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Mechanism of dopant segregation to SiQ/Si(001) interfaces

J. Dabrowskt: H.-J. Missig? V. Zavodinsky? R. Baierle® and M. J. Caldds
YHP, Im Technologiepark 25, D-15236 Frankfurt (Oder), Germany
2Institute for Automation and Control Processes, 5 Radio Street, Vladivostok 690041, Russia
SDepartamento de Fisica, Universidade Federal de Santa Maria, 9711030 Santa Maria, RG, Brazil
“Instituto de Fisica da Universidade dé &®aulo, 05508-900 %aPaulo, Brazil
(Received 8 October 2001; revised manuscript received 13 March 2002; published 31 May 2002

Dopant atoms can segregate to §i8(001) interfaces and be deactivated there. Using phosphorus as a
typical example of a donor and guided by resultsatf 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 concerfratiothe vicinity of the
interface. At lowCp, phosphorus atoms prefer to substitute Si atoms with dangling bonds. AtGigh
phosphorus pairs are formed. At intermedi@e, (around 16—10"° cm™2) 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 nitridationshould, therefore, reduce the trapping efficiency of $81001) in the
technologically important regime of intermedia@e.
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I. INTRODUCTION semiconductor technology process simulation assume that
the interface has approximately 1 ML of unspecified dopant
Silicon MOS(metal oxide semiconductptechnology is a  trapsi'?°~??The nature of these traps is unknown. It is also
versatile, inexpensive, and widely used method of fabricatiomnclear why the segregated atoms do not act as shallow do-
of microelectronic integrated circuits. Electrical parametersors. A possible explanation is that complexes between do-
of a MOS field effect transistoiMOSFET) are sensitive to nor atoms and Si vacancies are formed at the interfais;
the spatial distribution of dopant atoms in the active regionwould mean that the segregation to $iSi interfaces is a
of the device. The design of technological processes needgstocess similar to segregation to bare surfaces of silicon.
to produce a chip must account for all factors that may sigElastic stress relaxatiéhand Fermi-level effectshave also
nificantly affect this distribution. In MOSFET’s, SiDis  been suggested as forces driving the segregation.
placed next to doped regions of the silicon substtat8eg- The purpose of this work is to shed some light on such
regation to SiQ/Si(001) interfaces can cause redistribution issues, given the atomistic data obtained from total enabgy
of dopants during the fabrication process, an effect that beinitio calculations. We have attempted to connect these data
comes significant in “decanano” devices and can affect into a set of microscopic mechanisms building a “complete”
the MOSFET threshold voltagéhe voltage at which the segregation story. Naturally, this story should be viewed as
transistor switchasby up to 50%° an educated guess rather than a proven segregation process,
SiO,/Si(001) interface is an efficient trap for donors. It and experimental verification of its key ingredients would be
can collect at least 8 10'%/cn? P atoms, an amount close desirable. So far, our observations confirm that Fermi-level
to a monolayer (ML); for Si(001), 1 ML=N,=7 position at the interface and the ability of certain atomic
x 10* cm?. Majority of the trapped atoms are located on theconfiguration to relax the elastic stress between the oxide and
Si side in the first monolayer of silicdl® The atoms the substrate are the key factors in the segregation mecha-
trapped at the interface are deactivateshich means that nism. We also find somab initio justification for the sup-
they are not shallow dopants. The segregation process is pgesed importance of Si vacancies in donor trapping at the
tially reversible by subsequent annealing at temperaturemterface’
higher than the temperature at which the atoms In our previous work we have already formulated a ten-
segregated!!!?|t is interesting to note that also interfaces tative segregation model based @minitio numerical results
between Si and a chemically prepared $ifdm exhibit a  for P and As*?®> Comparison of the numerical results with
similar segregation behavior as interfaces with thermakxperimental secondary-ion-mass spectrosd@iS) data
oxides®® The same is true for interfaces between Si and burrevealed” that there are three fundamental regimes of P con-
ied SiO, layers'* centrationCp characterized by three different interface ad-
How do the dopant atoms arrive at the interface? Firstsorption mechanisms dominating the segregation. At very
they diffuse through the silicon, mostly with help of point low Cp, the donors arriving at the interface substitute under-
defectd®Yintroduced during dopant implantatiér® Alter-  coordinated Si atoméSi atoms with dangling bonglsThis is
natively, they may be “shovelled” by the movingxidizing) analogous to segregation of dopants to Si surfatasvery
SiO,/Si  interface during thermal oxidation of the high Cp, the dopants form pairs of electrically neutral,
substraté:®>1° threefold-coordinated atoms, analogous to DX and EL2 in-
Segregation models used in complementary metal-oxidstabilities of donors in GaA%. The segregation mechanism
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at intermediateCp, where dopants are trapped as individual
atoms but the density of traps exceeds the density of
dangling-bond sites, has not been identified. In all cases,
however, we found that the formation of donor-oxygen
bonds is energetically unfavorable, in agreement with experi-
mental data.

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

The paper is organized as follows. Section Il explains the
theoretical and experimental approaches. Section Il dis-
cusses various atomistic segregation mechanisms. Section |
presents the segregation model associating the areal densit
Dp of phosphorus trapped at the interface with the annealing
temperature and the concentratiGp of shallow P donors
under the interface.

