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Theoretical calculations show that defect properties of thi&08i and S{100:As surfaces are completely
different. Large atomic relaxations around vacancies near tfi®®@isurface cause chemical rebonding and
defect healing that greatly lowers their formation energies. However, passivation of the surface by a monolayer
of As induces substantial structural rigidity in the near-surface region. This reduces atomic relaxations and
raises vacancy formation energies to high values, inhibiting vacancy mediated processes near the surface. The
formation energies of silicon interstitials near the As-passivated surface are significantly lower than those of
vacancies, which favors an interstitial mode of arsenic incorporation into the bulk during in diffusion. These
results explain the observed uniformity of th€1%i0):As surface and the high level of electrical activation of
in-diffused As.[S0163-182@9)00835-§

I. INTRODUCTION cess of diffusive incorporation of adsorbed As impurities.

. . However, relatively little is known about the interaction
Arsenic atoms adsorbed on the(I0 surface readily of impurities with point defects near the Si surfaces. For the

Incorporate into t_he surface_ layer upon z_innealmg at moderat&ean S{100) surface, attention has been restricted to defects
temperatureé.Thls results in the formation of a monolayer . 19-22
o in the surface layer or adlay®P:*°*~2>The structure and for-

of As atoms terminating the surface that completely passi- .. : ] .
) mation energies of defects at and near tH&(®):As are still

vates all surface dangling bonds and reduces the surface

5 . L . . ' uhknown, to the best of our knowledge. Given that the sizes
energy. ™ During the epitaxial growth of Si and Si-Ge films, of Si-based devices are shrinking to the submicron range, the

this impurit_y monolayer acts as alsurfactant that segregat omic layers near the surface will form an increasing frac-
to the growing surface and assists in layer-by-layer growth o ion of the next generations of these devices. Thus, a detailed

the _semiconducting material. The_ process of Surf"?‘Cta”tﬂnderstanding of impurity configurations and migration
me_dlated growth has been the subject of nuMerous INVestinechanisms is of great importance in the simulation of de-
gations over the past decade and a number of distinct mechgice processing.

nisms have been proposéd. In this paper, we report a systematic theoretical investiga-
A key ingredient that implicitly underlies all proposed tion of defects at and near the(800) and S{100):As sur-
explanations of the surfactant properties of As d@0) is  faces. The formation energies of both vacancies and intersti-
the uniformity and stability of the terminating As monolayer. tia|s near the clean surface are significantly lower than those
It is generally observed that the As-terminated surface, de- in the bulk. In the case of vacancies, this is readily explained
noted in the following as §100:As, is much more well  py the dramatic atomic rearrangements and chemical rebond-
ordered and defect free than the cleafl80) surface, which  ing of neighboring Si atoms. However, at the(1%i0):As
is prone to having a significant number of surface divacansyrface, the relaxations around vacancies are negligible.
cies and addlme&g This is in contrast to the situation with Therefore, Si neighbors of the vacancies remain undercoor-
many other elements that are capable of saturating all surfaggnated, resulting in their formation energies being in the
dangling bonds, but instead give rise to disordered or pameighborhood of bulk values. On both surfaces, interstitials
tially ordered surfaceS'* Indeed, in a comprehensive re- near the surface have reduced formation energies relative to
view of As passivation of Si and Ge surfaces, Bringansthe bulk, but their values at @00:As are significantly
points out that As passivation is “more unique than it is first|arger than those near(3D0). The implications of these re-
apparent.” The reasons causing the exceptional resistance gfiits on the mechanism of diffusive As incorporation
Si(100:As to defect formation have not been understood, Qhrough the surfaces is examined. While low-energy
the best of our knowledge. vacancy-assisted pathways of impurity incorporation are
Another issue that remains to be addressed is the mechgyailable on the clean @i00) surface, at 31L00):As the en-
nism of incorporation of adsorbed As atoms through thegrgetically favorable incorporation mechanisms involve in-
Si(100 surface into the bulk of the semiconducting material.terstitials. These results explain the observed stability of the
It is well known that native point defects form complexes sj(100):As surface against defect formation and shed light

