Secondary Ion 
Mass Spectroscopy: Basic Concepts, Instrumental 
Aspects, Applications, and Trends; Wiley: New York, 
1987. 

STM Scanning Tunneling Microscopy 

The local electronic structure of the surface is 
probed by scanning a biased tip across the surface. 
Electrons will tunnel between the tip and the surface, 
and the tunneling current depends on the electrical 
potential and the tip—surface separation. Topo­
graphs are obtained from the spatial distribution of 
the tunneling current. See: Chen, C. J. Introduction 

to Scanning Tunneling Microscopy; Oxford Univer­
sity: New York, 1993. 

STS Scanning Tunneling Spectroscopy 
Closely related to STM. The relative derivative of 

the tunneling current with respect to the tip bias ((dZ/ 
/)/(dV/V)) is probed at specific surface sites, and this 
quantity has been shown to be representative of the 
local density of electronic states. See: Chen, C. J. 
Introduction to Scanning Tunneling Microscopy; Ox­
ford University: New York, 1993; pp 295-312. 

TED Transmission Electron Diffraction 
A high-energy (10 keV) electron beam is transmit­

ted through a thinned area of the crystal, and the 
diffracted electrons are collected. The relative in­
tensities of the diffracted beams are very sensitive 
to the lateral positions of the surface atoms. See: 
Thomas, G.; Goringe, M. J. Transmission Electron 
Microscopy of Materials; Wiley: New York, 1981. 

TOF-SARS Time-of-Fliqht Scattering and 
Recoiling Spectroscopy 

This is a combination of ISS and SIMS. Ions and 
neutrals from scattering of the incoming noble gas 
ions and from recoiled surface species are detected 
by the time-of-flight technique. See: Grizzi, 0.; Bu, 
M. S.; Rabalais, J. W. In Chemistry and Physics of 
Solid Surfaces VIII; Vanselow, R.; Howe, R., Eds.; 
Springer: Berlin, 1990; pp 213-238. 

TPD Temperature-Programmed Desorption 
The species desorbing from the surface are moni­

tored with a mass spectrometer while the crystal 
temperature is increased at a controlled rate, which 
is usually linear with time and in the range 1-10 
K/s. See: Yates, J. T., Jr. In Methods of Experimen­
tal Physics 22; Park, R. L., Lagally, M. G., Eds.; 
Academic: Orlando, 1985; pp 425-464. 

UPS Ultraviolet Photoelectron 
Spectroscopy 

Described under PES. 

XPS X-ray Photoelectron Spectroscopy 
Described under PES. 

XSW X-ray Standing Wave lnterferometry 
An X-ray standing wave field at a crystal surface 

is excited through interference between an incident 
X-ray plane wave and the Bragg diffracted wave 
scattered from the crystal below the surface. The 
intensity of the standing wave field has the periodic­
ity of the bulk diffracting planes. Variation of the 
incident beam angle through the range correspond­
ing to total Bragg reflection and comparison to 
theory, allows determination of the position of ad-
sorbate atoms relative to the substrate lattice. See: 
Golovchenko, J. A.; Batterman, B. W.; Brown, W. L. 
Phys. Rev. B 1974, 10, 4239-4242. 

Appendix 2. Supplementary Bibliography 
The following is a list of recent references to surface 

layers on silicon arranged by periodic groups and 
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compound types. In contrast to the periodic group 
designation used in the body of the review, here we 
employ the new periodic group designation for better 
classification. References that naturally fall into 
more than one category are listed in all appropriate 
categories, and for quick access a directory of the 
category headings is at the front of this review. 

Hydrogen 

Effect of Hydrogen on Surface Roughening during 
Si Homoepitaxial Growth; Adams, D. P.; Yalisove, S. 
M.; Eaglesham, D. J. Appl. Phys. Lett. 1993, 63, 
3571-3573. 

Si Crystal Growth Mediated by Synchrotron Ra­
diation Stimulated Hydrogen Desorption; Akazawa, 
H.; Utsumi, Y.; Urisu, T.; Nagase, M. Phys. Rev. B 
1993, 47, 15946-15949. 

Chemical Equilibration of Plasma Deposited Amor­
phous Silicon with Thermally Generated Atomic 
Hydrogen; An, I.; Li, Y. M.; Wronski, C. R.; Collins, 
R. W. Phys. Rev. B 1993, 48, 4464-4472. 

