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I ntroduction

Silicon self-interstitials play an important role the growth of stacking
faults and contribute to dislocation nucleationeTffects of stress on dopant
diffusion in silicon are also attributed to the beior of intrinsic point defects
in stress fields [1-5].

Equilibrium concentrations of silicon self-intet&tls and vacancies are

known to depend on stress as follows [6,7]:

. . PAV.

C' =C,expt—>), 1
. = Cio exp( T ) (1)
R . PAV,

C,6 =C ), 2
\ vO eXp( kT ) ( )

where C° and C, are the equilibrium concentrations of interst#ishnd
vacancies, respectively, in the presence of thesstfield,C,, and C, are the
stress-free equilibrium concentrationB,s pressure,AvV, and Av, are the

activation volumesk is Boltzmann's constant, is absolute temperature. The

terms PAV, and PAV, describe a reversible work process of the poirfieae

formation under stress. They show a change in tinkGfree energy of the
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formation of an interstitial or vacancy due thegamce of the stress field [7].
Therefore, the activation volumes in Equations d 2nbeing the coefficients of
pressure in the reversible work process, are indieednodynamic formation

volumes. These activation volumes have been caédildbased on the

assumption of sphericity of the interstitial andtaacy with radii of 1.11 A and

2.47 A, respectively [1-3], or usirap initio calculations [4,5,8]. Nevertheless,
there is no agreement in literature on the valoesiese parameters.

From Equations 1 and 2, the equilibrium concerdratf self-interstitials
decreases and the equilibrium concentration of n@ea increases under
compressive stress. Tensile stress has an oppeféetet on the equilibrium
point defect concentrations. Since boron and phmgshare known to diffuse
mainly in pairs with interstitials [9], retardatiarf the diffusion of these dopants
IS expected under compressive stress. There is sapeimental evidence of
such retarded diffusion [3,10]. At the same timerdn diffusion enhancement
under compressive stress has been reported a§gMglP]. This discrepancy
could possibly be explained by differences in paietect interaction with the
free surface [4]. Most models of stress-dependemhtpdefect and dopant
diffusion consider only bulk interactions. Howevstress-dependent surface
generation and recombination of point defects nase significant changes in
their distributions. These processes are not wadlesstood due to a lack of
experimental results.

In this paper, a model is developed for the stnredgeed redistribution of
intrinsic point defects in silicon. It incorporateguilibrium conditions different
for defects at the surface and in the bulk of arlictaking into account stress-
dependent surface generation and recombinationowoft mlefects. Using the
model, such phenomena as stacking fault growth stress-mediated dopant

diffusion are simulated.
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Calculation of Activation Volumesfor Interstitials and Vacancies

In the derivation of the activation volumes forrinsic point defects,
silicon is considered as an elastic continuum. Ang&irstitial is modeled as a
non-compressible ballThe radius of the ball equals to the radius ofliaasi
atom, R, = 1.32 A [13]. The ball is inserted into a sphatibole having the
radiusR of an interstitial site. The radius of an intdratisite is the maximum
radius of a ball that can be inserted into thersgtiial site without deforming it.
Two interstitial sites in silicon are consideredst the octahedral site, such as
the one which center has coordinatés®/s, °/g in a unit cell of the silicon
lattice. The coordinates of the six nearest lathites are %, Y2, 1; Y%, 1, %; 1,
Yo, Yo; M, sy ®la; %lay Ya, *la; la, °la, Mae The distance between the center of the
octahedral site and these lattice siteslisay/8. ThereforeR =+11a/8 - R, =
0.93 A, wherea, = 5.4307 A is the silicon lattice constant. Thewssa
interstitial site is the tetrahedral one, for ex&@mfhe site with coordinates
Y, Y., Y,. The four nearest lattice sites arey, Y, Ya: 4, 34, 3 314, M, 3ls
%4, 34, 2. ThereforeR =+3ay/4 - R, =~ 1.03 A. The preferential interstitial site
(the bigger one) haR =~ 1.03 A. The difference of volumes of the Si atamd a
interstitial siteAV = 4/3t(R.° - R®) ~ 5 A®> might be regarded as the activation
volume of self-interstitials. However, this apprbaioes not take into account
such factors as "compressibility" of the silicoorat chemical-valency effects,

