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ABSTRACT

We used a combination of atomistic models, DFT and
KLMC, to analyze the complex issues associated with
B diffusion and activation in nanoscale Si devices. Us-
ing DFT, we developed general models which separate
out global strain from local binding of B with Ge in
Si1—yGe, alloys for both substitutional B as well as
the B; transition state which controls diffusion. The
models were used to derive segregation/activation and
diffusion of boron as a function of Ge content, plus any
additional applied stress. We found that the increase of
segregation and activation in strained Si;_,Ge, alloys
is mainly due to the effect of strain rather than binding,
with model accurately predicting experimental obser-
vations. B diffusion in SiGe is a complex system due
to multi-step diffusion process, anisotropic strain and
multiplicity of local Ge arrangements. By using DFT
calculations spanning a range of Ge configurations and
strain conditions, we are able to identify the mecha-
nisms leading to retarded B diffusion: a combination
of local B;-Ge repulsion and global strain interactions.
KLMC using DFT parameters predicts experimental
results accurately up to 50% Ge.

1. INTRODUCTION

There is great interest in utilizing SiGe for enhanced
mobility, increased electrical activation, slower diffu-
sion and reduced contact resistance of nanoscale MOS-
FETs [1-10]. In order to control device structures at the
nanoscale, a fundamental understanding of the effects
of alloy concentration and associated strain is critical.
In this work, we investigated activation and diffusion
of the dominant p-type dopant, B, in SiGe consider-
ing both global strain compensation as well as local
Ge configuration. Based on density functional theory
(DFT) calculations, we developed simple models that
can be used to predict the formation energy of a given

Si/Ge/B configuration. These models were then used
in kinetic lattice Monte Carlo (KLMC) simulations to
extract nanoscale response of dopant redistribution and
activation. The calculations were done using the VASP
software [11] on systems with 64 atom supercells (plus
interstitial atoms or vacancies), subject to periodic
boundary conditions, using density functional theory
with generalized gradient approximation (GGA) func-
tional, plane wave basis and ultrasoft-pseudopotentials
[12]. The diffusion paths were calculated using the
nudged elastic band (NEB) method [13].

2. STRAIN ENERGY

We have done calculations of various Si;_,Ge, compo-
sitions with Ge content ranging up to 50% and with
different Ge configurations at each Ge concentration.
The changes in strain energy upon bringing together
B and Ge are shown in Fig. 1. The strain energies
for a given system are calculated from the difference
between the energies of B, Sig3_,Ge, alloys with a lat-
tice constant of pure Si and a relaxed lattice constant,
Eo — Epin. The strain energy of BSig3—,Ge, is zero at
10% Ge concentration (y = 6, which gives minimum in
AFE). This result shows excellent agreement with ex-
periment, in which the data for samples with 10?°cm—3
of boron concentration attain a value of zero strain for
a Ge concentration of 6.5 x 102%m =3 [14].

The strain model proposed in this study is derived
from the strain dependence of the formation energy of
a defect /impurity in a solid based on linear elasticity:

Ee = Emm+%(€—A€)C(€—A€) , (D)
where C is the stiffness tensor of Si, €is defined relative
to the equilibrium lattice vector of silicon, €= b/bg; —1,
A€ is the induced strain relative to a reference lat-
tice constant, and 2 is the volume of the system [15].
The proposed model of total strain energy with re-
spect to the reference energies of BSigs and SigzGe
systems with a Si lattice constant (€ = 0) can be



Elle N ElQJN N E?SJN N EZJN N E15JN N ElﬁjN N
Ge-Ge | -0.0128 | 0.0022 | -0.0048 | -0.0028 | 0.0004 | -0.0028
B-Ge | 0.0170 | -0.0164 | 0.0076 | 0.0019 | -0.0074

Table 1: Binding energies for Ge-Ge and B-Ge interaction in the n*" nearest neighbor model of the binding of B
with multiple Ge-atoms in SiGe alloys. Note that Ge-Ge and B-Ge are nearly complementary.

represented by the induced strains. We have found
isotropic induced strain for substitutional B and Ge in
silicon, enabling the use of hydrostatic strain for cal-
culations. The total strain energy (AFE) is a function
of the induced strains, Aég = (Aep, Aep, Aep) and
A€ge = (A€ge, Acge, A€ge), due to dopant (boron)
and alloy species (germanium) for system with a Si
lattice constant.

