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Surface dipole and Fermi-level position on clean, oxygen-, and water-covered cylindrical
Si crystals: A photoelectron spectroscopy study
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Photoelectron spectroscopy, including emission from the Si 2p core level, was used to investigate
the orientation dependence of the photoionization threshold g(a) and the surface position of the
valence-band edge below the Fermi level, Evps(a), on a cyhndrically shaped Si crystal with [110] as
its axis. The average g values for (001), (113), (111), and (110) are 5.33, 5.32, 5.26, and 5.26 ev,
respectively, and thus differ only very little as expected for a covalent, nonpolar crystal. Increasing
corrugation on stepped, faceted, defect-rich, and high-index surfaces increases g' values, in contrast
to what is observed on metal surfaces. The orientation dependence of g is interpreted in terms of a
relaxation- or reconstruction-related surface polarity which is increased at edges. Water adsorption
generally reduces g. In the range (001)—(113) the shape of g(a) is conserved, whereas it is changed
in the range (112)—(111)—(110), consistent with fundamentally different adsorption mechanisms as
observed earlier. After oxygen adsorption, g(a) is strongly changed, indicating a strong distortion of
the surface by bond breaking. On the clean surface, the Fermi-level —pinning position Ezzq(a),
which is given by the surface-state structure, varies strongly. After oxygen exposure it is pinned at a
nearly constant position -0.1 eV above the midgap, probably by defect-related surface states. For
water adsorption, again two ranges can be distinguished with a similar pinning as for oxygen in the
range (112)—(111)—(110)and a reduced but still strong variation between (001) and (113).

I. INTRODUCTION

It has been known for a long time that the surface-
dipole barrier in solids should vary with orientation. Al-
ready in 1941, Smoluchowsky proposed the so-called
charge-smoothing model, which qualitatively explains the
variations of the work function y on metals. ' According
to this model, which was the basis for the more recent
theoretical work of Lang and Kohn, the electronic charge
at a solid surface tends to smooth out corrugations, yield-
ing a work-function decrease with increasing corrugation.
Systematic experimental work has started relatively late,
and because of increasing interest in the structural and
chemical properties of vicinal and high-index surfaces.
An elegant work on that topic is a measurement of p(a)
on a complete tungsten cylinder by Gardiner et al. All
these measurements confirm the idea of charge smoothing
as being mainly responsible for the orientation dependence
of the surface dipole on metals.

Charge smoothing implies that the electronic charge
can be shifted easily and thus is expected to be strong for
metals. The situation is more complicated for covalent
crystals, which are characterized by strongly directed
bonds with strongly localized orbitals. For compound
crystals, ionic contributions to the electron affinity X
(which, for semiconductors, is the quantity containing the
surface-dipole contributions) must be considered. Mea-
surements on a cylindrical GaAs crystal have shown that
the bulk ionicity as reflected in the surface composition
gives the main contribution to X(a). However, the surface

ionicity is reduced compared to the bulk, which is related
to the reconstruction of the surface atoms.

In view of these results, it seemed interesting to investi-
gate X(a) on a nonpolar covalent crystal, and Si was
chosen for this purpose. Charge smoothing should be
small and thus ionicity contributions could originate only
from surface-relaxation and reconstruction effects. Thus,
it was hoped that such measurements also could explain
the general relaxation mechanisms.

This paper is organized as follows. After the descrip-
tion of experimental details and sample preparation in the
next section, Sec. III presents the experimental results,
e.g., the temperature and orientation dependence of the
ionization threshold g=X+EG (EG is the energy gap) and
the Fermi-level position in the band gap, as well as their
change upon oxygen and water adsorption. The paper is
concluded by a discussion of these results in Sec. IV.

II. EXPERIMENTAL AND DATA EVALUATION

The cylindrical sample was cut by spark erosion from a
0.1-0cm boron-doped p-type Si disk supplied by Wacker
Chemitronic, Burghausen, West Germany. After cutting,
it was mounted on a turning lathe and polished at low ro-
tation speed, simultaneously moving the polishing cloth to
and fro, parallel to the rotation axis. In this way, the pre-
ferential formation of polishing grooves along the sample
perimeter could be avoided, resulting in a perfect mirror-
like surface. The axis of the cylinder [Fig. 1(a)] was
[110],so that all the main low-index orientations and all
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intermediate-index orientations were displayed on its sur-
face. The cylinder height was 10 mm and its diameter 23
mm. It was ring shaped, and the heater (W wire on a
ceramic support) was placed inside the sample.