and local relaxations [7]. Thus, the derived vailsieoverestimated. A more

reasonable activation volume of Si-interstitialerae to beAV; = %AV ~ 25

A 3

A vacancy is considered to be formed by removirgplaerical ball from
the elastic continuum of silicon resulting in tleerhation of a hole. The radius
of the ball isR,. The size of the hole becomes smaller than the &fizhe ball

because of surface tension. The activation voluh@vacancy is the difference
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in volumes of the baN/, and the hole&/,. The surface energy of the hole before
contractionE, = 4tR.%y, wherey ~ 1.5 J/n is the silicon surface energy [13].
After the contraction by\R, the energy of the holE = 4n(R,- AR)%y. Thus, the
total force of surface tensioR = (E; — E)/AR = 8rRyy. This gives the
contracting pressur@ = F/(4nR,>) = 2y/R.. This pressure causes the reduction
in the radius of the hole by = 0.9°PR,(1+v)/Y, wherev = 0.28 is Poisson’s
ratio andY = 170 GPa is Young’s modulus of silicon [14]. Thar; y(1+v)/Y =
0.113 A. Finally, the activation volume of a vacaig found as\V, = 4/3t{ R,
— (R-u)® ~2.3A3

The obtained values for the activation volumesahpdefects are close

to those suggested in some reports [2,3,8].

Diffusion Equationsfor Point Defects

The following diffusion equations are considered foterstitials and
vacancies in the bulk of silicon:
oC _

5 - R, 3) (
— e C
J=-DC'0(), ) (4
R, =K,(C,C,-C/C)), (5)

where C, C', D, and Jare the concentration, equilibrium concentration,

diffusivity, and flux of interstitials or vacancieR, and K, are the bulk

recombination rate and its rate factogndv denote parameters for interstitials
and vacancies, respectively.

Equation 4 is different from the standard expras$w the diffusion flux
J=-DOC [15] and accounts for non-uniformity in the edmilum
concentrations of point defects due to their intBom with external fields.
Substituting Equations 1 and 2, which describeekgonential dependency of

the equilibrium point defect concentrations on pues, into Equation 4, and
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ignoring the drift of charged point defects in #lectric field, it is possible to
express the total point defect flux as a sum ofdifieision flux and the drift

flux in the pressure field:

J. =-D,0C —MDP, (6)
KT
3, =-D,[IC, +%mp. @)

Surface Generation and Recombination of Point Defects

At a stress-free surface, self-interstitial andaray fluxes due to surface
generation and recombination are given by [15]
J. =-K(C, -C;,) +Gg, (8)
Jis = =K (C, —Cyo), (9)
where C,, and C, are the stress-free equilibrium concentrationstarstitials
and vacanciesK, and K, are their surface generation-recombination rate
factors, ands, is the interstitial injection rate due to oxidatid ermsK_C, and

K,C, describe surface recombination, whi{eC, and K .C’, describe surface

vs~v0

generation of point defects.
In the presence of the stress field, these equahame to be modified to
account for the free energy change associated thghsurface generation-

recombination process:

P(AV, - AV, R P(AV, - AV,
3, =KlC expi-m B e epC Sy, (10)
_ P(AV, -AV,), .- . P(AV, -AV,)
‘]vs - Kvs[Cv eXp( KT ) CvO exp( KT )] ’ (11)

where AV, is the silicon volume change occurring when aariatom is added
to or removed from the silicon surfacav, = 20 A% which is the volume of

silicon per atom.
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The process of surface generation-recombinatiorpaht defects is
illustrated in Figure 1 showing the generation ofiainterstitial. When an
interstitial is formed by removing an atom from #ikcon surface and inserting

it into the crystal, there is a thermodynamic voduexpansiomv,, associated

with the fact that the size of the Si atom is lardpan the size of the interstitial
site. On the other hand, there is a decrease imaluene of the whole Si crystal
because one atom has left its surface. This volah@nge is equal to the

volume of silicon per atomav, ~ 20 A > aAv,. The difference of these two
volumes @AV, -AV,) is found in the exponents in Equation 10, whicbvgs how

interstitial surface generation and recombinatioange under pressure.