Il. APPROACH

Ab initio calculationé® were performed on a Cray T3E
supercomputer in von Neumann Institute for Computing, Ju
lich, Germany. We used supercells of&i1) type, with lat-
eral dimensions from 22 to 4x4(measured in translation
vectors of the ideal surfageVertically, the supercells con-
tained six to eight Si layers and one to three oxide layers.
The slab was saturated with H atoms. Coordinates of the H
atoms saturating the Si substrate slab were computed by en-
ergy minimization of SI001) 1x1-H surface with all Si at- FIG. 1. Interface modelsi@ Undimerized interface(b) Flat,

oms confined to their bulk positions. These saturating H atgimerized interface with tridymitelike Si9 (c) Rough, dimerized
oms and their Si neighbors were frozen in their positionSnterface.

during all subsequent relaxations of the system. The chemi-
cal potential of each donor specié, A9 was calculated parison with electronic structures and energy differences for
from the total energy of a substitutional donor atom in thetest Si-P, Si-O, and Si-O-P structures in bulk silicon com-
third or fourth Si layer below the interface in a4 super-  puted with otherab initio code$* and, in the case of the Si
cell. The chemical potentials of Si and H were obtained fromvacancy in the bulk and under the interface, with energy
the dependence of H-saturated slabs on the number of @ifferences obtained by a semiempirical methéd11l (Ref.
layers in the slab. The chemical potential of oxygen in SiO 38]. The compared values were within the 0.2—0.3 eV error
films was calculated assuming thermodynamical equilibriunbar, confirming our estimate of the numerical accuracy.
between Si atoms in the film and in the substrate. In order to make the calculations feasible for many inter-
Numerical convergence was verified by performing testface structures, the SiZ6i(001) cells were designed to rep-
calculations at plane-wave cutoff energies between 16 Ryesent the key features of the interface with possibly few
and 50 Ry and with Brillouin zone sampling equivalenfito atoms. UndimerizedFig. 1(a)] and dimerized interfaces
and (1/4,1/4) points of 2, 3x3, and 4<4surface cells. [Fig. 1(b)] were considered. In an undimerized interface, a
The data quoted below were obtained using 40 Ry cutoff anthyer of SiO, was attached through oxygen atoms t(081)
theT point of 4x 4. The estimated numerical uncertainty in 1X 1surface. In dimerized interfaces, up to three layers of
energy differences is about 0.2 eV per cell due to Brillouintridymite-based SiQ were attached through oxygen atoms
zone sampling and the energy cutoff. Additional uncertaintyto Si(001) 2x 1 surface with oxidized dimer bonds. A rough
of approximately 0.1 eV per atom exchanged with a reservoiinterface was simulated by introducinD-type ad-dimer
enters through inaccuracies in the calculation of chemicatows® in 4x 2cells[Fig. 1(c)].
potentials. Although the energy differences calculated to be Binding energies of donors under Si(3i(001) were
around 0.2-0.3 eV may still have physical significafice-  studied by substituting P for Si atoms in the substrate at
merical errors tend to cancel out when energies of similavarious distances from the Sy5i(001) boundary. Segrega-
atomic configurations are compajethe differences smaller tion to dangling-bond sites was addressed by replacing un-
than about 0.1 eV will be considered in this paper as neglisaturated Si atoms at Si5i(001) boundaries. Formation of
gible. complexes containing one or more donor atoms and/or a
Reliability of the results was also checked through com-point defect was studied in Si bulk and under the interface.

(c) Rough dimerized interface
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con substrate close to the Si(3i(001) interface(Sec. Il A)

and P atoms substituting oxidized Si atoms directly at the
interface(Sec. Il B). Next, we analyze P trapping by substi-
tution of unoxidized Si at atoms with a dangling bo{&ec.

Il C) and at unoxidized fourfold-coordinated Si in interface
defects(Sec. Il D). The latter process includes diffusion of
Si dangling bonds along the interface. Finally, we consider
the formation of donor-donor paifSec. Il B).

)
(a) Perfect Si bulk (b) Interstitial oxygen A. Substitutional donor atoms under the interface

In principle, one can imagine that deformation of Si-Si
bonds caused by strain fields in the oxide attracts phosphorus
to the interface and localizes the fifth valence electron of P in
a deep state. We find that substitutional phosphogysnBy
be weakly bonded£0.2 eV) in the second Si layer beneath
a perfect, undimerized interface. As the first layer we count
here the topmost Si atoms of the substrate, connected in such
an interface to two Si atoms on one side and to two oxygen
atoms on the other sidéig. 1(a)]. Interestingly, it turns out
- that atomic relaxation around P contributes little to this bind-

(¢) Uncharged Si vacancy (d) Rebonded P pair ing. The energy gained when the impurity neighbors relax
. ) i from their positions they had occupied before the Si atom
FIG. 2. Configurations of selected bulk structures. Si atoms ar¢, 55 substituted by the P atom is about the same in the bulk

white, O atoms are gray, P atoms are blaek.Perfect Si(b) O, and under the interface. Therefore, this weak interaction is
oxygen interstitial(c) Uncharged Si vacancy; the dimerized atoms

robably not caused by interface strain.
are dashed(d) Rebonded P pair. The dashed Si atom and its F’D y y

i . In our opinion, the binding arises from hyperconjugation
heighbor are{113 rebonded?” the other P atom stays in a nearly between thpe fifth valence elgectron of phos{)?\orus Jar?d anti-
substitutional position.