with impurities and facilitate their migration in bulk silicon. on the process Of generation Of interstitia's in As_doped S”i_
In the case of arsenic, systematic experimental and theorefipn.
cal investigations have elucidated a number of defect-related
phenomena in bulk silicon: vacancy and interstitial assisted
diffusion mechanism&>*® anomalous diffusion, and forma-

tion of inactive complexes with vacancies at high doping
levels!4~1® precipitation of interstitial phases, €tc!® It The total energies of various surface structures were cal-

might be expected that point defects also facilitate the proeulated using the density-functional mettfddThe local-

Il. CALCULATIONS
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density approximation was used for the exchange and corre-
lation contribution. Atoms were represented using norm
conserving pseudopotenti&lsand electronic wave functions
were calculated using a real-space multigrid-based
approactf® A real-space grid spacing of 0.6 a.u., corre-
sponding to a plane-wave cutoff of 13.8 Ry, gave converged
results. Our results for the bulk Si lattice constant and the
structure of the (X1) Si(100 surface are in good agree-
ment with experiment and earlier theoretical w8k,

The supercell approach was used to calculate the proper-
ties of point defects. Defects on the X4) surface were
studied using a (X 4) surface unit cell, with a vacuum layer
corresponding to six layers of bulk silicon. The results were
tested for convergence with respect to slab thickness by car-
rying out initial calculations with six layer slabs and then
refining the key results with ten layer slabs. Similarly, they
were tested fok-point convergence using tHe k point and (b)
the (0.25,0.25,0 specialk point. These convergence tests
indicate that the results are accurate to within 0.2—0.3 eV.

IIl. NATIVE DEFECTS AT THE CLEAN (1000 SURFACE

In perfect bulk silicon, all the atoms are fourfold coordi-
nated. Thus, when a Si atom is removed, the neighbors of the
vacancy are left threefold coordinated. On the other hand,
when an excess Si atom is placed at an interstitial position,
the chemical configuration of atoms in the vicinity of the
defect is significantly different from the tetrahedral bonding
found in the ideal, bulk material. The structural relaxations
around a point defect are strongly constrained and there is
little relief of the strain in the system. It is thus not very
surprising that the equilibrium formation energies of the va- (C)
cancy and the interstitial have high magnitudes of 3.9 and
3.3 eV, respectively, consistent with their small concentra-
tion levels, even at relatively high temperatures.

At the (2x 1) reconstructed $100 surface, the atoms
are only threefold coordinated and are arranged in rows of
dimers®?® This gives rise to a high density of surface-
dangling bonds, reflected in the alternate, ordered buckling
of the surface dimers. Given the reduced coordination of the
surface atoms and significant structural corrugation found at
this surface, it may be expected that a number of novel low-
energy defect structures might exist. Indeed, we will show in
the following that dramatic atomic rearrangements occur
around near-surface defects, which result in significant . .
chemical rebonding of the neighboring Si atoms. They re-. ['C: 1- Top view of the relaxed structures of vacancies at the
duce the number of undercoordinated Si atoms and, in tum?l(l(?’O) surface. The_Sl nelghbors_of the vacancies are marked with

. . xx.” (a) surface divacancyfb) first layer vacancyjc) second
reduce the formation energies of defects compared to thl%yer vacancy
bulk. '