As follows from Equations 10 and 11, the surfacenegation of
interstitials, leading to the thermodynamic volumecrease, increases with
pressure while their recombination decreases. Tifiecteof pressure on

vacancies is opposite. SincaV( -AV) is positive for both interstitials and

vacancies, interstitial generation increases urmenpression and vacancy
generation increases under tension.

Under the equilibrium conditions, the surface flak point defects is
zero. Therefore, Equations 10 and 11 effectivelgcdbe the deviation of

equilibrium defect concentrations at the surfaceiftheir values in the bulk.

AN

Si atom —~ l

e
OAV

Si interstitial

Si

Figure 1: Self-interstitial formation in silicon by surfagenerationAVs > AV,.
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Simulation of Stacking Fault Growth

Stacking faults in silicon are oxidation-inducedet¢s. Therefore, their
preferential growth in the field areas, where istiéial injection due to
oxidation has the highest rate, seems logical arslipported by experimental
results. At the same time, the appearance of stgdkults at the edges of active
areas has been reported by Jarreau [16]. An enmeamtein stacking fault
growth at active edges can be explained by eithanereased density/size of
their nucleation centers due to some damage (fample, plasma-induced
damage) or by enhanced interstitial generation his tarea. The later is
consistent with the proposed model for stress-ddgensurface generation and
recombination of point defects.

Figure 2 shows simulated pressure, equilibrium eatration and
concentration of interstitials, as well as stackfaglt radius after steam field
oxidation performed at 1100. The results were obtained using a 2D process
simulator TSUPREM-4 [17]. Stress-dependent surface generation and
recombination of point defects was taken into antofis can be seen, pressure
is at maximum under the nitride edge (Figure 2&)s Tecreases equilibrium
concentration of interstitials in this area (Figu2be), but increases their
concentration due to enhanced surface generatigré-2c). Consequently,
stacking fault size is also increased under thedeitedge (Figure 2d). The
stacking fault radius at the position of the presseeak is about the same as
that under the field oxide. A uniform density cd&ting fault nucleation centers
and their constant size was used in this simulatitm obtain even larger
stacking faults at the active edge, higher densitylarger size of their

nucleation centers should be assumed.

http://ej.kubagro.ru/2013/06/pdf/51.pdf



-0.35+ 035+

=
e
ey
e
=)

— —
g g
o o
=1 o
= =1
3 &
= =0
P} &
= =]

4 80e+08

2.308e+08

1383e+17

1337e+17 [

1267417

1.017e+08

--2 7478407
1566408

Distancé (pm) Distancé {um)

-0.35+ 035

(d)

Si3N4

0.1

e

=
e
ey

Distance (um)

Distance (um)

Isi
1.002e+18

576led? [
| By

-a 5026417
1872417
05 075 1 ‘ 05 7 1
Distance (pm) Distance (um)

Figure 2. Contour plots of simulated (a) pressure (Pa), @oijildrium concentration and
(c) concentration of interstitials (¢fjy (d) stacking fault radius (A) after steam field
oxidation performed at 110TC. Stress-dependent surface generation and recatidnn
of point defects was taken into account.

Simulation of Stress-M ediated Dopant Diffusion

The effect of stress on dopant diffusion in siliagsrusually attributed to
the behavior of intrinsic point defects and dopaefiect pairs in stress fields [1-
5]. Since boron and phosphorus are known to diffisenly in pairs with
interstitials [9], retardation of the diffusion tdiese dopants is expected under
compressive stress reducing the equilibrium comagoh of interstitials.
However, the existing models for stress-mediategado diffusion fail to
explain conflicting experimental results. Both rdttion [10] and enhancement

of boron diffusion under compressive stress haes beported [11,12].

http://ej.kubagro.ru/2013/06/pdf/51.pdf



Hayunsriit sxxypran Kyol'AY, Ne90(06), 2013 o1a 9

This discrepancy could possibly be explained bysa®ring point defect
interaction with the silicon surface. In differaxperiments, surface generation
and recombination of point defects could play mardess pronounced role in
the defect and therefore dopant distribution dependpon the proximity of
the surface to the studied region.

