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Mechanism of dopant segregation to SiO2ÕSi„001… interfaces
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Dopant atoms can segregate to SiO2/Si~001! interfaces and be deactivated there. Using phosphorus as a
typical example of a donor and guided by results ofab initio calculations, we present a model of donor
segregation. We find that P is trapped at the interface in the form of threefold-coordinated atoms. The atomic
detailed configuration and the process of P incorporation depend on P concentrationCP in the vicinity of the
interface. At low CP, phosphorus atoms prefer to substitute Si atoms with dangling bonds. At highCP,
phosphorus pairs are formed. At intermediateCP, ~around 1017–1019 cm23! segregation occurs to sites asso-
ciated with interface roughness and to interface Si-Si bridges, and is mediated by diffusion and annihilation of
Si dangling bonds and by reoxidation during oxide annealing. Making diffusion of dangling bonds more
difficult ~for example, by nitridation! should, therefore, reduce the trapping efficiency of SiO2/Si~001! in the
technologically important regime of intermediateCP.

DOI: 10.1103/PhysRevB.65.245305 PACS number~s!: 68.35.Dv, 68.55.Ln, 67.80.Mg, 31.15.Ar
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I. INTRODUCTION

Silicon MOS~metal oxide semiconductor! technology is a
versatile, inexpensive, and widely used method of fabrica
of microelectronic integrated circuits. Electrical paramet
of a MOS field effect transistor~MOSFET! are sensitive to
the spatial distribution of dopant atoms in the active reg
of the device. The design of technological processes nee
to produce a chip must account for all factors that may s
nificantly affect this distribution. In MOSFET’s, SiO2 is
placed next to doped regions of the silicon substrate.1,2 Seg-
regation to SiO2/Si~001! interfaces can cause redistributio
of dopants during the fabrication process, an effect that
comes significant in ‘‘decanano’’ devices2–5 and can affect
the MOSFET threshold voltage~the voltage at which the
transistor switches! by up to 50%.6

SiO2/Si~001! interface is an efficient trap for donors.
can collect at least 331014/cm2 P atoms,7 an amount close
to a monolayer ~ML !; for Si~001!, 1 ML5No.7
31014/cm2. Majority of the trapped atoms are located on t
Si side in the first monolayer of silicon.8–10 The atoms
trapped at the interface are deactivated,9 which means that
they are not shallow dopants. The segregation process is
tially reversible by subsequent annealing at temperatu
higher than the temperature at which the ato
segregated.7,11,12 It is interesting to note that also interface
between Si and a chemically prepared SiO2 film exhibit a
similar segregation behavior as interfaces with therm
oxides.13 The same is true for interfaces between Si and b
ied SiO2 layers.14

How do the dopant atoms arrive at the interface? Fi
they diffuse through the silicon, mostly with help of poi
defects15–17introduced during dopant implantation.2,18 Alter-
natively, they may be ‘‘shovelled’’ by the moving~oxidizing!
SiO2/Si interface during thermal oxidation of th
substrate.8,9,19

Segregation models used in complementary metal-ox
0163-1829/2002/65~24!/245305~11!/$20.00 65 2453
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semiconductor technology process simulation assume
the interface has approximately 1 ML of unspecified dop
traps.11,20–22The nature of these traps is unknown. It is al
unclear why the segregated atoms do not act as shallow
nors. A possible explanation is that complexes between
nor atoms and Si vacancies are formed at the interface;9 this
would mean that the segregation to SiO2/Si interfaces is a
process similar to segregation to bare surfaces of silic
Elastic stress relaxation23 and Fermi-level effects9 have also
been suggested as forces driving the segregation.

The purpose of this work is to shed some light on su
issues, given the atomistic data obtained from total energyab
initio calculations. We have attempted to connect these d
into a set of microscopic mechanisms building a ‘‘complet
segregation story. Naturally, this story should be viewed
an educated guess rather than a proven segregation pro
and experimental verification of its key ingredients would
desirable. So far, our observations confirm that Fermi-le
position at the interface and the ability of certain atom
configuration to relax the elastic stress between the oxide
the substrate are the key factors in the segregation me
nism. We also find someab initio justification for the sup-
posed importance of Si vacancies in donor trapping at
interface.9

In our previous work we have already formulated a te
tative segregation model based onab initio numerical results
for P and As.24,25 Comparison of the numerical results wit
experimental secondary-ion-mass spectroscopy~SIMS! data
revealed24 that there are three fundamental regimes of P c
centrationCP characterized by three different interface a
sorption mechanisms dominating the segregation. At v
low CP, the donors arriving at the interface substitute und
coordinated Si atoms~Si atoms with dangling bonds!. This is
analogous to segregation of dopants to Si surfaces.26 At very
high CP, the dopants form pairs of electrically neutra
threefold-coordinated atoms, analogous to DX and EL2
stabilities of donors in GaAs.27 The segregation mechanism
©2002 The American Physical Society05-1



a

e
en
er

ro
.

an
e

th
di
n
n
lin

Ju

-
r

e
e

a
n
m

he

om
f

O
um

es
R

an
in
in

nt
o

ic
b

ila
r
gl

m

for
m-
i
rgy

ror

er-
-
ew

, a

of
s

h

at
-
un-
f
r a
ce.
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at intermediateCP, where dopants are trapped as individu
atoms but the density of traps exceeds the density
dangling-bond sites, has not been identified. In all cas
however, we found that the formation of donor-oxyg
bonds is energetically unfavorable, in agreement with exp
mental data.

Here we focus on atomistic details of the segregation p
cess in the regime of intermediate donor concentrations
addition, theoretical results for the other twoCP regimes are
summarized and extended. In particular, we identify dop
pairing by silicon ejection as a process that may comp
with the other pairing mechanisms.