In this way, a homogeneous temperature and a relative-
ly low loss of heating power was achieved. The sample
holder (similar to that described in Ref. 6) consisted of
Ta, and a maximum temperature of 1200 K could be
reached.

A Pt-PtRh thermocouple was attached to the sample
holder at a place where the glowing color was similar to
that of the sample. The precision of the temperature
reading, therefore, is estimated to be +25 K. To avoid
preferential etching effects, the sample was not chemically
etched but directly cleaned in ultrahigh vacuum (UHV) by
cycles of Ar+ bombardment and annealing (1050—1100
K). In the early stages of cleaning, a Cu contamination of
up to -3% of a monolayer (ML) was observed, probably
from an out-diffusing bulk contamination which caused a
(6X6) superstructure on (111). Finally, this contamina-
tion was below the Auger detection limit of -0.005 ML.
Carbon contamination was in the same range. To ac-
celerate the cleaning procedure, sputtering of the sample
with higher ion energy (4 keV) at elevated temperature
(1100 K) was attempted. However, this resulted in the
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FIG. 1. (a) The ring-shaped cylindrical sample with the main
low-index orientations. (b) Examples of photoemission spectra.
At +=76', the spectrum shows well-separated Si 2p spin-orbit-

, split peaks. At a=70', the Si 2p emission is smeared and two
low-energy thresholds are observed, indicating an overlap of
emission from two domains. The spectrum can be fitted by two
contributions of the shape of the spectrum at n= —76' (solid
line).

formation of a tarnished (matte) surface at all but some
low-index orientations. After this the sample was freshly
polished and sputtered at room temperature (RT) and en-
ergies not above 1 keV. Gases (triply-distilled water. and
99.998%-pure O2, respectively) were introduced via leak
valves. The ionization gauge was switched on during ad-
mission.

The measurements were performed in a stainless-steel
UHV chamber containing low-energy electron-diffraction
(LEED) optics, an ion gun, and a double-pass cylindrical
mirror analyzer (CMA) for Auger-electron (AES) and ul-
traviolet photoelectron spectroscopy (UPS). Light from
the Berlin synchrotron source BESSY, in connection with
the monochromator SX-700 incident at an angle of 60'
with respect to the sample normal, was used. The width
of the light beam at the sample was 0.3 mm, thus averag-
ing over an orientation range of about 3 on the curved
sample surface. Owing to the larger LEED primary-beam
diameter ( —1 mm), its orientation resolution was only
about 5'.

On semiconductors, the variation of the surface dipole
with orientation or upon adsorption is reflected in the
variation of the electron affinity X=E„„Ec(E„„is—the
vacuum energy level; Ec is the conduction-band edge) or
in the ionization threshold g =E„„EI (E—v is the
valence-band edge). Both values differ only by the
energy-gap value E~ ——E~—E~. Since EG is temperature
dependent and since Ez is directly accessible in photo-
emission, we evaluate g as a measure for the surface di-
pole.

The ionization threshold g is given by g=hv —8'. 8'is
the total width of the spectrum, corrected by an appropri-
ate analyzer-resolution term. The low-energy (secondary-
electron) cutoff is steep and easy to determine [see Fig.
1(b), upper curve]. On Si, the high-energy edge [valence-
band (VB) edge] overlaps with strong emissions from
orientation-dependent surface states. It is therefore
necessary to measure the position of a sharp, bulk, core-
level-derived structure whose binding energy (E//) relative
to Ev is known. We used the spin-orbit-split Si 2p core
levels as reference levels [Fig. 1(b)], with E// —98.74 eV——
for Si 2p3/p at (001) (Ref. 8). To minimize the known sur-
face core-level contributions, h v= 108.6 eV was used so
that the Si 2p emission appeared at EI„„-4eV, where the
electron escape depth is of the order of 50 A, and thus
quite large. ' The most precise reference was not the posi-
tion of the maximum of the 2p peak, but the half-height
position of its high-energy slope, which was as sharp as
the low-energy cutoff, yielding a relative error of +15
meV for g. The position of the high-energy reference
gives, at the same time, the relative position of Ev with
respect to the Fermi level EF at the surface,
E~~s (Ev EF),„~, which, —i—n this—way, can be evaluated
with an even lower relative error of +10 meV.