Using the developed model for the stress-inducedntpalefect
redistribution and their surface generation ancomdmnation, the impact of
stress on boron diffusion was simulated. In TSUPREMhOe five-stream
diffusion model was used for boron [18]. This modeslsumes that dopant
diffusion occurs through the formation of dopantéde pairs that diffuse as a
unit. The concentration of such pairs depends upmpant concentration and
point defect supersaturation. Therefore, a changmint defect concentrations
due to their redistribution in the stress fieldexpected to directly affect boron
diffusion.

In the simulation, an experimental setup used bgd@st al. [10] was
replicated. Boron with a dose of 7x510" cmi® was implanted at 70 keV into a
p-type (100) Si substrate through a 50 nm thicleecroxide. After 30 min
annealing at 900C in N, and removing Si&) a 500 nm thick SN, film was
deposited and patterned. Then an anneal jratNL014°C for 120 min was
performed.

Simulation results on the pressure distribution aaduilibrium
concentration of self-interstitials, as well as cemtrations of interstitials,
boron-interstitial pairs, and boron are shown igures 3 - 6. Two groups of the
results are presented. In one simulation, strepertteent surface generation and
recombination of point defects was taken into aatoln the other simulation,

it was neglected.
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Figure 3. Simulated (a) pressure (Pa) and (b) equilibriumceatration of interstitials

(cm®) after 1014°C anneal in Mfor 120 min.
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Figure 4: Simulated interstitial concentration (€)nafter 1014°C anneal in M for 120
min (a) with and (b) without taking into accountesis-dependent surface generation and

recombination of point defects.

As can be seen in Figure 3, the equilibrium comegioin of self-

interstitials decreases under the nitride, in tlegian of compression. It

increases at the nitride edge under tensile strébg concentration of

interstitials increases under the nitride in Figde due to their enhanced

surface generation. In Figure 4b, the interstib@ahcentration almost exactly

follows the contours of the equilibrium concentati

In Figure 5a, the concentration of boron-interstipairs decreases under

the nitride edge due to a lower interstitial suparsation and slightly increases
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in N2 for 120 min (a) with and (b) without accountingr fstress-dependent surface
generation and recombination of point defects.
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Figure 6: Contour plots of simulated boron concentration {¢mfter 1014°C anneal in

N, for 120 min (a) with and (b) without accountingr fetress-dependent surface
generation and recombination of point defects.

under the nitride. On the contrary, in Figure 5k ttoncentration of boron-
interstitial pairs is almost independent of a latg@osition. Same relative lateral
uniformity of the boron concentration can be seeRigure 6b.

Figure 6a shows that taking into account the stdegendent surface
generation and recombination of point defects tesual an increase in boron
concentration under the nitride edge at the pealemdile stress. At the same
time, the boron concentration is decreased in thlk. @ his is opposite to what

can be seen under the nitride, where stress isressige. Near the surface, the
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boron concentration is lower than that in the opesa, and the contours lie
closer to the interface, which might be interpretesl a slower diffusion.
However, deeper in the substrate, the boron corat@rt under the nitride is
slightly higher than that in the open region. Thi®ws an increase in boron
diffusion and agrees with the results of Zhav al [11,12], whose
measurements suggest enhanced boron diffusivityerundmpressive stress.
Therefore, our results demonstrate the importarfcesuosface proximity in
analyzing the effect of stress on dopant diffusion.

It is necessary to point out that the stress-deperids of dopant-defect
pairing coefficients and equilibrium pair concetibas were not taken into
account in this simulation. Since these effects mpégy a more or less
significant role in stress-mediated dopant diffasia detailed study of them is

required in the future.