The paper is organized as follows. Section II explains
theoretical and experimental approaches. Section III
cusses various atomistic segregation mechanisms. Sectio
presents the segregation model associating the areal de
DP of phosphorus trapped at the interface with the annea
temperature and the concentrationCP of shallow P donors
under the interface.

II. APPROACH

Ab initio calculations28 were performed on a Cray T3E
supercomputer in von Neumann Institute for Computing,¨-
lich, Germany. We used supercells of Si~001! type, with lat-
eral dimensions from 232 to 434~measured in translation
vectors of the ideal surface!. Vertically, the supercells con
tained six to eight Si layers and one to three oxide laye
The slab was saturated with H atoms. Coordinates of th
atoms saturating the Si substrate slab were computed by
ergy minimization of Si~001! 131-H surface with all Si at-
oms confined to their bulk positions. These saturating H
oms and their Si neighbors were frozen in their positio
during all subsequent relaxations of the system. The che
cal potential of each donor species~P, As! was calculated
from the total energy of a substitutional donor atom in t
third or fourth Si layer below the interface in a 434 super-
cell. The chemical potentials of Si and H were obtained fr
the dependence of H-saturated slabs on the number o
layers in the slab. The chemical potential of oxygen in Si2
films was calculated assuming thermodynamical equilibri
between Si atoms in the film and in the substrate.

Numerical convergence was verified by performing t
calculations at plane-wave cutoff energies between 16
and 50 Ry and with Brillouin zone sampling equivalent toG
and (1/4,1/4) points of 232, 333, and 434surface cells.
The data quoted below were obtained using 40 Ry cutoff
the G point of 434. The estimated numerical uncertainty
energy differences is about 0.2 eV per cell due to Brillou
zone sampling and the energy cutoff. Additional uncertai
of approximately 0.1 eV per atom exchanged with a reserv
enters through inaccuracies in the calculation of chem
potentials. Although the energy differences calculated to
around 0.2–0.3 eV may still have physical significance~nu-
merical errors tend to cancel out when energies of sim
atomic configurations are compared!, the differences smalle
than about 0.1 eV will be considered in this paper as ne
gible.

Reliability of the results was also checked through co
24530
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parison with electronic structures and energy differences
test Si-P, Si-O, and Si-O-P structures in bulk silicon co
puted with otherab initio codes34 and, in the case of the S
vacancy in the bulk and under the interface, with ene
differences obtained by a semiempirical method@AM1 ~Ref.
38#. The compared values were within the 0.2–0.3 eV er
bar, confirming our estimate of the numerical accuracy.

In order to make the calculations feasible for many int
face structures, the SiO2/Si~001! cells were designed to rep
resent the key features of the interface with possibly f
atoms. Undimerized@Fig. 1~a!# and dimerized interfaces
@Fig. 1~b!# were considered. In an undimerized interface
layer of SiO2 was attached through oxygen atoms to Si~001!
131surface. In dimerized interfaces, up to three layers
tridymite-based SiO2 were attached through oxygen atom
to Si~001! 231 surface with oxidized dimer bonds. A roug
interface was simulated by introducingD-type ad-dimer
rows37 in 432cells @Fig. 1~c!#.

Binding energies of donors under SiO2/Si~001! were
studied by substituting P for Si atoms in the substrate
various distances from the SiO2/Si~001! boundary. Segrega
tion to dangling-bond sites was addressed by replacing
saturated Si atoms at SiO2/Si~001! boundaries. Formation o
complexes containing one or more donor atoms and/o
point defect was studied in Si bulk and under the interfa

FIG. 1. Interface models.~a! Undimerized interface.~b! Flat,
dimerized interface with tridymitelike SiO2. ~c! Rough, dimerized
interface.
5-2



es
om
ng
st
b
e
th
in

on
ar

om
1
ic
ca
ll
n

il

the
ti-

ce
f

der

Si
orus

in

th
unt
such
en

d-
lax
om
bulk

is

on
nti-
e
ro-
nar

ir

als
he
os-
nce
fer

n-
ses
m.
ro-
m
er
tent

p-

r a
the
nce
he
esti-

n-
to

a

s
s
ly
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The bulk defects included a nearest-neighbor P pair (P2),
oxygen interstitials@Oi , Fig. 2~b!!, Si vacancies@VSi , Fig.
2~c!# complexed with P and Oi ~e.g., the AP2 center24!, and
rebonded defects 113Si2 and 113P2 Oi @Fig. 2~d!#. Segrega-
tion to interface sites with an unoxidized Si atom was inv
tigated for a Si vacancy, a Si bridge, and a Si ledge at
Diffusion of a Si dangling bond was studied for the dangli
bond created after a P atom was incorporated into a
ledge. We estimated the height of the diffusion barrier
computing total energies at the energy minima and for s
eral atomic configurations near the top of the barrier. In
latter case, the motion of one oxygen atom was constra
to a plane and the remaining atoms were relaxed.

Auger electron spectroscopy~AES! data were collected
through native oxide layers thin enough (;15 Å) to make
the interface P observable. In order to minimize electr
irradiation effects, the spectra were taken at low prim
electron-beam energy and current density.

III. SEGREGATION MECHANISMS

Experimental data indicate that moving a donor at
from the silicon bulk to the interface releases about 0.5–
eV. Since trapping of donors does not deteriorate electr
properties of the interface, the segregation mechanism
not be correct if it leads to excessive creation of electrica
active defects. Moreover, the segregated atoms should
act as shallow donors.