bonding orbitals of silicon atoms from the first layer of the
] ) ] substrate. This type of interaction formally resembles hydro-
The bulk defects included a nearest-neighbor P paj),(P gen bonding and is responsible for such effects as planar
oxygen interstitiald O;, Fig. 2b)), Si vacancie§Vs;, Fig.  configuration of N in SjN,(interaction between the lone pair
2(c)] complexed with P and Qe.g., the AR centef’), and  of N and antibonding orbitals of Sand the low formation
rebonded defects 113Sand 113R O; [Fig. 2d)]. Segrega- energy of Si monomers on (B01) surfaces(interaction be-
tion to interface sites with an unoxidized Si atom was investween the lone pair of Si monomer and antibonding orbitals
tigated for a Si vacancy, a Si bridge, and a Si ledge atomef subsurface $i Hyperconjugation between P and Si at the
Diffusion of a Si dangling bond was studied for the danglinginterface is noticeable because the fifth electron of phos-
bond created after a P atom was incorporated into a stephorus is partially localized in a conduction-band resonance
ledge. We estimated the height of the diffusion barrier byand Si orbitals are partially emptied due to charge transfer
computing total energies at the energy minima and for sevfrom silicon to oxygen. The strength of this interaction in-
eral atomic configurations near the top of the barrier. In the;reases with the oxidation number of silicon and decreases
latter case, the motion of one oxygen atom was constrainegith the number of P neighbors of the oxidized Si atom.
to a plane and the remaining atoms were relaxed. B|nd|ng by hyperconjugation is Opposed by the electro-
Auger electron spectroscopAES) data were collected  static force that repels the positively charged silicon from
through native oxide layers thin enough 15 A) to make  phosphorus ions. Virtually no binding was found in deeper
the interface P observable. In order to minimize electronqayers, regardless of the interface structure. This is consistent
irradiation effects, the spectra were taken at low primaryith the interpretation of the interaction betweeg &nd a

electron-beam energy and current density. Si0,/Si boundary presented above.
The weak attraction of P to undimerized interfaces ap-
IIl. SEGREGATION MECHANISMS pears to be the upper limit for the binding energy ¢f. P

Depending on the structure of the interface, we find either a

Experimental data indicate that moving a donor atomweak binding or a weak repulsion when P is placed in the
from the silicon bulk to the interface releases about 0.5-1.@econd Si layer. However, in all cases the energy difference
eV. Since trapping of donors does not deteriorate electricabetween the impurity in the bulk and the impurity under the
properties of the interface, the segregation mechanism catnterface does not exceed 0.2 eV, which is less than the esti-
not be correct if it leads to excessive creation of electricallymated numerical accuracy.
active defects. Moreover, the segregated atoms should not Formation of a coherent silicidéSiP in the zinc-blend
act as shallow donors. structure also leads to no significant energy gain. We con-

First, we investigate the energetics of P atoms in the siliclude that neither the attraction of substitutional donors to
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the interface nor the decreased solubility of P due to eneally neutral, than to substitute a fourfold-coordinated in the
hanced silicide formation under the interface is the dominanbulk crystal, where its fifth electron must be donated to
mechanisms for dopant segregation. Although we cannot dissonduction-band states. For a group-IV Si atom it is also
regard the fact that these effects exist, we believe that othenore convenient to have all valences saturated in the bulk
atomic geometries, for which we find higher binding ener-than to have its fourth electron forced into a virtually open-

gies, are responsible for the segregation. shell configuration on the surface. In the same vein, it is
known that defects that contain undercoordinated Si atoms or
B. Bonding of donors to oxygen atoms weak Si-Si bonds, such as Si vacandi€sy. 2(c)], act as

. efficient phosphorus or arsenic traps. By analogy, one ex-
All structures with P-O of As-O bonds were unstable orpects that undercoordinated Si atoms left in the SEI001)

nearly unstable with respect to exchange of the oxidized dol' terface after oxidation will be the preferred sites for donor

nor atom with a Si atom in the substrate. This includes defec egregation.

complexes formed in the bulk Si as well as interfacial struc- Indeed, reactions in which a phosphorus atom substitutes
tures. The energy difference by substituting a single oxidizeqm underéoordinated unoxidized Si atom

silicon atom by a group-V donor was aboht,,= (0.5
+0.2) eV (energy loss when the oxidized atom was PZ(bulk) + Sipg(surf) — Sid(bulk) + P25 (surf) + Eqona.
fourfold-coordinated and abouEg;,;=(—0.1+0.3) eV (1)

(energy gainfor a threefold-coordinated oxidized atom. We . " .
conclude that atomic geometries with donor-oxygen bond&re exothermic. The energy of a positively charged substitu-

play no important role in the segregation of P. tional P% in bulk Si and a pegf';\tively charged Si dangling-
These results are in accordance with our AES data ob2ond Spg on the surface is higher than the energy of an
tained through native oxide. The detectable P is elementaglectrically neutral Bg occupying a triple-coordinated site
We found the R, peak at 120 eV, which coincides with the on the surface, because in the latter case all Si atoms and all
position of uncharged P and is10 eV higher in energy P atoms are uncharged. In addition, the reactintrans-
than the P peak in f05.%° The identification of the observed forms one Si-P bond into one Si-Si bond. The computed
spectral line as due to unoxidized phosphorus is corroborategnergy gain is€,on3=1.1 eV. However, there is no notice-
by the fact that electron-beam-induced evaporation of th@ble energy gain when the substituted atom is oxidi&zt.
oxide affected neither position nor shape of this line. This il B).
consistent with the known fact that P is expelled from $i0  Given their high binding energy for phosphorus, the inter-
during thermal oxidation of S It follows that the state of face Si dangling-bond sites might seem to be the defects
segregated P differs from the states of P donor and oxidizetesponsible for the segregation. However, a Si dangling bond
P: the latter are positively charged, whereas the segregatedi® €lectrically active. Even low-quality SigSi(001) inter-
atoms are electrically neutral. This result allows us to argudaces have much fewer electrically active defects than the
that a monolayer of efficient P traps is unlikely to exist at thenumber of dangling-bond sites needed to adsorb about a
interface, because P atoms bonded at such traps would hagnolayer of donors. In interfaces produced routinely by
oxygen neighbors. industrial-quality oxidation no more than several Si atoms in
On the other hand, it is known that interfaces to nativea thousand have a dangling boftkis is further reduced by a
oxides contain much higher concentration of electrically acfactor of about a 100 by postoxidation annealing in hydro-
tive defects(presumably Si dangling bondshan interfaces gen. Nevertheless, even in such good interfaces the effective
to thermal oxides used as MOSFET gate dielecfticEhese  concentration of P traps is approximately one monolayer.
concentrations are-10*¥cm? and ~ 10'%cn?, respectively. ~ This means that Si dangling bonds cannot be the major traps,
As noted below, such dangling bonds are the preferred se@t least when the total amount of segregated donors exceeds
regation sites. Our experiment confirms that the most effiabout 167cn? (thermal oxide before hydrogen passivajion
cient trapping does not involve formation of P-O bonds.or 10"/cn? (native oxidg.
However, it does not exclude that interfaces with thermal
oxides may contain sites at which P atoms bonded to O re- D. Defects with unoxidized Si