We first present the results for the structural configuration is rather similar to that of a surface Si dimer. A defect
tions of Si adatoms, addimers, and surface divacancieshat has a comparably low formation energy of about 0.5 eV
which have also been the subject of earlier theoretical ani the surface divacancy, shown in Figall The four sub-
experimental investigations. We find the equilibrium positionsurface Si neighbors of the divacancy move towards each
of the Si adatom to be at the side of a dimer row, where it iother to form a pair of strained dimers, again quite similar to
in between two neighboring Si dimers of one row, bonded tahe dimers of the clean surface. The Si-Si bonds of the
two top layer Si atoms and one second layer Si atom. The Sitrained dimers in the second layer are about 2.6—2.7 A, 20%
addimer prefers to be adsorbed on top of a row of dimerslarger than those of Si dimers on the cleafl80 surface.
placed in between two neighboring dimers. The two orientaThese results are in excellent agreement with earlier theoret-
tions, parallel and perpendicular to the dimer rows, differ inical investigations’**?°and are also consistent with scan-
energy by only 0.1 eV. The formation energy of the Si ad-ning tunneling microscopySTM) observations:?
dimer is only about 0.5 e¥’ because its bonding configura-  Having demonstrated the accuracy of our results by com-
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FIG. 2. Side view of the relaxed structure of the lowest energy @ °
Si interstitial configuration near the (3D0 surface. The surface Si
atoms and the Si interstitial are shaded for clarity.
0 . . .
parison to previously published work, we present a detailed ° 1 2 3 4 5 6

distance from surface (1)

analysis of vacancies and interstitials at and below the sur-

face. Vacancies in the first and second layers have formation FIG. 3. Vacancy formation energies as a function of depth be-
energies of about 0.9 eV, which are still much lower than thdow the S{100) surface.

value of 3.9 eV in the bulk. In Figs.(t) and Xc), the struc-

tural relaxations around these low-energy vacancy configution in defect energies in the first or second layer of the
rations are depicted. The large relaxations of the nearessurface might have been expected, we have found that it
neighbor Si atoms give rise to significant chemicalpersists to even deeper subsurface layers. Thus, in a signifi-
rebonding. For the vacancy in the surface layer, one surfacgant region near the surface, defect dynamics differs consid-
Si neighbor is left twofold coordinated. However, the two Sierably from the bulk. It should be possible to exploit this
neighbors in the second layer move towards each other bjesult in the engineering of nanoscale devites.

about 0.5 A each, forming a 2.5 A bond. For the second

layer vacancy, one of the surface Si neighbors moves so far

as to almost occupy the position of the missing Si atom, IV. ADSORPTION OF ARSENIC ATOMS

forming five Si bonds, four of which are in the range 2.4-2.5
A and the fifth is 2.6 A. These bonds are all within 10—-20 %
of the 2.35 A value of the Si-Si bond in bulk Si. There-

We now move on to a description of the interaction of As
atoms with the (X1) Si(100 surface. A number of con-
o= figurations of impurity adatoms and addimers were investi-
fore, the S(100 surface reveals tremendous flexibility in a6 in order to determine the energetically most-favorable
accommodating large atomic rearrangements around vacalfycqyres. The equilibrium geometries of the As adatom and
cies, which occur to reduce the degree of undercoordinatioygimer are similar to those of the Si adatom and addimer. In
of the neighboring Si atoms. the lowest configuration, the As addimer is on top of a dimer

Silicon interstitials also have low formation energies neat o, honded to two neighboring Si dimers. In this case, con-

the surface. The lowest energy structure costs only '0.6 e\figurations parallel and perpendicular to the surface Si
when referenced to the perfect surface and the bulk Si chemfimers differ in energy by 0.5 eV, with latter being the low-

ca_il_potentlal_. In this structure, shown in Fig. 2, the Si mter-_ec?t in energy. Configurations with the As addimer positioned
stitial occupies a hexagonal site between the second and thir
layers of the surface. The calculated formation energies of ,
vacancies and interstitials are given as a function of deptt
below the surface in Figs. 3 and 4, respectivllit is seen
that the dominant native point defects at and near the surfac
are, in decreasing order of concentration, surface addimers 3|
surface divacancies, the near-surface hexagonal interstitia
vacancies in the top two layers and surface adatoms. Thi
minimum energy needed to form a Frenkel pair near theg °
surface, namely a vacancy and an interstitial, is 1.4 eV, sub&2
stantially lower than the value of 7.2 eV in the bulk. This &
bears out the generally prevalent assumption that surfaces a
sources and sinks of vacancies and interstitials.