First, we investigate the energetics of P atoms in the s

FIG. 2. Configurations of selected bulk structures. Si atoms
white, O atoms are gray, P atoms are black.~a! Perfect Si.~b! Oi ,
oxygen interstitial.~c! Uncharged Si vacancy; the dimerized atom
are dashed.~d! Rebonded P pair. The dashed Si atom and it
neighbor are$113% rebonded,26 the other P atom stays in a near
substitutional position.
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con substrate close to the SiO2/Si~001! interface~Sec. III A!
and P atoms substituting oxidized Si atoms directly at
interface~Sec. III B!. Next, we analyze P trapping by subs
tution of unoxidized Si at atoms with a dangling bond~Sec.
III C ! and at unoxidized fourfold-coordinated Si in interfa
defects~Sec. III D!. The latter process includes diffusion o
Si dangling bonds along the interface. Finally, we consi
the formation of donor-donor pairs~Sec. III E!.

A. Substitutional donor atoms under the interface

In principle, one can imagine that deformation of Si-
bonds caused by strain fields in the oxide attracts phosph
to the interface and localizes the fifth valence electron of P
a deep state. We find that substitutional phosphorus PSi may
be weakly bonded (&0.2 eV) in the second Si layer benea
a perfect, undimerized interface. As the first layer we co
here the topmost Si atoms of the substrate, connected in
an interface to two Si atoms on one side and to two oxyg
atoms on the other side@Fig. 1~a!#. Interestingly, it turns out
that atomic relaxation around P contributes little to this bin
ing. The energy gained when the impurity neighbors re
from their positions they had occupied before the Si at
was substituted by the P atom is about the same in the
and under the interface. Therefore, this weak interaction
probably not caused by interface strain.

In our opinion, the binding arises from hyperconjugati
between the fifth valence electron of phosphorus and a
bonding orbitals of silicon atoms from the first layer of th
substrate. This type of interaction formally resembles hyd
gen bonding and is responsible for such effects as pla
configuration of N in Si3N4~interaction between the lone pa
of N and antibonding orbitals of Si! and the low formation
energy of Si monomers on Si~001! surfaces~interaction be-
tween the lone pair of Si monomer and antibonding orbit
of subsurface Si!. Hyperconjugation between P and Si at t
interface is noticeable because the fifth electron of ph
phorus is partially localized in a conduction-band resona
and Si orbitals are partially emptied due to charge trans
from silicon to oxygen. The strength of this interaction i
creases with the oxidation number of silicon and decrea
with the number of P neighbors of the oxidized Si ato
Binding by hyperconjugation is opposed by the elect
static force that repels the positively charged silicon fro
phosphorus ions. Virtually no binding was found in deep
layers, regardless of the interface structure. This is consis
with the interpretation of the interaction between PSi and a
SiO2/Si boundary presented above.

The weak attraction of P to undimerized interfaces a
pears to be the upper limit for the binding energy of PSi.
Depending on the structure of the interface, we find eithe
weak binding or a weak repulsion when P is placed in
second Si layer. However, in all cases the energy differe
between the impurity in the bulk and the impurity under t
interface does not exceed 0.2 eV, which is less than the
mated numerical accuracy.

Formation of a coherent silicide~SiP in the zinc-blend
structure! also leads to no significant energy gain. We co
clude that neither the attraction of substitutional donors

re

P
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the interface nor the decreased solubility of P due to
hanced silicide formation under the interface is the domin
mechanisms for dopant segregation. Although we cannot
regard the fact that these effects exist, we believe that o
atomic geometries, for which we find higher binding en
gies, are responsible for the segregation.

B. Bonding of donors to oxygen atoms

All structures with P-O of As-O bonds were unstable
nearly unstable with respect to exchange of the oxidized
nor atom with a Si atom in the substrate. This includes de
complexes formed in the bulk Si as well as interfacial str
tures. The energy difference by substituting a single oxidi
silicon atom by a group-V donor was aboutEo1n45(0.5
60.2) eV ~energy loss! when the oxidized atom wa
fourfold-coordinated and aboutEo1n35(20.160.3) eV
~energy gain! for a threefold-coordinated oxidized atom. W
conclude that atomic geometries with donor-oxygen bo
play no important role in the segregation of P.

These results are in accordance with our AES data
tained through native oxide. The detectable P is elemen
We found the PLVV peak at 120 eV, which coincides with th
position of uncharged P and is;10 eV higher in energy
than the P peak in P2O5.39 The identification of the observe
spectral line as due to unoxidized phosphorus is corrobor
by the fact that electron-beam-induced evaporation of
oxide affected neither position nor shape of this line. This
consistent with the known fact that P is expelled from SiO2
during thermal oxidation of Si.40 It follows that the state of
segregated P differs from the states of P donor and oxid
P: the latter are positively charged, whereas the segrega
atoms are electrically neutral. This result allows us to arg
that a monolayer of efficient P traps is unlikely to exist at t
interface, because P atoms bonded at such traps would
oxygen neighbors.

On the other hand, it is known that interfaces to nat
oxides contain much higher concentration of electrically
tive defects~presumably Si dangling bonds! than interfaces
to thermal oxides used as MOSFET gate dielectrics.41 These
concentrations are;1013/cm2 and;1012/cm2, respectively.
As noted below, such dangling bonds are the preferred
regation sites. Our experiment confirms that the most e
cient trapping does not involve formation of P-O bond
However, it does not exclude that interfaces with therm
oxides may contain sites at which P atoms bonded to O
side after many dangling-bond sites have been occupied

Finally, we note that the value ofEo1n3 is small enough to
be compatible with the small but observable incorporation
P from the substrate into SiO2. The equilibrium ratio of P
concentration in SiO2 and Si is approximately 10%,21 which
corresponds to the binding-energy difference of;0.2 eV at
temperatures around 800–1000 °C.