Since neither the Si, 2p binding energy nor the value of
h v is known with comparable precision, the absolute cali-
bration of g and EI~z was performed using the following
values from Ref. 11: y=4. 63 eV and EF Ev 0.65, and- ——
thus /=5. 28 eV for Si(111)-(7X7);and y=4. 87 eV and
EF E~ 0.46 eV, and—thu—s—g =5.33 eV for Si(001)-
(2X1).
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For most orientations, the Si 2p emission was well
resolved, as for a= —76 in Fig. 1(b). Only in the ranges
(115)—(113) and (115)—(113) was it smeared, obviously
due to the overlap of domains of different Ezzg and g. In
addition, the low-energy edge showed two thresholds
there, as is shown for a= —70' in Fig. 1(b). However, the
Si 2p emission could mostly be fitted excellently by two
contributions of the shape of the spectrum at a= —76',
yielding EvF~ and the relative intensity of both domains.
The low-energy edge could be separated less precisely, so
that the relative error of g' in these ranges was of the order
of +30 meV.

Water has a high sticking coefficient below -400 K,
especially at and near (001).' ' It affects g', as will be
shown in detail. Since water is always a component of the
residual gas, the measuring time between cleaning cycles
was limited to between 30 and 60 min, depending on the
orientation, before adsorbate-induced changes were ob-
servable. On the other hand, it turned out, as will also be
shown, that on (001) g is temperature dependent, so that
measurements could be started only after cooling below
-400 K, which took -20 min with our large and
temperature-inert sample and holder. After a period of
30—60 min, the sample was heat-cleaned again and the
measurement continued. The reproducibility of the abso-
lute values of g and E~~s for different preparation cycles
was typically +20 and sometimes +60 meV at maximum.
The reproducibility of the orientation dependence, i.e., the
shape of g(a) and EqFs(a), was much better.

III. RESULTS

A. Temperature dependence of g at (001)

Figure 2 shows the change of g' and E&Fs during cool-
down of the heat-cleaned sample. The sample tempera-

5.5

g (eY)

ture and the' total residual-gas exposure is shown as well.
At (001), g decreases strongly between T=550 and -400
K, followed by a weaker decrease which has not yet fin-
ished after 45 min (-320 K). Temperature increase
above 550 K increases g'. However, the initial value is not
reached. EvFq, to the contrary, remains constant until,
after -30 min, the temperature is below 350 K, and only
then does it drop slowly. At a = —62' [between (113)and
(337)], only a quite slow decrease of g is observed. E~Fs
remains constant as for (001). The strong decrease at
(001) between 550 and 400 K is interpreted to be due to a
temperature-dependent change in the surface-dipole mo-
ment probably caused by a structural phase transition.
Below -400 K, the (001)-specific water adsorption' '
can occur, which reduces g further. That adsorption from
the residual gas cannot be responsible for the first fast de-
crease follows from the constant value of E~„s, which
should decrease both by H20 and 02 adsorption (see Sec.
IIIC). As expected for water adsorption, E~~s starts to
decrease only around 3SO K. %'arming up to -SSO K in-
creases g by —130 meV, which corresponds to the value
of the fast decrease. That the initial value is not reached
is consistent with adsorption of a certain amount of water
which is dissociated to form atomically adsorbed oxygen
at that temperature. ' Thus the phase transition appears
to be reversible. Although this phenomenon was not stud-
ied in detail, on other orientations no indications of a
similar behavior were noticed.

It is interesting to compare this result with the LEED
investigations of Olshanetsky and Mashanov, ' who have
observed several order-order transitions on (110) and
order-disorder transitions on many other orientations.
However, on (001) no such transition occurred. We there-
fore must conclude that the transition observed here is not
connected with a change of the surface periodicity.

