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Vacancy charging on Si„100…-„2Ã1…: Consequences for surface diffusion and STM imaging
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The present work investigates the structure and energetics of charged vacancies on Si~100!-~231! by cal-
culations using density functional theory. The calculations predict multiple stable charge states for all vacancy
structures investigated, although the neutral state is most stable for typical Si~100! surfaces. The multiplicity of
possible states lends significant support to a hypothesized mechanism for nonthermal illumination influences
on surface diffusion. The calculations also show that the11 state of the upper dimer monovacancy is desta-
bilized by structural relaxations, leading to negative-U properties. Implications of this work for possible
artifacts in imaging by scanning tunneling microscopy are discussed.
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I. INTRODUCTION

It has long been known that bulk defects in semicond
tors exert powerful effects on the electronic properties
these materials and consequently on the performance o
vices fabricated from them. As microelectronic device
mensions continue to scale downward and surface-to-vol
ratios increase, there is increasing recognition that analog
defects on semiconductor surfaces exert correspondi
powerful effects.

Studies by this laboratory over the past decade h
shown1 that terrace vacancy defects play an important role
mediating surface mass transport during high-tempera
processing steps such as epitaxial film deposition, diffusio
smoothing in reflow, and nanostructure formation in mem
device fabrication. Moreover, work on crystalline Si~Ref. 2!
and Ge~Ref. 3! has strongly suggested that surface vacan
can become charged, leading to changes in the activa
energy and preexponential factor for mass transport. T
work has further revealed that optical illumination can infl
ence surface diffusion nonthermally by a mechanism t
appears to be mediated by changes in vacancy charge sta4,5

Key applications appear in rapid thermal processing,
which strong lamp illumination is employed.

A particular aspect of surface defect phenomenology
has received significant attention in the literature is
charging of vacancies, both in experimental work by sc
ning tunneling microscopy6–10 ~STM! and in computationa
work by density functional theory11,12 ~DFT!. Almost all of
this work focuses on compound semiconductors, altho
recent work by Brownet al.10 employed STM to measur
charge states of dimer vacancy complexes~pairs and trios!
on Si~100!-~231!. This study revealed that such complex
are positively charged, but determined neither the magnit
of the charge nor the ionization levels.

The present work seeks to expand the understan
of vacancies on Si by using DFT~Ref. 13! to examine
isolated divacancies and monovacancies on Si~100!-~231!.
The proximate goal is to determine the identities, structu
and energetics of the stable charge states at 0 K.
identities of the states lend support to the hypothesis outli
above that optically influenced surface diffusion
mediated by changes in vacancy charge state. Artificial
0163-1829/2003/67~3!/035311~7!/$20.00 67 0353
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induced charging is suggested to have implications for
way STM images are interpreted.

II. COMPUTATIONAL METHOD

The computations employed commercialCASTEPsoftware
from Accelrys Inc.14 Total electronic energies were calcu
lated based on standard DFT methods using the local den
approximation. The exchange-correlation term was para
etrized following the approach of Perdew and Zunger,15 an
approach whose validity has been well tested in semicond
tor systems. The basis functions were plane waves havin
energy cutoff of 11 Ry~150 eV!. Above this level, variations
in calculated formation energies for the various charge st
~relative to the neutral! became insignificant. Troullier-
Martins pseudopotentials16 were employed. All calculations
were performed at twok points $~0, 1/4, 1/4! and ~0, 21/4,
1/4!% in the Brillouin zone. Using a finerk point mesh did not
affect the formation energies significantly.

The surface was modeled as a slab consisting of a 434
supercell of the Si~100! unit cell in its well-known 231 re-
construction with rows of buckled top-layer dimers. To loo
for possible symmetry-breaking effects of charging w
greater ease, we chose thep(231) rather than thep(2
32) configuration of the buckled dimers. In thep(231)
configuration, the topmost protruding atoms of the dim
are all on the same side of the dimer row, while in thep(2
32) these topmost atoms alternate to either side of the
when an observer moves from one dimer to the next. T
two configurations lie within less than 0.05 eV/dimer of ea
other,17 making interconversion between the two facile ev
at room temperature. The slab consisted of six layers o
atoms. The space over the surface was treated as a 1
thick vacuum layer, and the dangling Si bonds at the bott
of the slab were saturated with hydrogen atoms.

