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Observation of silicon self-diffusion enhanced by the strain originated from
end-of-range defects using isotope multilayers
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Si self-diffusion in the presence of end-of-range (EOR) defects is investigated using "*'Si/**Si
isotope multilayers. The isotope multilayers were amorphized by Ge ion implantation, and then
annealed at 800-950°C. The behavior of Si self-interstitials is investigated through the *°Si self-
diffusion. The experimental **Si profiles show further enhancement of Si self-diffusion at the EOR
defect region, in addition to the transient enhanced diffusion via excess Si self-interstitials by EOR
defects. To explain this additional enhanced diffusion, we propose a model which takes into account
enhanced diffusion by tensile strain originated from EOR defects. The calculation results based on
this model have well reproduced the experimental **Si profiles. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4931421]

I. INTRODUCTION

Ultra-shallow junction formation is one of the most cru-
cial issues for continuous scaling down of Si device process-
ing. The most established method to form ultra-shallow
junction is pre-amorphizing implants (PAls), where non-
dopant ions, usually Ge, are implanted with high dose prior to
dopant implantation.'™ The main advantage of using PAI is
the reduction of dopant channeling. Furthermore, the damage
in the amorphized region is almost totally eliminated through
solid phase epitaxial regrowth during post-implant annealing;
only the damage that exists in the non-amorphized tail beyond
the amorphous/crystalline (a/c) interface remains.* However,
the PAI process induces the formation of end-of-range (EOR)
defects beneath the a/c interface.” EOR defects are interstitial-
type dislocation loops and become a source of transient
enhanced diffusion (TED).®” Upon annealing, EOR defects
grow in size and reduce their density while the total number
of Si self-interstitials stored in the loops remains constant.
This coarsening process is Ostwald ripening and reduces the
efficiency of EOR defects as a source of Si self-interstitials."
In order to investigate the time-dependent behavior of Si self-
interstitials in the presence of EOR defects, boron (B) atoms
have been used as markers**™'' because B diffusion in Si is
governed by the interstitial mechanism.'?

There is another possibility of diffusion enhancement by
EOR defects. Experimental results of X-ray analysis show
the presence of tensile strain at EOR defect regions.'>™'
This tensile strain at EOR defects can enhance B diffusion
because theoretical calculations found that tensile strain
enhances interstitial-mediated diffusion.'® To the best of our
knowledge, however, there have been no reports that show
enhanced B diffusion at EOR defect regions although B dif-
fusion in the presence of EOR defects has been extensively
studied. This is probably due to B trapping at EOR defects,'”
which is likely to mask the enhanced B diffusion by tensile
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strain. Note that dopant trapping (or segregation) has been
reported for indium,'® phosphorus,'” and arsenic,'” which
diffuse via the interstitial mechanism, and hence, these dop-
ants may be also enhanced at EOR defects but masked by
the trapping.

In this study, in order to avoid such disturbance from
dopant trapping, we investigate Si self-diffusion using iso-
tope Si multilayers that are amorphized by Ge implantation.
The behavior of Si self-interstitials is directly observed
through Si self-diffusion.”*** We observe further enhanced
Si self-diffusion at the EOR defect region, in addition to the
TED by EOR defects. We show that this enhancement can
be explained by tensile strain induced by EOR defects.

Il. EXPERIMENTS

Isotopically enriched **Si and natural Si (**Si: 92.2%,
*Si: 4.7%, and *°Si: 3.1%) multilayers were grown by solid
source molecular beam epitaxy on a (100)-oriented B-doped
Czochralski Si wafer with a resistivity of 1-20 Q cm.?**!>*
A "™Si buffer layer of ~150-nm-thick was grown prior to the
growth of the isotope multilayers that are composed of the
alternating layers of 2Si and "Si. "Si layers have the natu-
ral abundance with 3.1% of 30Si, whereas 2%Si layers are
depleted of *°Si. Si self-diffusion is evaluated by observing
the change of 30si depth profiles after annealing. The isotope
multilayers were amorphized by "*Ge™ ion implantation with
an energy of 150keV and a dose of 2 x 10"cm ™2 at room
temperature. The isotope multilayers were annealed at
800-950°C in a resistance furnace under an Ar (99.99%)
atmosphere. The depth profiles of *°Si and "*Ge were meas-
ured by secondary ion mass spectrometry (SIMS). Primary
ions used in SIMS were O*" with an energy of 1.0keV for
*%Si, and Cs™ with 3.0keV for "*Ge.

lll. RESULTS

Figure 1 shows the depth profile of *°Si in the Si isotope
multilayers before Ge implantation (as-grown) measured by
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FIG. 1. SIMS profiles of *°Si in the ™Si/**Si isotope multilayers before (as-
grown) and after (as-implanted) Ge implantation at 150keV, 2 x 10" cm ™2,
The implanted Ge depth profile is also presented. Symbols and solid lines repre-
sent the profiles of *°Si and Ge, respectively. The structure of isotope multi-
layers is schematically shown at the top of the figure.