B. g' and E~~ of the clean sample

The orientation dependence of g and Ey~q of the clean
sample is displayed in Figs. 3—5. The values from dif-
ferent preparation cycles (freshly sputtered and annealed,
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F&G. 2. Change of g and EVFs with time after heat cleaning.
For (001) the decrease of g is strongly temperature dependent.
The sample temperature and the total residual-gas exposure in
langmuirs (1 L= 10 Torr sec) are also shown (lower panel).

FIG. 3. Orientation dependence of the ionization threshold g
on clean Si. Identical symbols indicate measurements within the
same preparation cycle. The right-hand scale gives the electron
affinity P using a gap value EG ——1.12 eV (Ref. 24). The orien-
tations where clear nonfaceted and nonstepped LEED patterns
were observed are marked at the top edge of the figure.
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FICx. 5. Orientation dependence of the surface valence-band
position below E+, Ev~z(a). Identical symbols indicate mea-
surements within the same preparation cycle. The right-hand
scale gives the corresponding band bending.

or only annealed) are marked by different symbols. As
seen, e.g., between (110) and (111)the absolute values may
differ for different preparations by up to —80 meV. The
variation with orientation, however, is very well reprodu-
cible. The thick solid line gives the average of the mea-
sured points. Between (115) and (113), the energy-
distribution curves (EDC's) consisted of two overlapping
spectra which could be deconvoluted as described in Sec.
II. Correspondingly, the curves are split there, with the
dashed parts indicating the respective minority contribu-
tions. Also, around (113), overlapping spectra were ob-
served. However, their separation was not as easy, possi-
bly because of the overlap of more than two components.
Therefore we did not attempt to plot an average curve in
that range.

In general, the symmetry of the crystal structure is re-

flected in g(a) (Fig. 3) and Ei~q (Fig. 5). g(a) has mini-
ma at (110), (111),and (111) and at (001) and (001). Be-
tween (001) and (111), as well as (ill) and (001), the
behavior is complicated and somewhat different for both
ranges. Thus, near (112) towards (111) (a=52'), a clear,
sharp maximum appears, whereas at the corresponding
orientation at a= —52, only a shoulder is found. To ac-
centuate differences, the corresponding symmetrical
curves are plotted as dashed lines for comparison.

The strongly structured region between (112) and (001)
is plotted on an expanded scale in Fig. 4. The error bars
and the orientational resolution Aa due to the finite
light-spot size are indicated. Owing to this her, the sharp
structures are smeared and a correction for the orienta-
tional resolution was attempted (dotted line). This
corrected curve shows that g has a minimum at (113),and
probably also at (337), whereas near —52' a small max-
imum would appear at the position where the strong max-
imum was found at a=+52'. The minima at (113) and
(337) correspond to clear and facet-free LEED structures
which were observed there. Although the orientational
resolution in LEED is worse, he =5, than for UPS, the
LEED structure observed near (112) must be ascribed to
(337) because the found periodicity (unit-cell size) fits pre-
cisely to (337) and not to (112).'

Also in the plot of EVE+ (Fig. 5), the general symmetry
of the crystal is seen, apart from the regions (111)—(112)
and (111)—(112). Between (112) and (115), the situation
is less confusing than for g, because in the evaluation of
Ei ~q only the variation of the high-energy edge (or the Si
2p binding energy, respectively) is involved, whereas for g
the low-energy cutoff is also used. On the right-hand
abscissa, the band bending qV, is also given, which is re-
lated to E~~z by the known position of E~ in the bulk,
which is 0.12 eV above E~.

C. g' and Ey~q after adsorption

In Fig. 6 the change of g after exposure to 10 L Oq and
2 L H20 at 350 K is displayed (1 L= 1 langmuir=10
Torr sec). The dashed line gives the clean-surface curve,
for comparison. g is generally reduced by water adsorp-
tion, most strongly between (001) and (112). Between
(001) and (113) the shape of the curve is preserved, in-
cluding the splitting between (115) and (113). This is dif-
ferent for 02 adsorption. The splitting is eliminated and,
at (001), g is unchanged although oxygen is adsorbed.
Also in the range (112)—(111)—(110), the shape has
changed strongly, indicating a strong disturbance of the
surface structure by adsorption. In this range, both the
02 and H20 curves are similar in shape, indicating a simi-
lar influence on the surface structure.