AES = Es (BSiﬁg_yGey) - yEs (Siﬁ3Ge)

—FE,(BSig3) + yEs(Siea)
INK

= [(AGB + yAGGe)2 (2)

—y (Aece)” = (Aep)’|

1976
= 2 |:(y2 - y) (A6G6)2 + 2yA€GeA€B:| ,

where K = (C11 + 2C12)/3 is the bulk modulus, and
induced strains Aeg = —0.0047 and Aeg. = 0.00077
are from BSigsz and SigsGe (note that induced strains
normalized to atomic volume would be 64 times larger).
The strain energy obtained from the above model can
be compared with the calculated energy differences for
Si lattice constant versus minimum energy lattice con-
stant (relaxed). Fig. 1 shows the change in strain
energy (AE;) for Sigs—,Ge, and BSigz_,Ge, versus
Ge content over a variety of different configurations.
The line is for the model represented by Eq. 3 and
the symbols are the calculated total strain energies.
The model for the strain energy in both Sigs—,Ge, and
BSig3—yGey closely matches the calculations, showing
that the strain energies can be accurately predicted
based on simple linear superposition of induced strains,
Aep and Aege, of isolated components.

3. BORON/GERMANIUM BINDING
The binding of B with multiple Ge-atoms in SiGe alloys
is modeled as linear sum,
By = Y [mBiy +naEiyy +nsBiyy
ij
+n4EZVN + TL5E§J]'VN + TL(,‘E&J]'VN . (3)
Here, binding energies due to B-Ge interaction in
BSigoGe and Ge-Ge interaction in SigoGes for the first
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Figure 1: Strain energies (AFE) versus Ge content for
(a) Sigs—yGey and (b) BSig3—,Ge, with a Si lattice con-
stant with respect to the reference energies of BSigs and
SigsGe systems. Also shown is comparison to Eq. 3.

through 6" nearest neighbor distances are summed,

where 7, is the number of m*" nearest neighbors and
E'?n 1s the binding energy of B-Ge or Ge-Ge in-
teraction for the m!* nearest neighbor configuration.
Binding energy terms used in the calculation of the to-
tal binding energy, E)?\ \, are given in Table 1. As
seen in Table, Ge/Ge interactions are generally attrac-
tive, with the exception of displacement along 110 di-
rection (2NN and 5NN) for which they repel. Con-
versely B and Ge generally repel except along 110 di-
rection. This may be due to anisotropy in induced
strain coupling. To predict the binding energy accu-



o“ ?
005 Model o
b o Er-Es ©
-0
Eb ¢ o
(eV) .
“0as)
1]
02
s
025 S0 15 20 3= 30 3 @ 5 D
Ge Content (%)
15
1_
0.5
E
(eV)
0 —.
0.4
Eb
- S 10 15 20 25 30 3% 40 45 50

Ge Content (%)

Figure 2: (a) The binding energy in BSigz_,Ge,, Ep.
The model (closed symbols) and the subtraction be-
tween E; and E; (open symbols) are given for different
Ge distributions (different configurations) as a func-
tion of Ge content. (b) The formation energy (Ey), the
strain energy (AFEj), and the binding energy (E;) for
BSig3—,Ge, averaged over possible configurations from
the model.

rately, the long-range bonds as well as the short-range
bonds should be included because there are many Ge-
Ge and B-Ge bonds as the Ge content increases even
though each binding energy is very small. The forma-
tion energy of substitutional boron-atom in Si;_,Ge,
alloys is represented by the sum of the total strain en-
ergy term (AFE;) and the total binding energy term
(AEy), Ef = AE;+ AEy. Fig. 2(a) shows the binding
energies for the model (closed symbols) compared to
calculations (open symbols) for different Ge configura-
tions as a function of Ge content. The binding energies
obtained from the predictive model do a good job of
accounting for changes in energy with local configura-
tions. Figure 2(b) shows the contribution of the strain
and binding terms to the formation energy averaged
over possible configurations as a function of Ge con-

tent from the model.