The monovacancy and divacancy were modeled by
spectively removing one and two adjacent Si atoms from
dimer row near the center of the supercell. Note that we
the remaining dimers in the slab in their buckled configu
tion, so that our procedure departs slightly from quant
calculations performed previously for the divacancy.18–20

These reports employed the symmetric, unbuckled confi
ration for the remaining dimers, probably because early t
©2003 The American Physical Society11-1
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oretical work hypothesized that symmetric rows with on
quarter of the dimers replaced by divacancies could be
most stable structure of Si~100!-~231!.21 Subsequent quan
tum calculations sought to confirm or disconfirm this spe
lation. To our knowledge, there exist no calculations exa
ining the dimer vacancy in conjunction with neighborin
buckled dimers, although this configuration almost certai
characterizes real surfaces.

Geometric relaxation of the slab was performed assum
no symmetry constraint, with the top four Si layers allow
to move and the bottom two held fixed in the bulk config
ration. Relaxation proceeded in the conventional way u
the Hellman-Feynman forces22 between atoms decreased b
low 0.1 eV/Å.

Charged systems were modeled by adding to or subtr
ing from the total number of electrons in a slab and th
compensating this charge with a neutralizing jellium ba
ground to avoid spurious electrostatic interactions betw
unit cells.

The calculation described above yields a total energyEtot
for a vacancy, but the quantity needed to determine cha
state stability is the formation energy. The formation ene
Evac of a neutral surface vacancy with respect to the un
fected surface can be calculated as19,23

Evac5Etot,v1nEbulk2Etot,p , ~1!

where Etot,v and Etot,p denote the total energies of the d
fected and perfect surfaces, respectively.Ebulk represents the
total energy of an atom at a lattice site deep within the bu
andn denotes the number of atoms that must be remove
create the vacancy.Ebulk was calculated separately to b
2120.632 eV using a 256-atom bulk slab with period
boundary conditions on all sides, using the same energy
off as for the surface calculations.

The ionization energy required to form a charged def
varies with the position of the Fermi energyEF because
charging requires the transfer of electrons to or from
Fermi level. The total formation energyEvac(q) for a
charged vacancy is the sum of the formation energy o
neutral vacancy@from Eq. ~1!# and the ionization energy. I
the total formation energy is referenced to that of a neu
vacancy,Evac(q) obeys the following relation:12

Evac~q!5@Etot~q!2Etot~0!#1q~EVBM1EF!, ~2!

whereq denotes the net number of holes supported by
vacancy. The second term in Eq.~2! represents the chemica
potential of the electrons in the system. The zero ofEF is
taken to be the valence-band maximum.EVBM is normally
just the highest occupied energy level for a supercell,
introduction of a defect normally requires a correction
EVBM .24 The defect can distort the band structure, caus
EVBM in a finite supercell to differ considerably from it
value in the corresponding infinite supercell. Following t
procedure of Matilla and Zunger,24 we therefore calculated
EVBM for our finite defect-containing supercell as follow
The value ofEVBM for the undefected supercell was co
rected by the difference between two average electros
potentialsVavg: Vavg,d in a bulklike region of the defect
03531
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containing supercell andVavg,p in the undefected supercel
The resulting equation forEVBM is

EVBM~defect!5EVBM~undefected!1~Vavg,d2Vavg,p!.
~3!

III. RESULTS

A. Neutral dimer vacancy

We begin with the neutral divacancy, since it has be
studied extensively. Creating a divacancy is tantamoun
removing two adjacent atoms in the topmost layer of
dimer row structure. Recall that in the dimer row structu
the rows comprise bilayers of exposed Si atoms. An obse
moving along a row sees closely bonded dimers in the t
most layer~labeledD in Fig. 1! alternating with more widely
spaced pairs of atoms in an underlying layer~labeledS in
Fig. 1!. The upper dimer is tilted asymmetrically, creating
corresponding asymmetry in the underlying layer.17

Figure 1 shows the atomic configuration that results wh
a neutral divacancy is formed. As has been sho
previously,18–20 the divacancy induces the adjacent pairs
atoms in the underlying layer (S1-S2 andS3-S4) to relax
toward and rebond to each other along the row to partia
fill the void. Although theS1-S2 andS3-S4 distances are
identical in the undefected structure, the calculations sh
that upon divacancy formation the extent of rebonding d
fers for these pairs of atoms. As shown in Fig. 1 and Tabl
the S1-S2 distance under the lower atom of the origin
dimer contracts nearly 0.5 Å more than the correspond
S3-S4 distance under the upper atom. No relaxation asy
metry of this sort appeared in prior work, which employ