C. Si dangling bonds

Segregation of donors to silicon surfaces is a known
easily understandable effect. For a group-V atom it is m
convenient to occupy a threefold-coordinated site on the
face of a group-IV semiconductor, where it can be elec
24530
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cally neutral, than to substitute a fourfold-coordinated in t
bulk crystal, where its fifth electron must be donated
conduction-band states. For a group-IV Si atom it is a
more convenient to have all valences saturated in the b
than to have its fourth electron forced into a virtually ope
shell configuration on the surface. In the same vein, it
known that defects that contain undercoordinated Si atom
weak Si-Si bonds, such as Si vacancies@Fig. 2~c!#, act as
efficient phosphorus or arsenic traps. By analogy, one
pects that undercoordinated Si atoms left in the SiO2/Si~001!
interface after oxidation will be the preferred sites for don
segregation.

Indeed, reactions in which a phosphorus atom substitu
an undercoordinated, unoxidized Si atom,

PSi
1~bulk!1SiDB

2 ~surf!→SiSi
0 ~bulk!1PDB

0 ~surf!1Eo0n3 ,
~1!

are exothermic. The energy of a positively charged subst
tional PSi

1 in bulk Si and a negatively charged Si danglin
bond SiDB

2 on the surface is higher than the energy of
electrically neutral PDB

0 occupying a triple-coordinated sit
on the surface, because in the latter case all Si atoms an
P atoms are uncharged. In addition, the reaction~1! trans-
forms one Si-P bond into one Si-Si bond. The compu
energy gain isEo0n3.1.1 eV. However, there is no notice
able energy gain when the substituted atom is oxidized~Sec.
III B !.

Given their high binding energy for phosphorus, the int
face Si dangling-bond sites might seem to be the defe
responsible for the segregation. However, a Si dangling b
is electrically active. Even low-quality SiO2/Si~001! inter-
faces have much fewer electrically active defects than
number of dangling-bond sites needed to adsorb abou
monolayer of donors. In interfaces produced routinely
industrial-quality oxidation no more than several Si atoms
a thousand have a dangling bond~this is further reduced by a
factor of about a 100 by postoxidation annealing in hyd
gen!. Nevertheless, even in such good interfaces the effec
concentration of P traps is approximately one monolay
This means that Si dangling bonds cannot be the major tr
at least when the total amount of segregated donors exc
about 1012/cm2 ~thermal oxide before hydrogen passivatio!
or 1013/cm2 ~native oxide!.

D. Defects with unoxidized Si

Other defects that might potentially act as traps for ph
phorus are interface defect sites containing an unoxidi
and fully coordinated Si atom. These are: silicon bridge@Fig.
3~a!#, a ledge atom of an interface step@Fig. 3~b!#, or a
silicon vacancy~Fig. 3, bottom panels!. Consider a reaction
of type

PSi
1~bulk!1SiSi

0 ~surf!12e2~EF!

→SiSi
0 ~bulk!1PDB

0 ~surf!1SiDB
2 ~surf!1Eo0n4 . ~2!

This reaction transforms a fourfold-coordinated PSi ion into a
threefold-coordinated, electrically neutral atom. The transf
mation comes at a price: a dangling bond is created at
5-4
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interface. We will now discuss the energetics of such p
cesses. We will also argue that this mechanism is consis
with the experimental observation that donor segregatio
not accompanied by excessive generation of electrically
tive defects. We will see that such trapping is energetica
favorable because the dangling bonds produced in reac
described by Eq.~2! are annealed out and/or oxidized durin
the same thermal processing that leads to segregatio
donors.

Si vacancies are an interesting candidate for trapping c
ters because it is known that they are produced during do
implantation and accumulate under the surface. The
question is: how many Si vacancies can exist in therm
equilibrium at and directly below the interface?

We estimated that the binding energy of a single, elec
cally neutral VSi under the interface is;1 eV when the
vacancy site is in the second layer of the substrate. The b
ing increases by additional 0.5–1.0 eV@Fig. 3~c! and 3~d!#
when the vacancy site is in the interface layer. The vaca
is attracted to the layer under the interface because the
can profit from facilitated relaxation of its elastic stress fie
~caused largely by dimerization of the vacancy neighbo!;
similarly, the presence of a void under the interface fac
tates relaxation of the stress in the interface layer~caused
largely by different bond angles preferred in SiO2 and in
silicon!. The additional binding of the vacancy directly at th
interface is caused by a structural change of the defect. I
unreconstructed geometry, a bulk or sub interfaceVSi has
four Si dangling bonds surrounding the removed Si at
@these dangling bonds transform into two weak dimer bo
when an electrically neutral vacancy is allowed to relax, a

FIG. 3. Defect sites containing an unoxidized and fully coor
nated Si atom. The unoxidized atoms in the defects are dashed~a!
Silicon bridge. ~b! Step ledge.~c! Unoxidized interface vacancy
~high formation energy of 1.7 eV!. ~d! Oxidized interface vacancy
~low formation energy of 1.2 eV!.
24530
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Fig. 2~c!#. In contrast to that, the unreconstructed geome
of an interfaceVSi has only two Si dangling bonds. The oth
two Si neighbors of the vacant site are in the oxide. They
connected by an oxygen atom and do not induce any a
tional stress field. In a neutralVSi at the interface, the two S
neighbors in the substrate form a weak dimer bond@Fig.
3~c!#, so that the reconstructed vacancy has no dang
bonds.