side after many dangling-bond sites have been occupied. Other defects that might potentially act as traps for phos-

b Finally, t‘."é? nof[g]tphat the \I/Iatl)u? ﬁf)°1“3 |s§|mgll enougf:_to ]phorus are interface defect sites containing an unoxidized
€ compatibie Wi € smafl but observable INCOrporation g 1|1y coordinated Si atom. These are: silicon brifie.

P from the substrate into SO The equilibrium ratio of P 3(a)], a ledge atom of an interface stépig. 3b)], or a

concentration in Si@ and Si is approximately 1098,which silicon vacancy(Fig. 3, bottom panejs Consider a reaction
corresponds to the binding-energy difference-d.2 eV at type

temperatures around 800—1000 °C.
P2 (bulk) + Si2(surf)+2e ™ (Ef)
C. Si dangling bonds

Sig(bulk) + PRg(surf) + Sipg(surf + Egpns .~ (2
Segregation of donors to silicon surfaces is a known and — Sis )+ Pog(surh oe(SUM + Eoma. (2)

easily understandable effect. For a group-V atom it is moréThis reaction transforms a fourfold-coordinateg iBn into a
convenient to occupy a threefold-coordinated site on the sutthreefold-coordinated, electrically neutral atom. The transfor-
face of a group-1V semiconductor, where it can be electri-mation comes at a price: a dangling bond is created at the

245305-4



MECHANISM OF DOPANT SEGREGATION TO.. .. PHYSICAL REVIEW B5 245305

(a) P atom in a closed ledge (b) P atom after ledge opening

FIG. 4. Segregation to an unoxidized step ledge site: dangling-
bond creation phaséa) P atom in a closed ledge diméb) P atom
and a Si dangling bond after ledge opening.

Fig. 2(c)]. In contrast to that, the unreconstructed geometry
of an interface/g; has only two Si dangling bonds. The other
two Si neighbors of the vacant site are in the oxide. They are
connected by an oxygen atom and do not induce any addi-
() Unoxidized interface vacancy (d) Oxidized interface vacancy tlonal stresg field. In a neutrdl; at the mterfage, the tW.O Si
Formation energy 1.7 eV Formation energy 1.2 eV neighbors in the substrate form a weak dimer bdRi).
3(c)], so that the reconstructed vacancy has no dangling
FIG. 3. Defect sites containing an unoxidized and fully coordi- honds.
nated Si atom. The unoxidized atoms in the defects are da&hed. Ab initio formation energy of unchargeds; is ~3.1 eV
Silicon bridge. (b) Step ledge.(c) Unoxidized interface vacancy in pulk silicon. The binding energy of 2 eV computed for
(high formation energy of 1.7 eV(d) Oxidized interface vacancy g yacancy adsorbed at the interface means that the formation
(low formation energy of 1.2 ey energy of a single interfacialg;is =1 eV. This value is too
high to make such vacancies responsible for segregation of
interface. We will now discuss the energetics of such proconsiderable amount of phosphorus. In thermodynamical
cesses. We will also argue that this mechanism is consistegquilibrium at temperatures 800—-1000 °C, the formation en-
with the experimental observation that donor segregation isrgy of 0.8—1.0 eV corresponds to approximately one de-
not accompanied by excessive generation of electrically adected site per 10 000 atoms. A significantly lower formation
tive defects. We will see that such trapping is energeticallyenergy would be required to achieve a sufficient concentra-
favorable because the dangling bonds produced in reactiori®n of defects at the interface in thermodynamical equilib-
described by Eq(2) are annealed out and/or oxidized during rium. For example, one defect per 100 atoms corresponds to
the same thermal processing that leads to segregation tfiie formation energy of roughly 0.4 eV. It seems that this
donors. energy differs from the computed value BfL eV by more
Si vacancies are an interesting candidate for trapping certhan the uncertainty due to our approximations and to the
ters because it is known that they are produced during dopaltitmited number of vacancy configurations we considered.
implantation and accumulate under the surface. The key Nevertheless, we verified that P trapping at a single
guestion is: how many Si vacancies can exist in thermatlefect segregated to a dimerized interface is energetically
equilibrium at and directly below the interface? favorable. The corresponding energy gain amounts to 0.7
We estimated that the binding energy of a single, electri£0.2 eV for the high-energy vacancy structure displayed in
cally neutral Vg; under the interface is-1 eV when the Fig. 3(c), even though a Si dangling bond is created in the
vacancy site is in the second layer of the substrate. The bingsrocess. The configuration with the dangling bond is ener-
ing increases by additional 0.5-1.0 ¢WVig. 3(c) and 3d)]  getically favorable because the Si-Si dimer bond of the va-
when the vacancy site is in the interface layer. The vacancgancy was weak. Unfortunately, weakness of such dimer
is attracted to the layer under the interface because there lionds is responsible also for the high formation energy of the
can profit from facilitated relaxation of its elastic stress fieldinterface vacancy shown in Fig(6 and, consequently, for
(caused largely by dimerization of the vacancy neighhors very low concentration of these defects in thermal equilib-
similarly, the presence of a void under the interface facili-rium. It follows that while the trapping activity of interface
tates relaxation of the stress in the interface lafjgaused Vg with weak dimer bonds is hindered by low concentration
largely by different bond angles preferred in Si@nd in  of these defects, the activity of interfabflg; with strong(re-
silicon). The additional binding of the vacancy directly at the laxed dimer bonds would be hindered by low energy gain or
interface is caused by a structural change of the defect. In itesven energy loss due to creation of dangling bonds.
unreconstructed geometry, a bulk or sub interf&Gg has Indeed, the energy released when a phosphorus atom sub-
four Si dangling bonds surrounding the removed Si atonstitutes a Si atom in a relaxed Si-Si dimer bond, for example,
[these dangling bonds transform into two weak dimer bondén an interface stepcompare Figs. (t) and 4 is small, or
when an electrically neutral vacancy is allowed to relax, as irzero. The reactiorf2) for such defects is barely favorable,
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with E;04=0.220.3 eV atEg=0.8 eV. A dimer bond of
this type is relatively strong; breaking it costs more than 2
eV. This is comparable to the bond strength in bul{tGe
LDA Si-Si bond energy is 2.6 e\Ref. 45]. As a matter of
fact, it is difficult to compute the energy needed to break thelx
ledge dimer bond because there is no barrier for recombina
tion of the broken bond when the opened Si ledge is un-
charged. Such a barrier appears when the defect traps g
electron; the quoted value of 2 eV was computed for the
atomic configuration of the metastablee., broken-bongd a) Broken ledge with two trapped P (b) Alternative configuration
geometry of the negatively charged defect. o ) .