Silver Induced Formation of Si(Hl)-VSxVS Struc­
ture from Hydrogenated Amorphous Silicon Film; 
Ashtikar, M. S.; Sharma, G. L. Solid State Commun. 
1994, 91, 831-834. 

Detection of Hydrogen Plasma Induced Defects in 
Si by Positron Annihilation; Asokakumar, P.; Stein, 
H. J.; Lynn, K. G. Appl. Phys. Lett. 1994, 64, 1684-
1686. 

Microstructure of Nanosize Hydrogenated Crystal­
line Silicon Studied by Scanning Tunneling Micros­
copy; Bai, C. L.; Wang, Z. H.; Dai, C. C; Zhang, P. 
C; He, Y. L. J. Vac. Sci. Technol. B 1994,12, 1823-
1826. 

The Role of Hydrogen in Silicon Liquid Phase 
Epitaxy; Bergmann, R.; Kurianski, J. Mater. Lett. 
1993, 17, 137-140. 

Electrochemically Prepared Si(Hl) lx l -H Surface; 
Bitzer, T.; Gruyters, M.; Lewerenz, H. J.; Jacobi, K. 
Appl. Phys. Lett. 1993, 63, 397-399. 

Si2p Core-Level Chemical Shifts at the HZSi(IIl)-
( lx l ) Surface; Blase, X.; Dasilva, A. J. R.; Zhu, X. 
J.; Louie, S. G. Phys. Rev. B 1994, 50, 8102-8105. 

Desorption and Other Effects of Pulsed Laser 
Annealing of Hydrogen Implanted Silicon; Boivin, R.; 
Terreault, B. J. Appl. Phys. 1993, 73, 1943-1951. 

Scanning Tunneling Microscopy of the Interaction 
of Hydrogen with Silicon Surfaces; Boland, J. J. Adv. 
Phys. 1993, 42, 129-171. 

Light Scattering by Acoustic Phonons in Unhydro-
genated and Hydrogenated Amorphous Silicon; Bus-
tarret, E.; Thomsen, C; Stutzmann, M.; Asano, A.; 
Summonte, C. J. Non-Cryst. Solids 1993,166, 927-
930. 

Infrared Spectroscopy of Semiconductor Surfaces— 
H-Terminated Silicon Surfaces; Chabal, Y. J. J. MoI. 
Struct. 1993, 292, 65-80. 

The Interaction of Atomic Hydrogen with Adsorbed 
Ethylene and Acetylene on Si(IOO); Chua, L. H.; 
Jackman, R. B.; Foord, J. S. Surf. Sci. 1994,315, 69 -
80. 

Hydrogen Halogen Chemistry on Semiconductor 
Surfaces; Cohen, S. M.; Hukka, T. L; Yang, Y. L.; 
Develyn, M. P. Thin Solid Films 1993,225,155-159. 

H Coverage Dependence of Si(OOl) Homoepitaxy; 
Copel, M.; Tromp, R. M. Phys. Rev. Lett. 1994, 72, 
1236-1239. 

Hydrogenating Silicon Dioxide in an Electron 
Cyclotron Plasma; Delfino, M.; Tsai, W.; Reynolds, 
G.; Day, M. E. Appl. Phys. Lett. 1993, 63, 3426-3428. 

Mechanistic Insight into Gas Phase Reactions of 
H« + Si2H6 and Hydrogen Atom Etching of Silicon 
Surfaces; Dobbs, K. D.; Doren, D. J. J. Am. Chem. 
Soc. 1993, 115, 3731-3738. 

Vibrational Properties of HZSi(Hl)-(Ix 1) Sur­
faces—Infrared Absorption and Electron Energy Loss 
Spectroscopic Studies; Dumas, P.; Chabal, Y. J.; 
Jakob, P. Appl. Surf. Sci. 1993, 65/66, 580-586. 

Effect of H on Si Molecular Beam Epitaxy; Eagle-
sham, D. J.; Unterwald, F. C; Luftman, H.; Adams, 
D. P.; Yalisove, S. M. J. Appl. Phys. 1993, 74, 6615-
6618. 

The Role of Hydride Coverage in Surface Limited 
Thin Film Growth of Epitaxial Silicon and Germa­
nium; Eres, G.; Sharp, J. W. J. Appl. Phys. 1993, 74, 
7241-7250. 

Hydrogenation of Boron in Silicon during Low 
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