Ab initio formation energy of unchargedVSi is ;3.1 eV
in bulk silicon. The binding energy of;2 eV computed for
a vacancy adsorbed at the interface means that the forma
energy of a single interfacialVSi is *1 eV. This value is too
high to make such vacancies responsible for segregatio
considerable amount of phosphorus. In thermodynam
equilibrium at temperatures 800–1000 °C, the formation
ergy of 0.8–1.0 eV corresponds to approximately one
fected site per 10 000 atoms. A significantly lower formati
energy would be required to achieve a sufficient concen
tion of defects at the interface in thermodynamical equil
rium. For example, one defect per 100 atoms correspond
the formation energy of roughly;0.4 eV. It seems that this
energy differs from the computed value of*1 eV by more
than the uncertainty due to our approximations and to
limited number of vacancy configurations we considered

Nevertheless, we verified that P trapping at a singleVSi
defect segregated to a dimerized interface is energetic
favorable. The corresponding energy gain amounts to
60.2 eV for the high-energy vacancy structure displayed
Fig. 3~c!, even though a Si dangling bond is created in t
process. The configuration with the dangling bond is en
getically favorable because the Si-Si dimer bond of the
cancy was weak. Unfortunately, weakness of such dim
bonds is responsible also for the high formation energy of
interface vacancy shown in Fig. 3~c! and, consequently, fo
very low concentration of these defects in thermal equil
rium. It follows that while the trapping activity of interfac
VSi with weak dimer bonds is hindered by low concentrati
of these defects, the activity of interfaceVSi with strong~re-
laxed! dimer bonds would be hindered by low energy gain
even energy loss due to creation of dangling bonds.

Indeed, the energy released when a phosphorus atom
stitutes a Si atom in a relaxed Si-Si dimer bond, for examp
in an interface step@compare Figs. 1~c! and 4# is small, or
zero. The reaction~2! for such defects is barely favorable

-

FIG. 4. Segregation to an unoxidized step ledge site: dangl
bond creation phase.~a! P atom in a closed ledge dimer.~b! P atom
and a Si dangling bond after ledge opening.
5-5
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with Eo0n450.260.3 eV atEF50.8 eV. A dimer bond of
this type is relatively strong; breaking it costs more than
eV. This is comparable to the bond strength in bulk Si@the
LDA Si-Si bond energy is 2.6 eV~Ref. 45!#. As a matter of
fact, it is difficult to compute the energy needed to break
ledge dimer bond because there is no barrier for recomb
tion of the broken bond when the opened Si ledge is
charged. Such a barrier appears when the defect trap
electron; the quoted value of 2 eV was computed for
atomic configuration of the metastable~i.e., broken-bond!
geometry of the negatively charged defect.

The reaction~2! can be, however, the initial step in th
process of phosphorus segregation. If the interface can r
ganize itself in such a way that the dangling bonds create
the process described by Eq.~2! disappear and the energ
barrier involved in this reorganization is small, then the
atom will be immobilized in the interface. The final state
the segregation reaction should in this case be the con
ration in which the dangling-bond SiDB recombines with an-
other dangling bond to form a Si-Si bond, most probabl
silicon bridge in SiO2. A direct calculation of the energy
gained by annihilation of this dangling-bond pair would r
quire relaxation of interface structures with cells of late
dimensions larger than 434, a task beyond our computa
tional abilities. Instead, we estimate this energy by appro
mating the final state in several independent ways.

At first we assume that the recombination of the dangl
bond produces a silicon bridge with the energy equal to
energy of the ledge dimer bond. In other words, we assu
that recombination of two dangling bonds, created in
course of reaction~2! but electrically neutral, releases 2 eV
In order to use this recombination energy in the energy b
ance, we have calculated the energy of the reaction,

PSi
1~bulk!1SiSi

0 ~surf!1e2~EF!

→SiSi
0 ~bulk!1PDB

0 ~surf!1SiDB
0 ~surf!1Eo0n4~0!. ~3!

The dangling bond created in this reaction is electrically n
tral. We need this because the reconstructed Si bond is
electrically neutral. Note that reaction~3! does not represen
a real process; we simply use it as a measure of the energ
an uncharged dangling-bond energy before the recomb
tion. The computed value ofEoon4 is 20.4 eV ~the minus
sign indicates that energy is lost, i.e., work has to be do!.
From this we obtain the result that after the dangling bo
recombine, the segregation of a P atom from bulk Si to
unoxidized step ledge produces the energy gain of 2
20.450.6 eV.

Second, we approximate the final state by the geom
shown in Fig. 5~a!. This state differs from the intermediat
configuration@Fig. 4~b!# in that the silicon with the dangling
bond is now substituted by a P atom, so that no dang
bonds are left in the system and two P atoms have se
gated. In addition, the oxygen atom that had connected
substituted Si atom with the oxide is now removed, so t
no P-O bonds are created. Assuming that the oxygen ato
moved to the reservoir of oxygen atoms with energy equa
the average energy of oxygen in the SiO2 film, we compute
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in this way that the energy gained by segregation of two
atoms from PSi sites to the interface is 0.8 eV, that is, 0.4 e
per P atom.

The latter value of the segregation energy is relativ
small because the geometry of Fig. 5~a! has a signifcant
strain built into it. Namely, the angles between substr
Si-Si bonds and each of the two Si-P backbonds of th
atom substituting the Si atom with the dangling bond are
from optimal. This is improved in the geometry of Fig. 5~b!.
When such a configuration is assumed as the final state
segregation energy increases to 0.5 eV per P atom.