The reaction(2) can be, however, the initial step in the ~ F!G: 5. Approximations to final state of P segregatita:Bro-
process of phosphorus segregation. If the interface can reof€n ledge configuration.(b) Alternative ledge  configuration
ganize itself in such a way that the dangling bonds created ifP¢"'"9-
the process described by E@) disappear and the energy
barrier involved in this reorganization is small, then the Pin this way that the energy gained by segregation of two P
atom will be immobilized in the interface. The final state of atoms from R, sites to the interface is 0.8 eV, that is, 0.4 eV
the segregation reaction should in this case be the configyper P atom.
ration in which the dangling-bond & recombines with an- The latter value of the segregation energy is relatively
other dangling bond to form a Si-Si bond, most probably asmall because the geometry of Figiabhas a signifcant
silicon bridge in SiQ. A direct calculation of the energy strain built into it. Namely, the angles between substrate
gained by annihilation of this dangling-bond pair would re- Si-Si bonds and each of the two Si-P backbonds of the P
quire relaxation of interface structures with cells of lateralatom substituting the Si atom with the dangling bond are far
dimensions larger than>d4, a task beyond our computa- from optimal. This is improved in the geometry of Fighh
tional abilities. Instead, we estimate this energy by approxiWhen such a configuration is assumed as the final state, the
mating the final state in several independent ways. segregation energy increases to 0.5 eV per P atom.

At first we assume that the recombination of the dangling Therefore, our estimate for P segregation energy to elec-
bond produces a silicon bridge with the energy equal to thericaly inactive, unoxidized Si defect sites at the interface is
energy of the ledge dimer bond. In other words, we assumg; ,=0.5+0.3 eV atE=0.8 eV. This energy is much
that recombination of two dangling bonds, created in thesmaller than the energy gained by trapping at dangling-bond
course of reactioni2) but electrically neutra) releases 2 eV. sites E,o,3=1.1+0.2 eV, Sec. lll G, because in addition
In order to use this recombination energy in the energy balto the energy balance of the latter process, one Si-Si bond is

a

ance, we have calculated the energy of the reaction, effectively removed. Note that this additional energy cost
[1.3 eV within local-density approximatio(LDA)] would
Pgi(bu"()+Sigi(surf)+e*(EF) compensate or even overcompensate the energyEggis if

no energy gain other than that responsible for segregation of
— Sig(bulk) + PRg(surf) + Sidg(surf) + Eqma(0). (3 P to dangling-bond sites were involved. The supplementary

gain comes from two sources. First, an electron is localized
The dangling bond created in this reaction is electrically neufrom the Fermi level to a localized site. This brings about
tral. We need this because the reconstructed Si bond is al§0.2—-0.3 eV for E,=0.8 eV (the difference between the
electrically neutral. Note that reactidB) does not represent energy of the midgap dangling-bond state and the effective
a real process; we simply use it as a measure of the energy ehergy of a delocalized electrphe remaining energy gain
an uncharged dangling-bond energy before the recombinaf (0.5+0.6) eV comes from relaxation of the strain in the
tion. The computed value d&,,,, is —0.4 eV (the minus interface when the density of strained bonds connecting the
sign indicates that energy is lost, i.e., work has to be glonefilm and the substrate is reduced; the error bar is obtained
From this we obtain the result that after the dangling bond$rom the worst-case analysis. This gain is somewhat larger
recombine, the segregation of a P atom from bulk Si to anthan in the similar case of donor pairit§ec. Il E because
unoxidized step ledge produces the energy gain of 2.0/2train relaxation when bonds are removed from the interface
—0.4=0.6 eV. is more efficient than when the bonds are removed from