FIG. 1. Top view of the relaxed atomic configuration for a ne
tral divacancy on Si~100!-~231!. Gray atoms lie in the second laye
andS1 –S4 are exposed upon divacancy formation. Black atoms
in the top~dimer! layer, andD1 andD2 are a neighboring dimer
D1 is the lower atom of this asymmetric dimer andD2 the upper.
Rebonding causes theS1-S2 andS3-S4 pairs to pull closer to each
other. The effect is more pronounced forS1-S2, however, causing
the D1-D2 pair to twist slightly.
1-2
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unbuckled dimers in conjunction with the divacancy. In th
work, the distance between theS1-S2 ~or S3-S4) atoms was
calculated at 2.71 Å~Ref. 19! and 2.79 Å~Ref. 20!. These
distances match closely theaverageof theS1-S2 andS3-S4
bond lengths determined here: 2.79 Å.

The agreement with the literature results is notable, si
in our calculations only one dimer row separates defect
adjacent cells, while the previously published work e
ployed no such separation. This insensitivity of the results

FIG. 2. ~a! Top view of the relaxed atomic configuration for
neutral lower monovacancy on Si~100!-~231!. Atoms S1 andS2
are the exposed second-layer atoms, which are drawn close to
other by rebonding.D5 is the remaining~upper! dimer atom.~b!
Side view of the relaxed atomic configuration for the lower mon
vacancy shown in~a!.

TABLE I. Bond lengths of exposed second-layer atoms a
divacancy formation.

Charge state

Bond Length~Å!

S1-S2 S3-S4

Undefected surface 3.84 3.84
0 2.58 3.01

21 2.62 2.91
22 2.64 2.97
03531
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defect separation across rows can be explained by our ob
vation that electron density corresponding to defects
mained localized within the dimer row containing the defe
suggesting that interaction between rows is minimal. T
minimal interaction in turn implies that our use of a rath
small 434 supercell should introduce few errors. The corre
tion applied to the energy of the valence-band maximum~by
the method of Matilla and Zunger! should also help to mini-
mize whatever minor errors might be introduced from t
proximity of the defects.

B. Neutral monovacancy

Creating a Si~100!-~231! monovacancy is tantamount t
removing one atom in the topmost layer~D in Fig. 1! of the
dimer row structure. Because a dimer pair is tilted asy
metrically, there are two inequivalent ways of creating t
monovacancy—by removing either the upper or the low
atom of the pair. The resulting structures are qualitativ
similar, but there are quantitative differences in bond leng
formation energies, and the like.

Figure 2~a! shows the atomic structure in the vicinity of
neutral monovacancy formed by removing the lower dim
atom. This kind of monovacancy induces significant rebo
ing of the underlying surface atoms. As a quantitative m
sure of this fact, Table II shows that the distance between
exposed second-layer atomsS1 andS2 decreases by almos
1.2 Å compared to the undefected surface. Rebonding
tween these atoms is much less pronounced when the
cancy forms by removal of the upper dimer atom, howev
The corresponding distance between exposed second-
atoms decreases by less than 0.2 Å.

For both kinds of monovacancies, a different kind of r
bonding also takes place involving the remaining dimer at
and the exposed second-layer atoms. Figure 2~b! shows this
effect for the lower monovacancy. TheS1 and S2 atoms
rebond to the remaining dimer atomD5, which is drawn
even closer to theS1 andS2 atoms than it is in the undefec
ted structure. In an ideal tetrahedral bonding geometry,
D5 atom would stand straight away from the surface, me
ing that the plane defined byD5 and the underlyingS3 and

ach

-

r TABLE II. Bond lengths of exposed second-layer atoms af
monovacancy formation.

Defect type
Charge
State

Bond Length~Å!

S1-S2a S3-S4

Undefected surface 3.84 3.84
Upper 22 3.73 3.66

21 3.73 3.66
0 3.72 3.66

11 3.72 3.66
12 4.24 3.62

Lower 0 2.68 3.66
21 2.68 3.66

aHere S1-S2 refers to exposed second-layer atoms opposite
remaining dimer atom.
1-3
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TABLE III. Values for Etot(q)2Etot(0) andEVBM ~in eV!.