In summary, this section makes it clear that there are a ! °
number of novel structural configurations of native point de- L
fects at and near the @00 surface with greatly reduced
formation energies relative to the bulk material, Therefore, ‘ . .
concentrations of defects are significant even at moderatc ° ! 2 3 4 5 6

9 . . . i distance from surface (1&)

temperature&® These defects can thus assist impurity incor-
poration and migration at temperatures much lower than FIG. 4. Si interstitial formation energies as a function of depth
those at which bulk diffusion becomes feasible. While reducbelow the Sj100 surface.
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in the trenches between dimer rows are over 1.0 eV higher.

It has been found both experimentdlly and
theoretically®*° that it is thermodynamically favorable for (a)
an adsorbed As dimer to incorporate into thel80) surface,
displacing a surface Si dimer. The substitutional As impuri-
ties at the surface can then diffuse into the material with the
assistance of near-surface vacancies and interstitials. Our cal-
culations show that the substitutional configuration in the
surface layer is favored by 0.9 eV with respect to the second
layer, and 1.25 eV with respect to the third layer of the
surface. It is clear that As atoms have a strong preference for
the first layer, and thus it is energetically favorable for the
incorporated As atoms to completely occupy all available
surface sites, giving rise to a surface terminated by a (2
X 1) reconstruction formed by As dimer rows.

(b)

V. DEFECTS AT THE ARSENIC-TERMINATED SURFACE

The S{100):As surface has a (1) reconstruction and is
covered by rows of As dimers. Each As atom has five va-
lence electrons, of which three participate in chemical bonds
with neighboring atoms while the other two form a lone pair.
Therefore, this surface has no unpaired electr@es, dan-
gling bonds, unlike the clean $100 surface. We found that
the maximum binding energy of an Asnolecule to the
Si(100:As surface is 0.60 eV, much lower than the 4.31 eV
value on the clean surface. This is consistent with the experi-
mental observatiofi®f low reactivity of the S(100):As sur-
face to gaseous atoms and molecules. As expected, the
chemical passivation of the surface is correlated with its low
chemical reactivity. (C)

Uhrberget al,?> making use of the results of systematic
angle-resolved photoemission experiments aaid initio
pseudopotential calculations, showed that the electron energy
bands of the two surfaces are completely different. Recently,
Kipp et al. reported resulfson the electronic properties of
the S{100 and S{100):As surfaces using reflectance differ-
ence spectroscopy, scanning tunneling microsc(®yM),
and theoretical calculations, which show distinct signatures
of the dangling bond states at the Si-Si dimers in the former
and the As-As dimers in the latter. Therefore, the electronic
structure of the two surfaces are completely different.

We have found that the chemical passivation induced

upon As termination drastically alters the properties of sur- FIG. 5. Top view of the relaxed structures of vacancies at the

fa(ée a_nd Sufbsdur]face fpomt Qefects. AF the ]E:Iean sur_face, tIﬁ§(lOO):As surface. The Si neighbors of the vacancies are marked
reduction of defect formation energies of vacancies wag iy « yy " (@) surface divacancy(b) first layer vacancy(c) sec-

show_n to be assfociated Wi'_[h Igrgg atomic relgxations of. theng layer vacancy.

Si neighbors. This resulted in significant chemical rebonding,

which, in turn, healed the defects to a considerable extenSilicon vacancies in the subsurface region have formation
The chemical bonds at the ($00):As surface, on the other energies greater than 3.0 eV.

hand, are very rigid and the atomic relaxations in the vicinity The reduced reactivity of the surface also increases the
of vacancies are very small. In Fig9@ab-5(c) we show the energies of the near-surface interstitials. For instance, the
relaxed structures of the surface divacancy and the vacanciésrmation energy of the Si interstitial at (300):As in the

in the first and the second layers, respectively, 61®):As.  configuration similar to that of Fig. 2 for &i00) is 1.9 eV.