Second, we approximate the final state by the geometrynder the interface.

shown in Fig. %a). This state differs from the intermediate = Does this segregation indeed proceed independently for
configuration[Fig. 4(b)] in that the silicon with the dangling each P atom, or should one rather speak of correlated trap-
bond is now substituted by a P atom, so that no danglinging of two P atoms? Since this mechanism involves recom-
bonds are left in the system and two P atoms have segrdination of dangling-bond pairs, its efficiency may be limited
gated. In addition, the oxygen atom that had connected thky the recombination speed and/or dissociation of Si bridges.
substituted Si atom with the oxide is now removed, so thatf the dangling bonds do not diffuse fast, or if the concentra-
no P-O bonds are created. Assuming that the oxygen atom tfon of Si bridges is controlled by the dangling-bond creation
moved to the reservoir of oxygen atoms with energy equal tsate and not by the oxidation rat&then the segregation rate
the average energy of oxygen in the Silm, we compute and the dangling-bond creation rate become correlated. In
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(a) Simple P pair under (b) Rebonded P pair under
a dimerized interface an undimerized interface

FIG. 7. Phosphorus immobilized in pairs under &i8i(001)
interfaces.(a) P;with an off-center distortion of EL2 typeb) A
rebonded P pair.

SiO,/Si(001) boundary make it possible to cover the inter-
face with nearly a monolayer of @r As). These structures
involve formation of donor pairs under the interface. The
(c) Final configuration 1 (Si trimer) (d) Final configuration 2 trapped atoms are Fhreefold-coordmated and'electrlcally neu-
03eV 0.3eV tral. The energy gained in these transformations depends on
the Fermi energy. This is because the transformation involves
a transport of two electrons from Fermi reservoir to the
configuration on oxygen switching from SjQo the Si atom with dangling-bondlone paiy states of two threefold-coordinated

DB. (c) Switching complete: the DB in the oxide interacts with the P atoms of the pair. ThereforE,ga"= Egalrl Ep=0"" 2Eg; the

mid-Si atom of an oxidized trimer in substrate) Dangling bond ~ €nergy gain is larger in-type material than ip-type mate-

moved to next dimer row. rial. Note that the pairing energy is defined as the energy
gained pettwo donor atoms: 28— P,+ER".

this case, the segregation can be no longer treated as a Ioro_The first one of these thr_ee_structures involves a pair of
cess taking place independently for each P atom. Instead, {jV0 hearest-neighbor, substitutional P atdis, (Ref. 25.

effectively becomes a pairing proce&ec. 11l B). Such pro- Such a pair transforms under the interface into a pair of
cesses are efficient only at high dopant concentraties. threefold-coordinated P atoms: the P-P bond is broken and

V). one of the P atoms moves into the interstitial regjé ,

We verified that dangling bonds can diffuse fast along the™i9. 7(@]. This resembles the behavior of certain donors in
interface. The diffusion barrier along the path indicated inbulk 1=V compounds and alloy¥. The value ofE™" de-
Fig. 6 does not exceed about 1 eV, which is less than theends on donor species, being higher for As than for P by
activation energy of dopant diffusion in silicon. The barrier (0.1-0.2 eV. The inaccuracy of the computed absolute val-
for dangling-bond migration is low because Si@etwork ues of EE" is about 0.4 eV; the differences between the
can be easily deformed. An oxygen atom can easily rotatpairing energies obtained for different structures are often
along the axis connecting its Si neighbors, and it can easilynore exact, because most of the numerical errors tend to
move so close to the dangling bond that a Si-O bondcancel out in this case.
switches smoothly between one of the neighbors of the mov- As a result of the transformation of two substitutional,
ing oxygen and the Si atom that had the dangling bond. Irfourfold-coordinated donors into threefold-coordinated, one
this way, the dangling bond flows across the network withouSi-Si bond is effectively removed. This resembles the case
too much resistance. discussed in Sec. Il D: without additional energy gain com-
Furthermore, it is known that segregation of phosphorusng from electron localization and from relaxation of stress in
is stronger in more oxidizing ambierftsThis is compatible  the interface, the energy cost of the dissolution of the Si-Si
with our assesment that Si bridges are involved in the segrédsond would compensate or even overcompensate the energy
gation process: less oxidation means more bridges, hencegain from trapping at dangling-bond sites. Repeating the
higher bridge dissociation rate, hence a higher concentratioanalysis done in Sec. Ill D, we obtain (&:2.4) eV as the
of dangling bonds in the oxide, hence a higher rate of thestrain energy released due to the formation of the pair under
association reaction reverse to the reacti@nand, conse- the interface. _
quently, a lower concentration of trapped, threefold- It is, therefore, expected that the pairing eneidy" de-
coordinated P atoms. pends on the residual stress in the film and on the possibility
to relax this stres§i.e., on the oxide and interface structure
] Such a dependence is indeed observed. For example,
E. Dopant pairs ER(Er=0.8 eV) of phosphorus is 0.4 eV under the un-
Trapping on interface dangling-bond sites is limited bydimerized interface and 0.5 eV under a dimerized interface
density of the defects. But at least three structures that cawith oxidized dimerqFig. 7(a)]. The dimerized interface is
be formed without any seeds other than a “perfect” favored because the O-Si-P angles become optimal in this