The change of the surface Fermi-level position EzFz by
adsorption is shown in Fig. 7. Between (112) and (110),
the adsorbate influence is weak, indicating no strong
changes in the Ez pinning position. Between (001) and
(112), the strong structures of the clean surface are
preserved, but reduced in amplitude by water, whereas
they are completely removed by oxygen. In general, EvF+
tends to move towards a value of —0.65 eV for all orien-
tations, which corresponds to a Fermi-level position ap-
proximately 0.1 eV above midgap.
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FIG. 6. Orientation dependence of the ionization threshold g
after exposure to oxygen and water, respectively.

1 L=10 Torr sec.
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respectively. 1 L= 10 Torr sec.

According to the symmetry of the bulk crystal struc-
ture of Si, the plots of g and Ezzz (Figs. 3 and 5) should
be symmetrical with respect to (110). In general, this is
observed apart from the regions between a = +85 and
+40'. We attribute the differences in these regions to
differences of facet and/or step. sizes. Within the 'shown

cycle of measurements, the differences generally appeared

reproducible, but with small variations. Thus the shoul-
der in g' around a= —52 (Fig. 3) sometimes was more
pronounced, or even formed a small maximum. In addi-
tion, the sharpness of the peak at e= —62' varied some-
what from preparation to preparation. As will be dis-
cussed below, more open or stepped regions have higher g
values, so that high maxima, as at a = +52, are an indi-
cation of stepped surfaces or small facets, whereas at the
corresponding orientation at cx= —52', probably larger
facets were formed. The general behavior towards step
and facet formation may depend on random differences
during initial sample preparation. That such differences
in facet formation actually exist was observed by the use
of LEED at a =+47 at the positions marked L in Figs. 3
and 5. At a = +47', spots originating from (111)-(7X 7)
facets were observed which were missing at e= —47'.
These (7X7) facets correlate with an increase of g near
(111) towards (112) which is more gradual than that from
(111) towards (112). Even more pronounced differences
for both these orientations are seen in Ev~s (Fig. 5).

In general, if facets are thermodynamically favorable
with respect to steps, their formation still is greatly influ-
enced, and may be hindered, by the problem of transport-
ing Si atoms across the surface by diffusion. The result-
ing surface structure may be far from equilibrium and
may consist of a mixture of facets of different kind and
size. This is obviously the case around (113), whereas the
situation is clearer around (113). Here, g as well. as E~~s
can well be separated into the contribution from two
kinds of facets. Near (001), steps two atomic layers high
are formed (Refs. 17 and 18, and our own LEED observa-
tion). Starting from (001), g increases and Ezzs decreases
continuously with step concentration until, near (113),
these stepped facets form the minority contributions,
which finally disappear. Starting at -(115), these steps
begin to bunch into (113)-like facets, quickly forming the
majority contribution (best seen in the resolution-corrected
curve in Fig. 4) when approaching the (113)minimum of

In Fig, 3 the orientations are indicated where clean, or-
dered, and unfaceted LEED patterns were observed. ' At
all these orientations, g has a minimum. Only at (115)
could a minimum not be resolved. The orientations where
the LEED pattern was easiest to obtain are (001), (113),
(111),and (110).- Their g values are very similar, differing
only by -70 meV. Since the orientation variation of the
surface dipole on a nonpolar covalent crystal can originate
only from relaxation- and/or edge-related dipole contribu-
tions, this small variation suggests similar principal relax-
ation mechanisms for all stable surface configurations on
the different orientations. The argument can be reversed:
Stable surface structures are found only where the possible
relaxation mechanism finds a structure which geometri-
cally fits well with the gtven bulk geometry.