SIMS. The "Si/*®Si periodic structure is schematically
shown at the top of the figure. The actual interfaces between
"5 and 2Si layers are abrupt (the degree of intermixing is
only two atomic layers)’**'* and the smearing of the "Si
and 2®Si profiles is due to the SIMS artifact (knock-on mix-
ing, etc.). The periodic profile was perturbed after Ge im-
plantation (as-implanted), as shown in Fig. 1, where the Ge
depth profile is also presented. This perturbation of the pro-
file is due to Si displacement induced by Ge implantation.*’
Figure 2(a) shows the image of cross-sectional transmission
electron microscopy (XTEM) of the as-implanted sample.
Due to the implantation, amorphization occurred between
the surface and 175nm in depth, while the deeper region
(x>175nm) remained single-crystalline. After annealing,
the samples observed by XTEM show EOR defects just
beneath the former a/c interface, i.e., at the depth of

¢ interface
alc {375 nm
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175-225 nm [Fig. 2(b)]. Figure 3 shows the depth profiles of
308 in samples annealed at (a) 800 °C, (b) 900°C, and (c)
950°C. The *°Si profiles showed that Si self-diffusion was
enhanced by EOR defects and significantly larger than the
thermal equilibrium Si self-diffusion, which we have investi-
gated using similar isotope heterostructures.”” In addition to
this enhancement, further enhanced diffusion is observed at
the fifth Si layer of multilayers in all annealing conditions.
Note that the region where this additional enhancement is
observed well coincides with the position of EOR defects
shown in Fig. 2(b). We will describe below that it can be the
enhanced diffusion due to tensile strain induced by EOR
defects, which we have predicted in the introduction.

IV. DISCUSSION

A. TED via excess Si self-interstitials by EOR defects

In order to investigate the diffusion enhancement by ten-
sile strain, we first fit the 30gi profiles based on our TED
model® that does not take the strain enhancement into
account. Si self-diffusion is governed by interstitial and va-

cancy mechanisms®**? and is described by the following
reactions:

07 308ig +1, (1)

Ny 9855 + vV, )

I+V < 0. 3)

Here, 30Sis denotes substitutional *°Si. I and *°I denote the
Si self-interstitial of 2%Si (matrix) and 30Si, respectively, and
V represents the vacancy of 2*Si (matrix). *°V denotes the
configuration in which **Si becomes mobile through site
exchange with V, in a similar manner to a dopant-vacancy
pair, assuming that there is no binding between *°Si and V.
We have used the same type of configuration to simulate ger-
manium (Ge) self-diffusion.?® Reactions (1) and (2) describe

(b)

FIG. 2. Bright-field XTEM images of Ge implanted samples. (a) The as-implanted sample, where amorphization occurred between the surface and 175 nm in
depth. (b) The sample annealed at 950 °C for 30 s, where EOR defects were formed just beneath the former a/c interface at the depth of 175-225 nm.
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FIG. 3. SIMS and calculated profiles of *°Si with 150keV, 2 x 10'*cm ™ Ge implantation and annealing at (a) 800°C for 30min and 24 h, (b) 900°C for
30min and 4 h, and (c) 950 °C for 30's, 30 min, and 2 h. Symbols and solid lines represent SIMS and calculated profiles, respectively. The SIMS profile before
annealing (as-implanted) is also shown by a thick solid line. The calculation is based on the TED model that does not take into account diffusion enhancement

by strain at EOR defects.

interstitial and vacancy mechanisms, respectively, and reac-
tion (3) represents I-V generation-recombination (g-r). The
vacancy contribution to Si self-diffusion is taken into
account, although it is much smaller than the interstitial con-
tribution during TED, because the vacancy contribution can-
not be neglected when the diffusion is closer to thermal
equilibrium at longer annealing times. These diffusion reac-
tions, together with kinetic equations to describe the time
evolutions of {311} Si self-interstitial clusters and of EOR
defects, lead to the following set of coupled partial differen-
tial equations:

O'CzoSiS_G G
—— =Gy + Gy, 4

DIE) + G — G311 — Geor + Gre,  (9)

ot ox
oC aCs
Y_ o (Dzol il ) ~ G, 6)
ot oxX ox
C C
uzi@vu) +Gy + Gre, (7)
ot ox oxX
oC oC
_9 <D30V ”V) — Gy, 8)
ot ox oxX
C
Al G311, 9)
ot
C
IUEOR _ (10)
ot

where Cy is the concentration of X [X =3°Sig, I,
07 v, 3V I bound in {311} clusters (X =311), I bound in
EOR defect (X=EOR)] and Dy is the diffusivity of X
(X =1,°°1,v, 3°v]. *°Si atoms in {311} clusters and EOR
defects are not taken into account because I's in {311} clus-
ters and EOR defects are from the matrix and the matrix is

composed predominantly by 2*Si. The total number of Si
self-interstitials stored in EOR defects remains constant dur-
ing annealing due to Ostwald ripening, as has been reported
in Ref. 1. This result indicates that the amount of Si self-
interstitials from EOR defects as a source of TED is much
smaller than the total number of Si self-interstitials stored in
EOR defects (Cgor), and hence, the change in Cgor with
time can be neglected. Therefore, Cgor is assumed to be
time independent, which is represented by Eq. (10). G, and
Gre denote the following generation terms:

Gy = kitCooy — kiyCog; Cr, (an
Gy = kyiCuoy — kyyCoog, Cv, (12)
Gre = kre(CJACY — C/Cy), (13)
G311 = k311 Can (€ — '), (14)

Gror = keorCror (C1 — CFOR), (15)

where Gy, Gy, and Gg, denote reactions (1), (2), and (3),
respectively. k; and ky are the reaction rate constants of
interstitial and vacancy mechanisms for Si self-diffusion
with f and b denoting forward and backward, and kg, is
the g-r rate. The superscript eq denotes thermal equilib-
rium values. The contributions of *°V and °V to *°Si dif-
fusion, D?gﬁ and D?Off/, respectively, can be described by
the following formulas in analogy with effective dopant
diffusivities:

D, C

Dt = ——1 16

307 C3USiS ) ( )
Day C5y,

DS, = o (17)
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For the values of D?}g and D?of{/, the contributions of I and V
mechanisms to Si  self-diffusion,?’ fiDiC7/Cy  and
fvDvCy!/Co, respectively, were used. Here, f; and fy are the
correlation factors for I and V mechanisms of Si self-
diffusion, respectively, and Cy is the concentration of the Si
atoms. The values of f; =0.73 (Ref. 27) and fy =0.5 (Ref.
28) for the diamond structure were used in the same way as
in our previous study.?” Then, solving Eqgs. (4)—(10) leads to
Si self-diffusion under non-equilibrium conditions with the
Si self-diffusivity described by

SD D301C301 DS()VC30V

ST Cug;,

D,Cy DyCy
= . 18
fi Co +fv 2 (18)

Cos;,

For Egs. (14) and (15), G311 and Ggog represent the time
evolutions of {311} clusters and EOR defects, respectively,
and C;'' and CFOR denote the / concentrations maintained
by {311} clusters and EOR defects. k311 and kgog are the
time dependent rates for defect evolutions of {311} clusters
and EOR defects. In order to fit the *°Si profiles shown in
Fig. 3, Egs. (4)—(10) were solved numerically by the partial
differential equation solver ZOMBIE?® using the set of pa-
rameters described below. For the initial *°Si profile, the
profile measured after Ge implantation and shown in Fig. 1
has been used to take into account its perturbation due to Si
displacement during the Ge implantation.

The evolution of {311} clusters consists of two time
regimes: the evolution is initially governed by Ostwald rip-
ening of {311} clusters and then by the dissolution of {311}
clusters. The time dependence of k3;; is described by the fol-
lowing equations:*°

kyin = —at+b (—at+b > ky/C3'), (19)

kaii = ki /CY (—at +b < ky/CMY). (20)
Here, a and b are constants, and ¢ denotes annealing time.
Equation (19) represents the {311} cluster growth rate, and
Eq. (20) indicates the dissolution that is determined by the
{311} cluster dissolution rate, k311,. The following values
of essential parameters from Ref. 21 were used for the
calculation: C;'' = 1.86 x 10**exp(—1.80 eV /kgT)cm >,
a=2.55x10"%exp(—1.71eV /kzT)em’s 2, h=1.15x10""!
exp(—0.83eV /kgT)cm’s ™", and k311, =7.54%x 10"
exp(—3.51eV/kpT) s~!. For the initial profile of Csi, a
“+1” model®' was used, where the implanted Ge profile
beneath the a/c interface is multiplied by a factor of 1.0
[see Figs. 1 and 2(a)].32 For EOR defects, Kror =kgor
Cgor, rather than the individual parameters kgor and Cgog,
is an essential parameter to describe the evolution of EOR
defects because Cgor is assumed to be time independent
due to Ostwald ripening.' The Cgogr profile is defined as a
rectangular shape so that Kgor has a non-zero constant
value at the depth of 175-225nm. Concerning Ostwald
ripening of EOR defects, CEOR is described as