FIG. 6. Atomic configurations on dangling-bofidB) diffusion
path.(a) Initial configuration: DB created in reactidf). (b) Barrier
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configuration: they can approach the tetrahedral value ofhat there are several pairing mechanisms possible with the
109°. Such optimal angles are not feasible when the interfacpairing energy of (0.50.4) eV.
is undimerized, but even in this case they are closer to tetra- As a final remark we note that since the ejected Si atoms
hedral than is possible in a P pair embedded in silicon bulkare oxidized in SiQ instead being adsorbed on a free silicon
In the second structu#®[Fig. 7(b)], an oxygen interstitial  surface, one might expect that the vacancy formation energy
(G;) and two threefold-coordinated P atoms combine with ashould be adjusted by adding to it the difference between the
{113-rebonded Si pair. The 113Siefect is built of two Si  energy of two Si-Si bond¢cohesive energy of Biand the
atoms that switched bonds with their neighb@ras in cores  energy of two Si-O bonds, that is, it should be lowered by
of {113-planar agglomerates of Si interstitidfs** The P ~3 eV. However, such an adjustment would not be correct
atoms substitute two nearest-neighbor Si atoms in 113Sibecause, in spite of being covered by $j@he silicon sur-
and the P-P bond is broken. The pairing energy is, withirface still acts as a reservoir of Si atoms. Indeed, interface
numerical accuracy, close to that of P steps can adsorb and eject Si atéhand the SiQ film can
These two pairing mechanisms conserve the number of Siasily adapt itself to the changed geometry, for example, by
atoms in the substrate. The third pairing mechanism is théangling-bond diffusion discussed in Sec. Il D. In other

reaction words, the role of interface steps is formally the same as the
role of steps on free surfaéThe chemical potential of the
2P§i(bulk)+Sigi(surf)+02(ga3+2e* Si reservoir then becomes equal to the chemical potential of
a Si atom in bulk silicon, because the silicon crystal is an
—>Vsi(PgB)2(interface+Si02, 4 infinitely larger reservoir of atoms than the Sid@im. The

situation would be different if the film could not adapt its

or trapping of two P atoms by spontaneous ejection of silicorshape to changes in the step shape. In this case, adsorption or
(i.e., by creation of an interface vacancyrhe oxide acts emission of Si from steps would be possible only through
here as an efficient sink for the ejected silicon, which iscreation of high_energy defects.
oxidized there by oxygen from the annealing ambf&nit.
the vacancy is created under the interface, its formation en- IV. SEGREGATION MODEL
ergy in the neutral charge state is (2.0.4) eV when a free
Si surface assumed as the sink for the ejected silicon, that is, In this section we will compare the results of this analysis
when the chemical potential of Si is equal to the chemicaWith experimental data on the dependence of the interfacial
potential of a Si atom in bulk silicoff: The energy paid for segreg_ation constant on phosphorus concentration and on the
creation of the vacancy is overcompensated by (3.@nnealing temperature.
+0.4) eV gained by segregation of two P atoms to the va- Pairing of dopants affects the functional form of the de-
cancy site'’ This yields the pairing energy dEP*'=(0.9  Ppendence of the densify, of the segregated P on the con-
+0.8) eV atE;=0.8 eV. centrationCp of active P in bulk close to the interface. In

One might expect even a larger pairing energy when th@rder to estimate the magnitude of this effect, we assume that
vacancy is created directly at the interface. In this case, thE can be bonded at the interface by pairing and/or trapping,
vacancy formation energy may be as small as 1.7/y.  that the corresponding reaction constants are thermally acti-
3(d)]. However, such a vacancy is not a good trap for two Pvated with energie&, andE;, and that P atoms are in local
atoms, because one of its dimer atoms is oxidized. A bette®quilibrium?* ConsiderN .. deactivation sites existing un-
candidate would be the vacancy with a weak dimer bondler the interface. The deactivation rateés proportional to
[Fig. 3(c)], but its formation energy is too high and it turns the densityN¢=Ny— D5 of free deactivation sites, while the
out that although trapping of two P atoms at such a vacanc§ctivation rater is proportional to the densitp of the oc-
releases about 1.8 eV, the pairing energy is only about 0.gupied sites
eV. The energy gain is so small also because distortions of

atomic bonds around the vacancy are smaller than in a va- r~(Ngeacr~ Dp) ®)
cancy that is created further away from the interface. This oD 5
reduced energy gain illustrates the fact that relaxation of r~Dbep. ©)

these distortions is an important factor in interactions beThe important difference between the deactivation rates for

tween vacancies and donor atoms. trapping and pairing is that the former is proportionalCtg,
Nevertheless, it appears that P pairing by silicon ejectiofyhile the latter is proportional t€2.

from under the interface or from the interface may compete

with P pairing by formation of Pand 113Si defects. The

pairing by Si ejection from under the interface seems to be N CE,

more favorable than the other processesiEf*'=0.4 eV. Dp=———; P

However, AEP®" is inaccurate by about 0.4 éVExact cal- Cp+ By exp(—Ep/kT)

culation of V; formation energies is generally a difficult when segregation is dominated by pairingf..=N,), and

task!’ mostly due to the presence of significant distortions ofto

atomic coordinates even far away from the center of the de-

fect. For this reason we do not emphasize the efficiency of Do NpCp ®)

this mechanism. Instead, we prefer a conservative statement P Cpt+ B exp —E,/kT)

In thermodynamical equilibrium we have=r, leading to

)
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data yieldsE,=(0.7+0.3) eV andE,=(0.9+0.2) eV

800°C annealing -1 In order to reduce the number of parameters, we Bt

=B;=N,, that is, we ignored entropy contributions other

than those due to the number of lattice skeBor simplicity,

we also assumed that the contributions from all mechanisms

are additive; indeed, two different mechanisms compete only

i in a narrow range o€p.