On (001) the most widely accepted relaxation model is
that of the asymmetric dimer first proposed by Chadi. '

As pointed out by Pauling and Herman, from a more
chemica1 point of' view, this model means that half the
surface atoms which are protruding from the surface
rehybridize from the sp state in the bulk towards a
trivalent p -like state which would have a lone s pair if
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the ideal configuration could be achieved. The charge
would originate from the other half of the atoms, which
would assume a more sp -like, nearly flat configuration.
In this way, a surface dipole is formed with the negative
side up, thus increasing g with respect to a nonrelaxed
configuration. The similarity of g on all stable surfaces
suggests that such a relaxation-induced dipole contribu-
tion exists everywhere, so that the possibility of a similar
rehybridization should be considered for structure models
on all surfaces.

However, such rehybridizations are possible for many
different models. Thus all structural models consistent
with the tunneling microscopy model of Binnig et a/ 'for.
Si(111)-(7X7)contain atoms protruding from the surface,
thus tending to assume a p configuration, and atoms
tending to assume a flat sp -like configuration can be
found which would be consistent with the similar values
of g found in this work.

Starting from the low-index orientations (001), (113),
(337), (111),and (110), g increases. These deviations are
connected with an increasing number of atomic steps
[near (001) (Refs. 17 and 18), and by our own observation,
near (111) towards (110) (Ref. 17)] or disorder and facets.
In any case, the number of edge atoms is increased. We
interpret the increase of g to be due to an easier and thus
stronger relaxation along edges, which thus leads to an in-
creased dipole contribution. The possibility of such an
edge-related dipole is demonstrated in Fig. 8 for a step
from (001) towards (113). On the (001) terraces, the
asymmetric dimer relaxation' is assumed. The step is
two atomic layers high. ' ' Atom 1 is expected to rehy-
bridize toward a flat sp configuration into the direction
indicated by an arrow. This affects the position of the
surrounding atoms, and atom 2 can improve its p char-
acter. A charge shift from atom 1 to atom 2 will be con-
nected with this rehybridization, thus generating an addi-
tional dipole, which increases g.

Between (001) and (112), water adsorption leaves the
shape of g(a) essentially unchanged, lowering it, however,
by 0.2—0.3 eV. UPS carried out on the valence-band re-
gion shows that in this range the predominantly adsorbed
species is the same as has been observed at (001).' ' The
conservation of the shape of g(a) indicates an interaction
without destruction of the surface structure by backbond
breaking. This observation is consistent with dissociation
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into OH and H groups adsorbed on top and
saturating the Si dangling bonds as proposed by Ibach et
al., ' but also with molecular adsorption as proposed by
Schmeisser et a/. ' Both OH and H2O, adsorbed with the
oxygen end toward the Si substrate, also can account for
the observed decrease of g. Between (112) and (110), the
shape of g(a) is similar to that of adsorbed oxygen. In
this range, only a small portion of H20 is adsorbed in the
form as an (001), whereas most of it dissociates to 0
and/or OH species. ' Simultaneously, backbonds are bro-
ken as in the case of oxygen adsorption. Thus the simi-
larity of the shape of g'(a) after 02 and H2O exposure in
this orientation range is understandable. We ascribe the
lower value after HzO adsorption to the small portion of
the species as found on (001), which was ascribed to ad-
sorption on microscopically (001)-like defect sites or
facets. '

Between (OOT) and (112), 02 adsorption changes g(a)
completely as well. Simultaneous Si 2p core-level-shift
measurements showed that oxygen had partly penetrated
into the lattice [most strongly at (111),and most weakly
at (113) and (110)]. Thus g(a) qualitatively follows the
strength of interaction and surface destruction, and no
longer reflects the clean-surface structure. The nearly
constant position of EF after oxygen adsorption (Fig. 7)
confirms this. The destructive interaction of oxygen [and
also water between (112) and (110)] creates extrinsic sur-
face states which pin EF nearly independent of orienta-
tion.

Finally, in Fig. 9, the orientation dependence of g' on
clean Si is compared to that of the polar semiconductor
GaAs, and to the work function of a metal (tungsten).
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FICx. 8. Relaxation change along a (001)—(111) edge and

corresponding dipole formation. For (001) the asymmetric di-
mer relaxation (Ref. 19) is assumed.