The atoms neighboring the vacancies are close to their posits structure is shown in Fig. 6. While this is significantly
tions near the perfect surface. Therefore, there is little chemirigher than the 0.6 value for the clean surface, it is still much
cal rebonding of Si neighbors of the vacancies, resulting ifower than the formation energies for near-surface vacancies
high-formation energies of the defects. Indeed, the calculatethat are plotted in Fig. 7. Several other configurations of
formation energies of surface As vacancies and divacancidaterstitial Si were explored near the(800):As surface and

at the S{100):As surface are 4.1 and 6.0 eV, respectively. found to have formation energies in the range 2.0-3.0 eV.

I
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bulk. In an earlier publicatiof we had presented a detailed
discussion of the various pathways for the initial stages of As
and P incorporation into the clean(800 surface. It was
argued that the diffusion of an impurity addimer into a sur-
face divacancy is the preferred pathway at moderate incor-
poration temperatures. This is consistent with a number of
experimental observatio€? In this section, we address the
) process of incorporation of As impurities into the bulk once
/ the surface is completely terminated with As dimers.
Ll/ (// (, WV Given that the S1100):As surface is already covered by
As atoms, the simplest incorporation step would require the
FIG. 6. Side view of the relaxed structure of the lowest energymigration of the A-S adgtom into a- stable SUbS-urface pOSitio-n'
S , ) . . In a vacancy-assisted incorporation mechanism, an impurity
Si interstitial configuration near the (3D0):As surface. The inter- . - .
stitial is shaded for clarity. _adatom in proximity to a subsurface vacancy V\_/ould migrate
into the site occupied by the vacancy. The high-formation
These results show that the chemical passivation induceenergies of subsurface vacancies, of the order of 3.0 eV, and
upon the formation of the surface As monolayer drasticallythe further energy of about 0.5 eV required for vacancy
alters the properties of surface and subsurface point defectsopping® would imply a lower bound of 3.5 eV for the
The high formation energies of vacancies near_ theactivation energy of the vacancy mechanism. This is close to
Si(100):As surface explain the experimental observatidris  the activation energy of As diffusion in bulk Si, which is
of highly ordered, essentially defect-free rows of As dimersnegligible below a temperature of about 800*herefore,
This is in contrast to the clean(3D0) surface, which always 3 vacancy-assisted mode of incorporation would require
has a certain fraction of surface divacancies, irrespective ofjmilar incorporation temperatures.

the mode of surface preparatif. _ _ Turning to interstitial incorporation mechanisms, we ex-
__The _aTymmetrr)]/ between the fener_genc_sk_of vacgnltlz(les_ aghnined two distinct pathway$) The direct motion of an As
interstitials near the 8100):As surface is striking. In bulk Si,  54at0m into a subsurface interstitial position through open

the formation energies of vacancies and interstitials are comgy, . ; -
L annels of the $100:As surface. The interstitial As atom
parable, being in the range of 3.3-3.9 %2 At the clean knocks out a subsurface Si atoftkick-out process’?13

Si(100) surface this near-equivalence is preserved, while th%nd takes up a substitutional position in a subsurface layer.

magnitude of the energies is in the neighborhood of 1.0 eV, . o :
However, at the $100:As surface, surface and subsurfaceSUbsequemly’ the interstitial Si atom diffuses away from the