Therefore, our estimate for P segregation energy to e
tricaly inactive, unoxidized Si defect sites at the interface
Eo0n450.560.3 eV at EF50.8 eV. This energy is much
smaller than the energy gained by trapping at dangling-b
sites (Eo0n351.160.2 eV, Sec. III C!, because in addition
to the energy balance of the latter process, one Si-Si bon
effectively removed. Note that this additional energy co
@1.3 eV within local-density approximation~LDA !# would
compensate or even overcompensate the energy gainEo0n3 if
no energy gain other than that responsible for segregatio
P to dangling-bond sites were involved. The supplement
gain comes from two sources. First, an electron is locali
from the Fermi level to a localized site. This brings abo
~0.2–0.3! eV for EF50.8 eV ~the difference between th
energy of the midgap dangling-bond state and the effec
energy of a delocalized electron!. The remaining energy gain
of (0.560.6) eV comes from relaxation of the strain in th
interface when the density of strained bonds connecting
film and the substrate is reduced; the error bar is obtai
from the worst-case analysis. This gain is somewhat lar
than in the similar case of donor pairing~Sec. III E! because
strain relaxation when bonds are removed from the interf
is more efficient than when the bonds are removed fr
under the interface.

Does this segregation indeed proceed independently
each P atom, or should one rather speak of correlated t
ping of two P atoms? Since this mechanism involves reco
bination of dangling-bond pairs, its efficiency may be limite
by the recombination speed and/or dissociation of Si bridg
If the dangling bonds do not diffuse fast, or if the concent
tion of Si bridges is controlled by the dangling-bond creati
rate and not by the oxidation rate,46 then the segregation rat
and the dangling-bond creation rate become correlated

FIG. 5. Approximations to final state of P segregation:~a! Bro-
ken ledge configuration.~b! Alternative ledge configuration
opening.
5-6



p
d

th
in
th
er

ta
si
n
o
. I
ou

ru

gr
ce
ti
th

ld

by
c
t’

r-

he
eu-

s on
lves
he
d

rgy

of

of
and

in

by
al-
he
ten
d to

l,
ne
ase
m-
in

i-Si
ergy
the

der

ility

ple,
n-
ce

this

he

MECHANISM OF DOPANT SEGREGATION TO . . . PHYSICAL REVIEW B65 245305
this case, the segregation can be no longer treated as a
cess taking place independently for each P atom. Instea
effectively becomes a pairing process~Sec. III E!. Such pro-
cesses are efficient only at high dopant concentrations~Sec.
IV !.

We verified that dangling bonds can diffuse fast along
interface. The diffusion barrier along the path indicated
Fig. 6 does not exceed about 1 eV, which is less than
activation energy of dopant diffusion in silicon. The barri
for dangling-bond migration is low because SiO2 network
can be easily deformed. An oxygen atom can easily ro
along the axis connecting its Si neighbors, and it can ea
move so close to the dangling bond that a Si-O bo
switches smoothly between one of the neighbors of the m
ing oxygen and the Si atom that had the dangling bond
this way, the dangling bond flows across the network with
too much resistance.

Furthermore, it is known that segregation of phospho
is stronger in more oxidizing ambients.2 This is compatible
with our assesment that Si bridges are involved in the se
gation process: less oxidation means more bridges, hen
higher bridge dissociation rate, hence a higher concentra
of dangling bonds in the oxide, hence a higher rate of
association reaction reverse to the reaction~2! and, conse-
quently, a lower concentration of trapped, threefo
coordinated P atoms.

E. Dopant pairs

Trapping on interface dangling-bond sites is limited
density of the defects. But at least three structures that
be formed without any seeds other than a ‘‘perfec

FIG. 6. Atomic configurations on dangling-bond~DB! diffusion
path.~a! Initial configuration: DB created in reaction~2!. ~b! Barrier
configuration on oxygen switching from SiO2 to the Si atom with
DB. ~c! Switching complete: the DB in the oxide interacts with t
mid-Si atom of an oxidized trimer in substrate.~d! Dangling bond
moved to next dimer row.
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SiO2/Si~001! boundary make it possible to cover the inte
face with nearly a monolayer of P~or As!. These structures
involve formation of donor pairs under the interface. T
trapped atoms are threefold-coordinated and electrically n
tral. The energy gained in these transformations depend
the Fermi energy. This is because the transformation invo
a transport of two electrons from Fermi reservoir to t
dangling-bond~lone pair! states of two threefold-coordinate
P atoms of the pair. Therefore,ES

pair5ES
pairuEF5022EF ; the

energy gain is larger inn-type material than inp-type mate-
rial. Note that the pairing energy is defined as the ene
gained pertwo donor atoms: 2PSi→P21ES

pair.
The first one of these three structures involves a pair

two nearest-neighbor, substitutional P atoms@P2, ~Ref. 25#.
Such a pair transforms under the interface into a pair
threefold-coordinated P atoms: the P-P bond is broken
one of the P atoms moves into the interstitial region@P2* ,
Fig. 7~a!#. This resembles the behavior of certain donors
bulk III–V compounds and alloys.27 The value ofES

pair de-
pends on donor species, being higher for As than for P
~0.1–0.2! eV. The inaccuracy of the computed absolute v
ues of ES

pair is about 0.4 eV; the differences between t
pairing energies obtained for different structures are of
more exact, because most of the numerical errors ten
cancel out in this case.

As a result of the transformation of two substitutiona
fourfold-coordinated donors into threefold-coordinated, o
Si-Si bond is effectively removed. This resembles the c
discussed in Sec. III D: without additional energy gain co
ing from electron localization and from relaxation of stress
the interface, the energy cost of the dissolution of the S
bond would compensate or even overcompensate the en
gain from trapping at dangling-bond sites. Repeating
analysis done in Sec. III D, we obtain (0.260.4) eV as the
strain energy released due to the formation of the pair un
the interface.