FIG. 9. Comparison of the orientation dependence of the
work function of tungsten (Ref. 4) with the ionization threshold
of GaAs, prepared by molecular-beam epitaxy (Refs. 5 and 23),
and of Si (this work).
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All measurements were performed using cylindrical sam-
ples. The GaAs curve shown is for preparation by
molecular-beam epitaxy (MBE), which yields As-rich
phases on (001) [c(2X8)]and (111)[(2X2)].

Gardiner et al. have interpreted the work-function
variation y(a) in terms of the "charge-smoothing" ef-
fect, ' which yields a decrease of y for more open
(stepped or corrugated) structures with respect to close-
packed surfaces. In fact, the expected corrugation on a
body-centered-cubic crystal as W varies precisely in the
order given by p(a ) from (110) (close packed) over
(112)—(001)—(111)to (115).

The asymmetry of the GaAs curve with respect to (110)
already indicates that the surface stoichiometry plays an
essential role: Ideally, (111) would be As-terminated,
whereas (111) is Ga-terminated. The known relaxation at
(110) (Ref. 26) moves surface As atoms outward and Ga
atoms inward, and at (001) and (001) the surface is As-
rich after MBE preparation. Thus the polarity of the
crystal with As (Ga) bearing an excess negative (positive)
charge determines g(a), whereas charge smoothing plays,
if any, a minor role. It is interesting that the variation of
surface stoichiometry with (111) and (111) as extrema
yields a smaller variation than the charge-smoothing con-
tribution for W. The reason is that surface-relaxation or
-reconstruction effects, which are generally strong on
semiconductor surfaces, and polarity effects, are not in-
dependent. Relaxation, in general, will be connected with
a rehybridization, and thus with charge redistribution.
Therefore the polarity of surface atoms, in general, is ex-
pected to be reduced with respect to the bulk. Obviously,
the surface relaxes in a way which simultaneously reduces
the number of dangling bonds (e.g., by rehybridization)
and the polarity.

Si has no intrinsic polarity. Consequently, the varia-
tions of ((a) still are smaller than for GaAs and amount
to only —, to 4 of the variation on W. However, the vari-
ations are generally the opposite of what would be expect-
ed from charge-smoothing effects. Instead of decreasing,

increases with step concentration. Tha't charge-
smoothing effects are weak follows from the covalent
character of the bond. The electronic charge is strongly
located in directed bonds, unlike the much less structured

electron clouds in a more or less free-electron-like metal.
Instead, the surface atoms relax, forming rehybridized
bonds to reduce the number of dangling bonds. Every
rehybridization, however, must change the charge distri-
bution and thus the polarity. In the case of a III-V com-
pound such as GaAs, the surface atoms can rehybridize
and, at the same time, decrease their polarity. On the Si
surface, however, polarity is induced, creating a dipole
contribution, which is the reason for the orientation
dependence of g.

A low polarity and, at the same time, a relaxation
which geometrically fits the bulk periodicity below, is a
strong requirement which often is satisfied by the forma-
tion of very large surface unit cells [e.g., Si(111)-(7&&7)
and GaAs(111)-(v 19)&V 19)R23.4']. In certain orienta-
tion ranges it can obviously not be satisfied and facets are
formed. This explains the split of g(a) for Si between
(115) and (113). The formation of facets from an origi-
nally more or less statistically rough, polished and sput-
tered surface is a transport problem of atoms across the
surface. Thus it is not surprising that the thermodynami-
cally most stable configuration is not always established.
The unresolved mixture of different facet contributions
for Si around (113) is therefore understandable.

Generally, we can conclude that the charge-smoothing
effect which essentially determines qr(a) on metals' is
weak or negligible on crystals with preferentially
covalent-bond character. Instead, relaxation and recon-
struction effects and the resulting polarity changes give
the main contributions. On compounds such as GaAs,
the main contribution originates from the crystal polari-
ty, although it is reduced with respect to the bulk. On
nonpolar crystals such as Si, the amplitude of the g(a)
variation is comparatively small and given by relaxation-
induced dipole moments or, in other words, by a
relaxation-induced surface polarity.
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