Charge
state

Lower monovacancy Upper monovacancy Divacancy

Etot(q)2Etot(0) EVBM Etot(q)2Etot(0) EVBM Etot(q)2Etot(0) EVBM

12 20.054 0.242 20.80 0.333 20.22 0.401
11 20.135 0.124 20.30 0.286 0 0.243

0 0 0.015 0 0.169 0 0.168
21 0.725 20.094 0.68 0.057 0.60 20.016
22 1.63 20.021 1.53 20.047 1.45 20.115
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S4 atoms would be perpendicular to the surface plane. H
ever, this configuration would leaveD5 with two dangling
bonds. SoD5 tilts over strongly towardS1 andS2, such that
theD5-S3-S4 plane inclines by an anglea540° away from
perpendicular. For comparison,a in the undefected structur
is significantly smaller: 18°. A similar, though less pr
nounced, change in angle occurs when the upper dimer a
is removed;a increases from 60° on the undefected surfa
to 63.0° upon monovacancy formation. For both kinds
vacancy, rebonding ofD5 to S1 andS2 evidently compen-
sates for the strong strain induced by pullinga away from
perpendicular.D5 interacts equally withS1 and S2, how-
ever; theD5-S1 andD5-S2 bond lengths are identical a
3.33 Å for the lower monovacancy and 3.21 Å for the upp

The relative stabilities of the neutral monovacancy a
divacancy can be compared through their formation ener
determined by Eq.~1!. On a per-atom basis,Evac equals 0.87
eV for the lower monovacancy and 1.50 eV for the upp
The corresponding per-atom formation energy for the di
cancy is 0.25 eV, which differs somewhat from the values
0.11 ~Ref. 20! and 0.14~Ref. 19! eV/atom calculated by
previous workers. These latter values, however, were re
enced to an undefected surface with unbuckled dimers, w
our reference condition incorporates buckled rows. The p
atom formation energy difference between the buckled
unbuckled structures is on the order of 0.1 eV,17 correspond-
ing closely to the differences between our formation ene
and those of Refs. 19 and 20.

The present calculations confirm numerous literature
ports that the neutral divacancy is much more stable at
than either neutral monovacancy. The lower monovaca
however, is much more stable than the upper monovaca
probably because of the large energy cost associated with
rebonding that forcesa up to more than 60°.

C. Charged divacancy

Table III shows the quantities needed to determine form
tion energies for charged divacancies using Eq.~2! @i.e.,
Etot(q)2Etot(0) and EVBM]. We performed calculations fo
charge states ranging from22 to 12. Equation~1! indicates
that the formation energy depends on charge state and
position of the Fermi energy. For a specified Fermi ener
the dominant charge state is the one with the lowest for
tion energy. Figure 3 plots these energies for the divaca
as a function ofEF . As EF moves away from the valenc
band ~so that the surface becomes more electron rich!, the
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formation energies of the positive charge states incre
~making them more difficult to form!, while those of the
negative states decrease. The calculations show that diva
cies can have stable charge states of22, 21, and 0, thereby
confirming the premise of this paper that multiple char
states can exist on the silicon surface. Positive states are
stable for any value ofEF . For comparison, a divacanc
within bulk Si can support charges of22, 21, 0, and
11.25,26

Figure 3 shows that the formation energies of the 0 a
21 states equal each other atEF50.62 eV. WhenEF rests at
this so-called ‘‘ionization level,’’ the populations of the tw
charge states are equal to within a spin degeneracy facto
2 ~Ref. 27!. The corresponding~21/22! level appears at
EF51.06 eV.

These levels lie above the local-density-approximatio
~LDA- !calculated band gap of;0.5 eV, so the possibility
existed that the extra electrons put into the calculatio
merely filled spatially extended states in the conduct
band. However, visual inspection of the wave functio
showed that the extra electrons remain strongly locali
around the defect in both the21 and22 cases. Such local
ization was also observed for all stable charged defects t
discussed below and confirms that true charged defects f
in the calculations.

For the surface divacancy, the degree of relaxation of
neighboring atoms does not change significantly with cha
state. For example, Table I shows that the bond lengths

FIG. 3. Formation energies of various charged divacancies
Si~100!-~231! as a function of Fermi energy. The formation ener
is referenced to the neutral divacancy, while the Fermi energ
referenced to the valence-band maximum.
1-4
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rebonded pairsS1-S2 andS3-S4 change by less than abo
0.1 Å as a result of charging. This change is smaller th
comparable changes for the bulk divacancy.Ab initio cluster
calculations for the bulk divacancy by Ogut an
Chelikowsky28 show charge-induced bond length changes
to 0.2 Å between the21 and 0 states and up to 0.53 Å fo
the 22 state.