It is, therefore, expected that the pairing energyES
pair de-

pends on the residual stress in the film and on the possib
to relax this stress~i.e., on the oxide and interface structure!.
Such a dependence is indeed observed. For exam
ES

pair(EF50.8 eV) of phosphorus is 0.4 eV under the u
dimerized interface and 0.5 eV under a dimerized interfa
with oxidized dimers@Fig. 7~a!#. The dimerized interface is
favored because the O-Si-P angles become optimal in

FIG. 7. Phosphorus immobilized in pairs under SiO2/Si~001!
interfaces.~a! P2* with an off-center distortion of EL2 type.~b! A
rebonded P pair.
5-7
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DABROWSKI, MÜSSIG, ZAVODINSKY, BAIERLE, AND CALDAS PHYSICAL REVIEW B65 245305
configuration: they can approach the tetrahedral value
109°. Such optimal angles are not feasible when the inter
is undimerized, but even in this case they are closer to te
hedral than is possible in a P pair embedded in silicon b

In the second structure24 @Fig. 7~b!#, an oxygen interstitial
(Oi) and two threefold-coordinated P atoms combine wit
$113%-rebonded Si pair. The 113Si2 defect is built of two Si
atoms that switched bonds with their neighbors,26 as in cores
of $113%-planar agglomerates of Si interstitials.18,43 The P
atoms substitute two nearest-neighbor Si atoms in 1132,
and the P-P bond is broken. The pairing energy is, wit
numerical accuracy, close to that of P2* .

These two pairing mechanisms conserve the number o
atoms in the substrate. The third pairing mechanism is
reaction

2PSi
1~bulk!1SiSi

0 ~surf!1O2~gas!12e2

→VSi~PDB
0 !2~ interface!1SiO2, ~4!

or trapping of two P atoms by spontaneous ejection of silic
~i.e., by creation of an interface vacancy!. The oxide acts
here as an efficient sink for the ejected silicon, which
oxidized there by oxygen from the annealing ambient.46 If
the vacancy is created under the interface, its formation
ergy in the neutral charge state is (2.160.4) eV when a free
Si surface assumed as the sink for the ejected silicon, tha
when the chemical potential of Si is equal to the chemi
potential of a Si atom in bulk silicon.44 The energy paid for
creation of the vacancy is overcompensated by (
60.4) eV gained by segregation of two P atoms to the
cancy site.47 This yields the pairing energy ofEs

pair5(0.9
60.8) eV atEF50.8 eV.

One might expect even a larger pairing energy when
vacancy is created directly at the interface. In this case,
vacancy formation energy may be as small as 1.2 eV@Fig.
3~d!#. However, such a vacancy is not a good trap for two
atoms, because one of its dimer atoms is oxidized. A be
candidate would be the vacancy with a weak dimer bo
@Fig. 3~c!#, but its formation energy is too high and it turn
out that although trapping of two P atoms at such a vaca
releases about 1.8 eV, the pairing energy is only about
eV. The energy gain is so small also because distortion
atomic bonds around the vacancy are smaller than in a
cancy that is created further away from the interface. T
reduced energy gain illustrates the fact that relaxation
these distortions is an important factor in interactions
tween vacancies and donor atoms.

Nevertheless, it appears that P pairing by silicon eject
from under the interface or from the interface may comp
with P pairing by formation of P2* and 113Si2 defects. The
pairing by Si ejection from under the interface seems to
more favorable than the other processes byDEs

pair50.4 eV.
However,DEs

pair is inaccurate by about 0.4 eV.47 Exact cal-
culation of VSi formation energies is generally a difficu
task,17 mostly due to the presence of significant distortions
atomic coordinates even far away from the center of the
fect. For this reason we do not emphasize the efficiency
this mechanism. Instead, we prefer a conservative statem
24530
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that there are several pairing mechanisms possible with
pairing energy of (0.560.4) eV.

As a final remark we note that since the ejected Si ato
are oxidized in SiO2 instead being adsorbed on a free silic
surface, one might expect that the vacancy formation ene
should be adjusted by adding to it the difference between
energy of two Si-Si bonds~cohesive energy of Si! and the
energy of two Si-O bonds, that is, it should be lowered
'3 eV. However, such an adjustment would not be corr
because, in spite of being covered by SiO2, the silicon sur-
face still acts as a reservoir of Si atoms. Indeed, interf
steps can adsorb and eject Si atoms44 and the SiO2 film can
easily adapt itself to the changed geometry, for example
dangling-bond diffusion discussed in Sec. III D. In oth
words, the role of interface steps is formally the same as
role of steps on free surface.44 The chemical potential of the
Si reservoir then becomes equal to the chemical potentia
a Si atom in bulk silicon, because the silicon crystal is
infinitely larger reservoir of atoms than the SiO2 film. The
situation would be different if the film could not adapt i
shape to changes in the step shape. In this case, adsorpti
emission of Si from steps would be possible only throu
creation of high-energy defects.

IV. SEGREGATION MODEL

In this section we will compare the results of this analy
with experimental data on the dependence of the interfa
segregation constant on phosphorus concentration and o
annealing temperature.

Pairing of dopants affects the functional form of the d
pendence of the densityDP of the segregated P on the co
centrationCP of active P in bulk close to the interface. I
order to estimate the magnitude of this effect, we assume
P can be bonded at the interface by pairing and/or trapp
that the corresponding reaction constants are thermally a
vated with energiesEp andEt , and that P atoms are in loca
equilibrium.21 ConsiderNdeactdeactivation sites existing un
der the interface. The deactivation rater is proportional to
the densityNf5Nd2DP of free deactivation sites, while th
activation rater̄ is proportional to the densityDP of the oc-
cupied sites

r;~Ndeact2DP! ~5!

r̄;DP. ~6!

The important difference between the deactivation rates
trapping and pairing is that the former is proportional toCP,
while the latter is proportional toCP

2 .