; e “~ As atom or the two diffuse into the bulk as a defect complex.
vacancies require significantly more energy to form than in-

terstitials. Therefore, the concentration of vacancies at an(ii) The As adatom kicks out a Si atom exposed to the sur-
: ) ’ : ace in the second or third layer. Again, the thus created Si
given surface temperature will be much lower than that o

interstitials. In the following section, this will be shown to Interstitial can either_diﬁuse away and be annihilated at the
have impor.tant implications for the r;ature of impurity incor- surface or migrate into the bulk with th_e AS atom. B.Oth
poration and migration near this surface megham;ms lead to the As atom entering a s_ubstltutlonql
' position in the subsurface region and the ejection of an Si
V1. IMPURITY INCORPORATION INTO THE BULK atom as an adatom'or a subsurface interstitial. .
In order to investigate the As adatom incorporation path-
We proceed to apply the above results to the phenomenonays, several configurations of As adatoms were examined
of diffusive incorporation of adsorbed impurities into the to determine its equilibrium structure. The lowest energy
structure corresponds to the As atom being in a trench be-
tween the As dimer rows, bonded to two surface As atoms
. on two sides of the trench and subsurface Si atoms. This
configuration is illustrated in Fig. (8. Another structure,
3l ° ] with the As atom in a configuration similar to the equilib-
rium Si adaton® is only 0.3 eV higher in energy. We then
investigated the energetics of the process of As incorporation
via diffusion in the interstitial channel. The structures shown
in Figs. 8b) and &c) had energies of about 2.0 and 1.5 eV
above the starting structure. In these calculations, the incor-
porating As atom was moved in small steps of about 0.1 A in
the appropriate direction. All the other atoms in the simula-
tion cell were relaxed at every step. The subsequent kick out
of an Si atom to make the As atom incorporate into the
lattice required only about 1.0 eV, which is comparable to
o ‘ ‘ , the result for bulk St323 The maximum energy of the sys-
0 1 2 3 4 5 6 tem for this incorporation mechanism, denoted(byin the
distance from surface (1&) . .
previous paragraph, was only about 2.5 eV. We carried out a
FIG. 7. Vacancy formation energies as a function of depth besimilar simulation for the mechanism labeléd above and
low the S{100):As surface. obtained an energy barrier of a similar magnitude.

4

Energy (eV)
N
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edge, the experimental activation energy for As incorpora-
tion by in-diffusion into the Sil00 surface has not been
reported. However, an important consequence of the intersti-
tial mechanisms of incorporation is the injection of Si inter-
stitials into the material. At low surface doping levels and
incorporation rates, each Si interstitial that is generated is
likely to be rapidly annihilated at the surface. However, at
high doping levels, a strong flux of Si interstitial atoms may
lead to their trapping in the bulk. Indeed, agglomerates of
interstitials formed as a result of diffusive As incorporation
have been detected as dislocation loops upon thermal anneal-
ing of the doped materidf-3* The density of these loops is
found to increase with dopant concentration and with de-
creasing processing temperatures. We propose that some
fraction of the observed dislocation loops forms upon ag-
glomeration of Si interstitials generated in the material dur-
ing diffusive incorporation of As. On the other hand, a frac-
tion of these interstitials might also have been generated in
the bulk during thermal annealing, via the kickout of Si at-
oms neighboring substitutional As impurities, as was pro-
posed by Rousseaet al® to explain their observations of
annealed Si films implanted with high doses of As ions.
However, Shibayamat al® observed enhanced diffusion of
As atoms in heavily As-doped samples obtained via diffusive
incorporation of As, with rates that were many orders of
magnitude higher than those that are typically observed at
their diffusion temperature. They also found that B impuri-
ties that were present in a deeper layer below the As-
incorporated region also exhibited similarly enhanced diffu-
sion. It is well knowrd?*3 that boron diffusion is
predominantly assisted by Si interstitials. Therefore, the ob-
servations of Shibayanmet al. can be explained by the influx

of a large number of Si interstitials during the incorporation
process, as we described above.