D. Charged monovacancy

Figures 4 and 5 plot formation energies of charged low
and upper monovacancies, respectively, with the ener
referenced to the corresponding neutral species. The lo
monovacancy supports only 0 and21 states, with an ioniza
tion level at 0.82 eV. The upper monovacancy, however, s
ports four stable states:12, 0, 21, and 22. The corre-
sponding ionization levels are 0.07 eV~12/0!, 0.62 eV~0/
21!, and 1.00 eV~21/22!.

For the lower dimer monovacancy, charging does ess
tially nothing to alter the surrounding atomic configuratio
The negatively charged upper monovacancy exhibits a s
lar lack of rearrangement. However, the12 state shows a
large increase in the distance between the exposed sec

FIG. 4. Formation energies of various charged lower mono
cancies on Si~100!-~231! as a function of Fermi energy. The fo
mation energy is referenced to the neutral monovacancy, while
Fermi energy is referenced to the valence-band maximum.

FIG. 5. Formation energies of various charged upper mono
cancies on Si~100!-~231! as a function of Fermi energy. The fo
mation energy is referenced to the neutral monovacancy, while
Fermi energy is referenced to the valence-band maximum.
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layer atomsS1 andS2—almost 0.7 Å as shown in Table III
Figure 6~b! shows this stretching pictorially for compariso
to the neutral species in Fig. 6~a!. The anglea also changes
to 66° from 63.0° for the neutral species. This relaxation
apparently responsible for stabilizing the12 state with re-
spect to the11.

In fact, the absence of the11 state corresponds to so
called ‘‘negative-U’’ behavior, in which the removal of one
electron from the neutral defect leads immediately to
removal of a second. Such behavior is common
vacancy29 and interstitial30 defects in bulk Si, notably for the
11 state of the bulk monovacancy,29 which has been studied
extensively for nearly three decades. The bulk monovaca
exhibits significant Jahn-Teller distortion of the neare

-

e

a-

e

FIG. 6. ~a! Relaxed atomic configuration of a neutral upp
monovacancy on Si~100!-~231!. AtomsS1 andS2 are the exposed
second-layer atoms.D5 is the remaining dimer atom.~b! Relaxed
atomic configuration of a12 upper monovacancy on Si~100!-~2
31!. AtomsS1 andS2 are the exposed second-layer atoms.D5 is
the remaining dimer atom
1-5
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neighbor atoms for all charge states.31,32 Several kinds of
relaxations exist whose natures are still debated,33 but they
are large enough that ionization from the neutral to the12
state proceeds without stopping at the11.34,35 Our results
give evidence for analogous behavior on Si~100!, which to
our knowledge has not been observed before for a semi
ductor surface.

IV. DISCUSSION

A. Dominant charge states at 0 K

It is clear that vacancies on Si~100! can support different
charge states depending on the position of the surface F
level. There is a sizable body of literature that has attemp
to discern this position. Himpselet al.36 reported thatEF on
undoped Si~100!-~231! lies 0.34 eV above the valence-ban
maximum based on core-level photoelectron emission
room temperature. However, in their calculation they ba
this result on an early value forEF2EVBM50.33 eV re-
ported for cleaved Si~111!-~231! by Allen and Gobeli.37

Himpselet al.38 subsequently made improved photoemiss
measurements on this material to yield a value of 0.40
Thus the value reported for Si~100!-~231! must be read-
justed to 0.41 eV.

There is in principle a dependence of this number on b
doping level and temperature. Regarding doping level,
data of Himpselet al. for Si~111!-~231! show that EF
2EVBM increases by about 0.2 eV for strongn doping and
decreases by the about the same amount for strongp doping.
For Si~100!-~231!, a surface photovoltage study by Mo¨nch
et al.39 reports a spread inEF2EVBM of 0.30 eV between
n-type andp-type material at 85 K. Although these worke
did not examine undoped material, it seems reasonable b
on the behavior for Si~111!-~231! to estimateEF2EVBM for
undoped Si~100!-~231! using the average of their results fo
n- andp-type Si. This average is 0.43 eV—close to the va
of 0.41 eV calculated above. Regarding the temperature
pendence, Mo¨nch et al.39 also showed thatEF moves less
than 0.1 eV from room temperature to 85 K. Similarly, t
invariance of features within photoemission spectra repo
by Cricentiet al. on Si~100!-~231! suggests thatEF remains
constant to within 0.1 eV up to 1200 K.40 Taken together,
these results imply the position ofEF remains constant to
within about 0.1 eV down to 0 K where the present calcula
tions were performed.