In thermodynamical equilibrium we haver 5 r̄ , leading to

DP5
NpCP

2

CP
21Bp

2 exp~2Ep /kT!
~7!

when segregation is dominated by pairing (Ndeact5Np), and
to

DP5
NbCP

CP1Bt exp~2Et /kT!
~8!
5-8
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MECHANISM OF DOPANT SEGREGATION TO . . . PHYSICAL REVIEW B65 245305
when trapping dominates (Ndeact5Nb). Bp
2 and Bt are pro-

portional to the reaction constants for pairing and trappi
For simplicity, we have neglected the small amount of
dissolved in the volume of SiO2.21 We have also assume
thatNp5No51 ML, that is, all geometrically possible pair
ing sites can be occupied.

The resulting functional dependence~Fig. 8! compares
favorably with the published data.7,21,11,42~The areal concen
tration of lost dopantsDP can be obtained by comparison
SIMS profiles obtained first after implantation through
oxide film with those obtained by annealing, and finally w
those obtained by stripping the oxide.! Numerical fit to these

FIG. 8. Phosphorus dose loss,DP. ~a! Dependence ofDP on
implant doseN, SIMS data from Refs. 7 and 48. One pairing a
one trapping mechanism assumed.~b! Dependence ofDP on P con-
centrationCP close to the interface, SIMS data after annealing
800 °C,7,48 900 °C,21,11 and 1000 °C.42 Fit with the same param
eters as in the upper panel.~c! The same dependence as in the m
panel but fitted withEt well within the error bar of theab initio
estimate. Trapping onNd51012/cm2 dangling bonds was added fo
completeness.
24530
.

data yieldsEp5(0.760.3) eV andEt5(0.960.2) eV.49,50

In order to reduce the number of parameters, we setBp
5Bt5No , that is, we ignored entropy contributions oth
than those due to the number of lattice sites.51 For simplicity,
we also assumed that the contributions from all mechani
are additive; indeed, two different mechanisms compete o
in a narrow range ofCP.

The fitted energies are compatible with ourab initio esti-
mates for P pairing (Ep50.560.4 eV atEF50.8 eV, Sec.
III E !, for trapping at dangling-bond sites (Eo0n351.1
60.2 eV, Sec. III C!, and for trapping at defects with un
oxidized Si atoms (Eo0n450.560.3 eV atEF50.8 eV, Sec.
III D !. Figure 8~c! shows a fit with a trapping energy close
to theab initio estimate, with the contribution from trappin
at dangling-bond sites included.

The fitted value ofNb for trapping is as high as 0.05–0.1
ML, many times higher than the typical densityNd of elec-
trically active interfacial defects created during thermal o
dation (Nd.0.002 ML). In other words, there exists a re
gime of segregated P concentration between roug
1012/cm2 and 1013/cm2 in which the segregation can be e
plained neither by trapping at electrically active defects n
by pairing. In this regime, the only plausible candidates
donor traps we have identified are defects with unoxidiz
interfacial silicon atoms, such as in partially unoxidized st
ledges and in Si-Si bridges connected with the substrate
unoxidized backbonds~Sec. III D!. The areal density of the
ledge atoms can be estimated from the areal density of at
on Si~001! step edges. Assuming one unoxidized Si atom
step unit length and taking steps of monatomic height,
obtain 0.05 ML of traps for 1°average deviation of the s
face normal from the~001! direction. Note that the roughen
ing of the interface in the course of thermal oxidation m
possibly lead to formation of sites resembling atomic ste
Silicon bridges also constitute a significant percentage
bonds in the oxide layer close to the boundary with the s
con ~so-called SiOx interface layer!. It is, therefore, plausible
that a realistic SiO2/Si~001! interface has even as much a
;0.2 ML unoxidized interfacial Si atoms that may act as
traps.

V. SUMMARY AND CONCLUSIONS

In summary, we have presented anab initio study of P and
As segregation to SiO2/Si~001! interfaces. A simple, physi-
cally based model of segregation was formulated. The co
istence of pairing and single-atom trapping causes a t
regime dependence of the segregation coefficient on
implant dose.

Trapping of single donor atoms is possible at unoxidiz
dangling-bond sites~electrically ative defects! and at unoxi-
dized, fourfold-coordinated Si atoms in defects at the int
face ~electrically inactive defects! such as unoxidized ste
ledges, and silicon bridges attached directly to the substr
In the case of trapping at electrically active defects, the
ergy gain is high but the process is efficient only for very lo
dopant concentrations. In the case of trapping at electric
inactive defects, the energy gain is lower but the proces
efficient also at high dopant concentrations. The lat
mechanism relies on migration and recombination of Si d

t
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gling bonds and on reoxidation of the resulting silic
bridges. Therefore, we expect that it can be largely s
pressed by any treatment that significantly reduces mob
of Si dangling bonds, and by reduction of oxygen conten
the annealing ambient. We found that mobility of dangli
bonds is associated with low energy of local deformations
SiO2 network, caused by the presence of Si-O-Si ‘‘boom
angs’’ that can easily rotate and change their internal ang
The conclusion from this observation is that the mobil
should be diminished, for example, by nitridation of the
terface layer, because in this case numerous flexible O2
‘‘boomerangs’’ are substituted by rigid NSi3 ‘‘anchors.’’52

At very high dopant concentrations, dopant pairi
mechanisms dominate. They allow the interface to be c
ered with up to a monolayer of immobilized and deactiva
donors. This pairing occurs under the interface and is
associated with any seed defects. It can be realized e
through local reorganization of atoms~either a bond breaking
in a nearest-neighbor pair of substitutional donors follow
by an off-center displacement of one of the donor atoms
a rebonding similar to that found in$113%-planar defects fol-
s-

n
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lowed by breaking of the donor-donor bond!, or through
ejection of a lattice Si atom to the oxide~i.e., through spon-
taneous formation of a Si vacancy!.
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