VIl. SUMMARY AND CONCLUSIONS

In summary, we have shown that the structures and ener-
gies of point defects at the clean and the arsenic-passivated
Si(100 surfaces are totally different. The passivation of sur-
face dangling bonds is found to dramatically alter the struc-
tural properties of the atomic layers near the surface. The
clean S{100 surface, which has a high density of surface
dangling bonds, is very flexible and permits large relaxations

FIG. 8. Schematic view of the interstitial mechanism of incor- in the vicinity of defects. The $100:As surface, on the

poration of an As adatom into @00):As. () The lowest energy other hand, is free of dangling bonds.and inhibits atomic
configuration of the As adatonib)—(c) intermediate steps of As rearrangements around defects. The difference between the

incorporation into the bulk. See text. properties of these two surfaces is strictly of a chemical na-
ture, because Si and As atoms have similar atomic sizes and
Therefore, the incorporation of adsorbed As with the asthus strain effects are negligibte.
sistance of silicon interstitials should dominate over Near the clean $100) surface, both vacancies and inter-
vacancy-assisted pathways at moderate diffusion temperatitials have low formation energies, less than 1.0 eV, far
tures. One should also note that the activation energy barrietewer than the values in the neighborhood of 3.5 eV found in
of 2.5 eV quoted here are only upper bounds. An exhaustivéhe bulk. The reasons for this reduction are rather transparent
search of the potential energy surface of this system mighfor near-surface vacancies and interstitials, extensive atomic
reveal pathways, which have even lower activation energieselaxations, and chemical rebonding take place in the vicinity
It is also important to note that the calculated activation enof the defects. Both interstitials and vacancies have compa-
ergies are significantly lower than those required for As mi-rably low formation energies near the surface and should be
gration in bulk Si, namely 4.0 eV For nanoscale devices, readily available at moderate temperatures to mediate impu-
this presents the possibility for impurity incorporation at rity incorporation and migration. This is consistent with ex-
lower temperatures than those needed for engineering coperiments that show that adsorbed As atoms incorporate into
ventional silicon chips. the surface layer at temperatures in the neighborhood of
Turning to experiments, thus far, to the best of our knowl-400 °C?
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However, the SiL00:As surface has a completely differ- tive As atoms into the bulk via diffusion at high tempera-
ent response to the formation of defects. At this surfacetures. It is only upon thermal annealing that vacancy genera-
atomic relaxations near vacancies are negligible and thgon or migration into the material gives rise to deactivation
neighboring atoms remain close to their ideal bulklike posi-of a major fraction of incorporated As impuriti&$3416
tions. The undercoordination of these atoms raises the for- In conclusion, a monolayer of arsenic atoms on the
mation energies of these defects to high values in the rang®i(100) surface drastically affects both the electronic and
of 3.0-4.0 eV, similar to those found in the bdfk®>1633  structural properties of the near-surface region. The forma-
While the formation energies of near-surface interstitials risgion energies of vacancies at the arsenic-terminated surface
by over 1.0 eV upon As passivation, they are still about 2.Care greatly increased compared to those of the clean surface.
eV, much lower than the bulk value of 3.3 é¥Therefore, The formation energies of Si interstitials near this surface are
the equilibrium concentration of Si interstitials would be significantly lower than those of vacancies but still substan-
much higher than that of vacancies at th€l80):As surface. tially greater than at the clean surface. This explains the phe-
This favors an interstitial mechanism for the diffusive incor- nomenal uniformity and stability of the @i00):As surface’
poration of adsorbed As atoms into the bulk, which leads toAn interstitial mechanism of diffusive As incorporation is
the generation of Si interstitials in the bulk material. favored, causing the generation of Si interstitials in the bulk,

The preponderance of the interstitial mechanism relativeespecially at high doping levels. The inhibition of a vacancy
to the vacancy mechanism has important consequences forechanism near the surface explains the high level of elec-
heavily As-doped Si. This is because As is well known totrical activation of in-diffused As atoms.
form electrically inactive complexes with vacancies at rather
m_oderate temper{:\tures, above a critical doping IE/#. . ACKNOWLEDGMENTS
Since As passivation of the surface suppresses the formation
of vacancies relative to interstitials, our results explain why This work was supported by U.S. DOE. The calculatons
it is possible to incorporate large amounts of electrically acwere carried out at DOD and NC super computer centers.
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