With EF2EVBM at 0.41 eV, Figs. 3–5 imply that bot
divacancies and monovacancies are predominantly in
neutral state at low temperatures.

B. Charge state identities: Implications for surface diffusion

There is significant evidence that nonthermal effects
optical illumination on surface diffusion are mediated
charged surface vacancies whose population statistics va
response to the generation of photogenerated charge car
As discussed elsewhere,4,5 the evidence comes from sever
observations. First, the magnitudes of the observedchanges
in activation energy and preexponential factor remain inv
ant for three different adsorbates on Si~111!, pointing to a
03531
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single common mediating entity. Second, the effects do
depend on the illumination wavelength as long as the pho
energy exceeds the substrate band gap, implicating ca
photogeneration as a key factor. Third, the magnitude of
illumination-induced change increases logarithmically w
intensity with a magnitude comparable to that for motion
the quasi-Fermi level for minority carriers. One would e
pect such behavior if vacancy concentrations depended
the relative positions of this quasi-Fermi level and an ioni
tion level.

This line of reasoning relies at least tacitly on the abil
of surface vacancies to support more than one charge s
Measurements of purely thermal surface diffusion have
fered evidence for this hypothesis,2 and analogies with va-
cancy charging effects in the bulk give additional suppo
However, proof was lacking. The present calculations of
much stronger evidence that vacancies on Si surfaces
exist in different charge states whose relative populati
depend on the position of the surface Fermi level. Since
results pertain to Si~100! at 0 K, whereas the observation
were made on Si~111! at high temperature, a more dire
connection can unfortunately not be made between the c
putations and experiments.

C. Implications for artifacts in STM imaging

It is known that STM sometimes induces changes in s
face structure. For example, tip-induced surface charge
alter the most favorable reconstruction of W~100!.41 How-
ever, the existing literature on STM imaging of vacancies
semiconductors does not discuss the possibility of change
charge state induced by tunneling current from the tip. S
changes are quite possible if charge injected into the vaca
by the tip does not leak away quickly into the surroundi
substrate material. The tight spatial charge localization n
vacancies shown by our calculations, coupled with the po
tions of the ionization levels deep within the band gap, ma
slow charge leakage at least plausible.

The effects of such artificial charging on the resulting im
age would depend on the extent to which the surface Fe
energy is pinned. Lack of pinning@on cleaved GaAs~110!
~Ref. 9! or Si~100!-~231! with few ‘‘ C’’-type defects~Ref.
10!, for example# permits charge localized near a vacancy
produce a large and characteristic local signature in S
images. This signature tends to obscure the geomet
structure of the underlying vacancy.9 Thus, although it may
be difficult to determine whether such a signature~or lack
thereof, if tip actually neutralizes a charged defect! is an
artifact induced by tunneling from the tip, there is litt
chance that the image will offer structural information abo
the defect as it actually appears in the image.

In the presence of Fermi-level pinning, however, the ch
acteristic signature of charging no longer appears to obs
the underlying structure, and the vacancy’s geometry can
probed. If image analysis is performed without recogniti
that artificial tip-induced charging may be taking place, th
charge-induced structural rearrangements of the sort
scribed in previous sections might be interpreted as the
tual thermodynamically stable geometry. In the case of
1-6
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upper monovacancy, for example~hypothetical, because it i
not very stable!, tunneling at a surface bias sufficiently pos
tive to convert the neutral state to12 would make theS1-S2
bond length appear 0.7 Å longer than it actually is.

V. CONCLUSIONS

First-principles calculations based on density functio
theory have been performed to investigate the charging
divacancies and monovacancies on Si(100)-(231). The re-
sults have offered strong evidence for the existence of m
tiple charge states whose individual stabilities depend on
position of the surface Fermi level. The behavior rough
mimics that of analogous defects in the bulk, including t
appearance of negative-U behavior. It is plausible to believe
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