- * N,=7x10"*/em?, pairs only The fitted energies are compatible with @y initio esti-

mates for P pairing&,=0.5+0.4 eV atE=0.8 eV, Sec.

; ; Il E), for trapping at dangling-bond sitesE{y,;=1.1

) 1 2 3 4 5 +0.2 eV, Sec. lll @, and for trapping at defects with un-
implant dose N (10™*/cm?) oxidized Si atomsg,,=0.5=0.3 eV atEr=0.8 eV, Sec.

Il D). Figure 8c) shows a fit with a trapping energy closer

to theab initio estimate, with the contribution from trapping

at dangling-bond sites included.

The fitted value oy, for trapping is as high as 0.05-0.15
ML, many times higher than the typical densNly of elec-
trically active interfacial defects created during thermal oxi-
dation (N4g=0.002 ML). In other words, there exists a re-
E=065eV. N.=N gime of segregated P concentration between roughly
E =0.91eV, N;=0.05N, 10*%cm? and 16%cn? in which the segregation can be ex-

plained neither by trapping at electrically active defects nor

1 1'8 1'9 2'0 by pairing. In this regime, the only plausible candidates for
(b) log(Cp) (cm™3) donor traps we have identified are defects with unoxidized
interfacial silicon atoms, such as in partially unoxidized step
ledges and in Si-Si bridges connected with the substrate by
unoxidized backbondé&Sec. Il D). The areal density of the
ledge atoms can be estimated from the areal density of atoms
on Si001) step edges. Assuming one unoxidized Si atom per
step unit length and taking steps of monatomic height, we
obtain 0.05 ML of traps for 1°average deviation of the sur-

face normal from th€001) direction. Note that the roughen-
Ep= 0.63 eV, NP= N, . R . . .
E=071eV, N.=038N, ing of the interface in the course of thermal oxidation may

N,=7x10"/cm?, pairs +
2| Ng=3x10"3/cm?, traps

N,=7x10"*/cm?,
traps only -

dose loss D;, (10"*/cm?)

o

© 800°C annealing
900°C annealing
¢ 1000°C annealing

© 800°C annealing
900°C annealing
4 1000°C annealing

log(Dp) (cm~?)
(=

12 | E,=1.20 eV, Ny=0.002 N, possibly lead to formation of sites resembling atomic steps.
-- ) 1 Silicon bridges also constitute a significant percentage of
) 17 18 19 20 bonds in the oxide layer close to the boundary with the sili-

log(Ce) (em™) con(so-called SiQinterface layer. It is, therefore, plausible

that a realistic SiQ/Si(001) interface has even as much as
~0.2 ML unoxidized interfacial Si atoms that may act as P
traps.

FIG. 8. Phosphorus dose lod35. (a) Dependence oDp on
implant doseN, SIMS data from Refs. 7 and 48. One pairing and
one trapping mechanism assumég.Dependence dbp on P con-
centrationCp close to the interface, SIMS data after annealing at V. SUMMARY AND CONCLUSIONS
800°C/“8 900 °C2¥!! and 1000 °C* Fit with the same param-
eters as in the upper panét) The same dependence as in the mid  In summary, we have presentedaminitio study of P and
panel but fitted withE, well within the error bar of theab initio As segregation to SigSi(001) interfaces. A simple, physi-
estimate. Trapping oNy=10"/cn? dangling bonds was added for cally based model of segregation was formulated. The coex-
completeness. istence of pairing and single-atom trapping causes a two-

regime dependence of the segregation coefficient on the
when trapping dominateNgeac= Np) - Bf, andB; are pro-  implant dose.
portional to the reaction constants for pairing and trapping. Trapping of single donor atoms is possible at unoxidized
For simplicity, we have neglected the small amount of Pdangling-bond site¢electrically ative defecjsand at unoxi-
dissolved in the volume of SiQ?' We have also assumed dized, fourfold-coordinated Si atoms in defects at the inter-
thatN,=N,=1 ML, that is, all geometrically possible pair- face (electrically inactive defecissuch as unoxidized step
ing sites can be occupied. ledges, and silicon bridges attached directly to the substrate.

The resulting functional dependenckig. 8) compares In the case of trapping at electrically active defects, the en-
favorably with the published dafg'*4The areal concen- ergy gain is high but the process is efficient only for very low
tration of lost dopant®p can be obtained by comparison of dopant concentrations. In the case of trapping at electrically
SIMS profiles obtained first after implantation through aninactive defects, the energy gain is lower but the process is
oxide film with those obtained by annealing, and finally with efficient also at high dopant concentrations. The latter
those obtained by stripping the oxigl®lumerical fit to these mechanism relies on migration and recombination of Si dan-
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gling bonds and on reoxidation of the resulting siliconlowed by breaking of the donor-donor bondr through
bridges. Therefore, we expect that it can be largely supejection of a lattice Si atom to the oxidee., through spon-
pressed by any treatment that significantly reduces mobilityaneous formation of a Si vacancy
of Si dangling bonds, and by reduction of oxygen content in
the anneahng gmb|en_t. We found that mobility of da_ngllng ACKNOWLEDGMENTS
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