EOR
Sl —exp <§> 1)
-
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r=+/Kt/2 + ro?, (22)

CEOR(y = 0)]

B=1ryx1In Ciq

(23)

using a mean radius of EOR defects r and a constant B that
only depends on temperature.® Here, K is the ripening rate
and r is the initial mean radius. For the fitting, the values
calculated by K = 3.14 x 107 /T exp (—4.53 /kgT) cm® s~
and o = 10 nm from Ref. 1 were used, as we have done
previously.® The values of Kgor and CFOR(r = 0)/C}® are
determined in this study from the fitting of *°Si profiles in
Fig. 3, except from those of the fifth 2*Si layer, where an
additional enhanced diffusion was observed, as described
above. Figure 4 shows these values as a function of temper-
ature, and Kzor = 7.94 x 10! exp(—1.74eV /kgT) s~ ' and
CFOR(+ = 0)/Cy* = 1.34 x 102 exp(0.804eV /kgT)  were
obtained from Arrhenius fitting to the data. We stress that
these two parameters deduced from the direct observation
of Si self-diffusion are more reliable than the previous val-
ues determined from B diffusion because extraction of Si
self-diffusion from the B diffusion profile can be affected
by the formation of immobile B impurities as results of
trapping by EOR defects'” and/or precipitation.>® The solid
lines in Fig. 3 show the calculated profiles of *°Si after
annealing at (a) 800°C, (b) 900°C, and (c) 950°C. The
calculation results well reproduce the SIMS profiles; how-
ever, only the diffusion at the fifth 2®Si layer is obviously
underestimated. This clearly indicates further enhancement
of Si self-diffusion at the EOR defect region, in addition to
the TED that has been extensively studied, as mentioned
above.

B. Enhanced Si self-diffusion by tensile strain
originated from EOR defects

In order to fit the *°Si profiles that show the additional
enhanced diffusion, we add an enhancement due to tensile
strain induced by EOR defects to the TED model used

10° 10
I 8-
— 1 Q
7 =
% 104 17
¥t
i ] Q
| O Kpor(s™)
o CEOR(t=0)/C$d
103 | | | | | | 1
8.0 8.2 8.4 8.6 8.8 9.0 9.2

10%/T (K1)

FIG. 4. Temperature dependence of the parameter values deduced from the
calculation for Kror (open circles) and CEOR(z = 0)/C;y® (open squares).
Solid lines show Arrhenius fitting to the data.
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FIG. 5. SIMS and calculated profiles of *°Si with 150keV, 2 x 10'°cm 2
Ge implantation and annealing at 950 °C for 30s, 30 min, and 2 h. Symbols
and solid lines represent SIMS and calculated profiles, respectively. The
SIMS profile before annealing (as-implanted) is also shown by a thick solid
line. The calculation takes into account diffusion enhancement by tensile
strain using a time independent value of f;; [see Eq. (25)]. The EOR defect
region is enlarged.

above. Experimental results of X-ray analysis show the pres-
ence of tensile strain at EOR defect regions.'*™'> This tensile
strain at EOR defects can enhance Si self-diffusion because
theoretical calculations found that tensile strain enhances
interstitial-mediated diffusion.'® Therefore, it is reasonable
to assume that / diffusion is enhanced by tensile strain at
EOR defects because the Si self-diffusion observed in this
study is mainly governed by /.

In order to take into account the enhanced / diffusion by
local tensile strain at EOR defects, an enhancement factor
F,; is introduced as follows:

J. Appl. Phys. 118, 115706 (2015)

D) = (Fy+ 1)Dy, (24)
—(X—A1)2
Fy=fyexp| ———— |, (25)
st ff p 2A22

where D} is the enhanced / diffusivity, which is substituted
for D; in Eq. (5). We assume that F; has a Gaussian shape
with the peak position A; and the width A,. The *°Si profiles
were well reproduced when A; = 211 nm and A, = 4.1 nm
were used, as will be described below. f; is a strain enhance-
ment factor, and the *°Si profile at 950 °C for 30's can be fit-
ted using f;; = 27, as shown in Fig. 5, where the EOR defect
region is enlarged. For longer annealing times, however, the
calculation tends to overestimate the diffusion. This indicates
that the enhancement of / diffusion due to strain decreases
with time. The strain reduction with time is supported by X-
ray measurement results that the strain induced by EOR
defects decreases with higher annealing temperature.'® A
possible origin of the reduction of tensile strain with time is
Ostwald ripening of EOR defects, during which they reduce
their density and grow in size with time. Therefore, we
assume that the strain reduction is correlated with the
increase of mean radius of EOR defects and that f; is
described by the formula

fu =Ffro* /1%, (26)

where f§' is the f;, value at t = 0.