Conclusions

In this paper, the model was developed for the sstheduced
redistribution of point defects in silicon devicé&rustures. It incorporates
equilibrium conditions different for defects at tbarface and in the bulk of
silicon and takes into account stress-dependentacirgeneration and
recombination of point defects. In the model, abuiim concentrations of
intrinsic point defects depend exponentially onrogthatic pressure in silicon.
For bulk interactions, the calculations yielded #uotivation volumes of about
2.5 A and 2.3 R for interstitials and vacancies, respectively. Eogivation
volumes for surface generation and recombinatiopamft defects close to 18
A3 were used.

Computer simulations showed that the enhancemeniriace generation
of interstitials under compressive stress may empthe growth of larger

stacking faults at the edges of active areas.
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The importance of taking into account the proxinafythe silicon surface
in analyzing the effect of stress on dopant diffaswas demonstrated using
simulations. It is shown that surface generatiod acombination of point
defects play a pronounced role in the point defaotl therefore dopant

distribution.

References

[1] H. Park, K. S. Jones, and M. E. Law, Electrochem. SacVol. 141, No. 3, p. 759
(1994).

[2] H. Park, K. S. Jones, J. A. Slinkman, and ML&w, J. Appl. Phys.Vol. 78, No. 6, p.
3664 (1995).

[3] S.Chaundry and M. E. Law, Appl. Phys.Vol. 82, No. 3, p. 1138 (1997).

[4] M. Laudon, N. N. Carlson, M. P. Masquelier, 8. Daw, and W. WindIlAppl. Phys.
Lett Vol. 78, No. 2, p. 201 (2001).

[5] M. S. Daw, W. Windl, N. N. Carlson, M. Laudoand M. P. MasquelieRhysical
Review BVol. 64, p. 045205 (2001).
[6] J.Lothe and J. P. Hirtd, Appl. Phys.Vol. 38, No. 2, p. 845 (1967).

[7] J. P. Hirth and J. LotheélTheory of DislocationsSecond Editionp. 497, 506, John
Wiley & Sons, New York (1982).

[8] W. Windl, M. S. Daw, N. N. Carlson, and M. Laud in Advances in Materials Theory
and Modeling - Bridging Over Multiple-Length andvig Scalesy. Bulatiov, F. Cleri,
L. Colombo, L. Lewis, Editors, Materials Researdti8ty Proc. Vol. 677, p. AA9.4.1,
Warrendale, PA (2001).

[9] P. M. Fahey, P. B. Griffin, and J. D. PlummRgviews of Modern Physidgol. 61, No.
2, p. 289 (1989).

[10] K. Osada, Y. Zaitsu, S. Matsumoto, M. YashifaArai, and T. AbeJ. Electrochem.
Soc, Vol. 142, No. 1, p. 202 (1995).

[11] Y. Zhao, M. Aziz, H. J. Gossmann, and S. Mjtgpl. Phys. LettVol. 74, p. 31
(1999).

[12] Y. Zhao, M. Aziz, H. J. Gossmann, S. Mithaddd. Schiferl, Appl. Phys. Lettyol. 75,
p. 941 (1999).

[13] H. R. Huff,Encyclopedia of Applied Physjcgol. 17, p. 437 (1996).

http://ej.kubagro.ru/2013/06/pdf/51.pdf



Hayunsriit sxxypran Kyol'AY, Ne90(06), 2013 o1a 14

[14] L. D. Landau and E. M. LifshitZTheory of Elasticityp. 19, Butterworth-Heinemann,
Oxford (1997).

[15] S. M. Hu,J. Appl. Phys.Vol. 57, No. 4, p. 1069 (1985).
[16] K. M. JarreauM.S. ThesisThe University of Texas at Dallas (August 2002).

[17] TSUPREM-4 User's ManuaWVersion 2000.4, p. 2-40, Avant! Corporation, Fogm
CA (2000).

[18] S. T. Dunham, A. H. Gencer, and S. ChakravalfiCE Trans, Vol. EOO-A, No. 1, p.
1 (1998).

http://ej.kubagro.ru/2013/06/pdf/51.pdf