Figure 6 shows the calculated profiles of *°Si near the
EOR defect region. The calculation well reproduces all the
SIMS profiles when the initial depth profile of Fy with
38 = 27 shown in Fig. 7 is used. Because the strain is applied
only around the 210 nm region, the calculated results in other
region are exactly the same as those in Fig. 3. It should be
emphasized that the strain distribution indicated by F well
coincides with the position of EOR defects, i.e., at the depth
of 175-225nm [Fig. 2(b)]. This result leads us to conclude
that the additional enhanced Si self-diffusion is originated
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FIG. 6. SIMS and calculated profiles of *°Si with 150keV, 2 x 10"*cm ™2 Ge implantation and annealing at (a) 800°C for 30 min and 24 h, (b) 900°C for
30min and 4 h, and (c) 950 °C for 30's, 30 min, and 2 h. Symbols and solid lines represent SIMS and calculated profiles, respectively. The SIMS profile before
annealing (as-implanted) is also shown by a thick solid line. The calculation takes into account diffusion enhancement by tensile strain associated with
Ostwald ripening of EOR defects [see Eq. (26)]. The EOR defect region is enlarged.
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FIG. 7. Initial depth profile of Fy, with £’ = 27 used in the calculation for
Fig. 6.

from tensile strain induced by EOR defects and is associated
with Ostwald ripening, in which the enhancement is inver-
sely proportional to r?. Figure 8 shows the decrease of f;
with time calculated by Eqs. (22) and (26), which is corre-
lated with the increase of mean radius of EOR defects. The
strain is reduced faster with longer annealing time and with
higher temperature; however, f;, can be treated as a time in-
dependent parameter for annealing shorter than about 10s
below 950 °C, where the decrease of f, is small enough.

The enhancement factor F, obtained above is estimated
in terms of the concept of an activation volume, by which
the effect of strain on diffusion in solids can be thermody-
namically treated.>*> The activation volume corresponds to
the volume change of the system upon diffusion and the
change in the activation enthalpy of diffusion with strain can
be explained by the activation volume. The change in activa-
tion enthalpy of I diffusion Q" with tensile strain is estimated
by Eq. (37) of Ref. 34

D} (_SEORQ/>
D, “Xp kT ’ @7

where egog is the strain induced by EOR defects. The tensile
strain induced by EOR defects is estimated to be about
1 x 1072 from X-ray analysis.'*™'* Using D) (t = 0)/D; = 28
from the present study and ezog = 1 x 1072 leads to Q'
~ —30 eV per unit tensile strain from Eq. (27). This value is

30 e
250 ‘ ]
20 \ .

15 ]
10 N

F — 800 °C N

t | 900°C ]
sE |- 950°C .
0 T N T R st

10° 10! 102 10° 10* 10°

Time (s)

FIG. 8. Time dependence of f, correlated with the increase of mean radius
of EOR defects calculated by Eqgs. (22) and (26). Solid, dotted, and dashed
lines show the profiles of 800 °C, 900 °C, and 950 °C, respectively.
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compatible with Q' = —32*10eV per unit tensile strain
obtained from B diffusion in Si under biaxial strain,35 which
is governed by the interstitial mechanism.'? Therefore, the
additional enhanced Si self-diffusion observed in the present
study can be explained by tensile strain induced by EOR
defects.

V. CONCLUSIONS

Si self-diffusion in the presence of EOR defects has
been investigated using "'Si/**Si isotope multilayers that are
amorphized by Ge implantation. The behavior of Si self-
interstitials is directly observed through *°Si diffusion with-
out any disturbance from dopant trapping at EOR defects.
We have found further enhancement of Si self-diffusion at
the EOR defect region in all annealing conditions, in addi-
tion to the TED. To explain this additional enhanced diffu-
sion, an enhancement of / diffusion due to local tensile strain
induced by EOR defects was introduced to the TED model.
The enhancement is associated with Ostwald ripening of
EOR defects and is inversely proportional to the square of
mean radius. The diffusion calculation based on this model
has well reproduced all the experimental *°Si profiles. In
addition, the enhancement of / diffusion deduced from the
present study is compatible with that of B diffusion in terms
of the concept of an activation volume. The present results
will be helpful for a comprehensive understanding of defect-
induced strain and its effect on diffusion.
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