4. SEGREGATION

The models of binding and strain energies over possible
configurations can be used to derive activation (solu-
bility /segregation) as a function of Ge content. One
can write the segregation ratio which corresponds to
increase in solubility with reference to an unstrained
phase as product of strain factor (ms) and binding fac-
tor (myp) at a given Ge content, m = mg X my. The
strain and binding terms in the segregation ratio are
given by

Aép -&']

ms = exXp |: 5T

B
Yoo [

64
Eb 8164 yGey)]

Zexp[ ot

where & is stress, A€p is induced strain due to B, and
N is number of possible configurations for a given Ge
content. Fig. 3 shows the segregation of B to biaxially
strained Sig3_,Ge, alloys on unstrained Si at 850°C as
a function of Ge content. The contribution of global
strain and local binding terms to the segregation is
shown. The segregation of B is mainly due to global
strain as previously shown [16]. The results show that
boron preferentially segregates into SiGe alloys, as ob-
served experimentally [1—3].
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Figure 3: Segregation of B to biaxially strained
Sigz_yGe, alloys on unstrained Si at 850°C. The con-
tribution of the strain and binding terms to the segre-
gation is shown.



one Ge-atom | 1NN

2NN 3NN

-INN

AE,, 0.0985

0.0474

0.0197 | -0.0274

Table 2: The formation energy difference of the transition state for boron diffusion in SigzGe; versus pure silicon.

two Ge-atoms | INN-1INN | 1NN-2NN

INN-2NN (Ge-Ge bond)

INN-3NN | 2NN-2NN | 2NN-3NN

0.2521

AE,, 0.4840

0.1552

0.1396 0.1192 -0.0030

Table 3: The formation energy difference of the transition state for boron diffusion in SigoGes versus pure silicon.

5. DIFFUSION

B diffusion in Si is interstitial mediated, with the BSSif
complex (substitutional boron and interstitial Si) the
lowest energy B/I structure. Diffusion occurs in a two-
step process from BgSil to a neighboring heaxgonal
site along a [311] direction and then to another B,Si7
structure in surrounding 6-membered ring. Using cal-
culations over a wide range of Ge configurations, we
are able to extract a discrete model for the energy of
B transition state as function of local Ge arrangement.
After we separate out the effect of global stress [17, 18],
we find that the dominant effect is for Ge within the 6-
membered ring surrounding target hexagonal site. The
model is parameterized in terms of the number of Ge
1st, 2nd and 3rd NN from B site in ring (Tables 2 and
3). The presence of Ge in proximity to the transition
state increases the migration energy. In the transition
states, B tends to shift away from Ge sites due to a
repulsive B;-Ge interaction. The increase in activation
energy is particularly large when Ge is present on both
sides of ring, which makes it difficult for B; to avoid
both during transition.

Averaging over possible Ge configurations, we per-
formed KLMC under anisotropic stress conditions. For
a given Ge configuration, the diffusion coefficient is
given as,

Dpy(&) = Z:Zroexp (_El:T(?)> X

) AXPAXE  (5)

> o (EE00)

where 'y is attempt frequency, Em1 is migration bar-
rier of the first hopping to hexagonal sites, £ 12 i3 sec-
ond migration barrier to lattice sites around a hex site,
and AX? ;i 1s pth component of hopping vector. We
find that the off diagonal elements of D, are all zero.
The diffusivity is statistically sampled by generating
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Figure 4: B diffusivity in strained SiGe. Moriya’s data
was matched with out-of-plane KLMC result at 20%
since it was reported in arbitrary units.

random Ge distributions and averaging to obtain the
ratio of diffusivity of B in SiGe to that in pure Si:

—SiGe 64 iGe
Do w30 psice g
55; N x 64 x D5i(0)

(6)

where N is number of samples for different Ge configu-
rations and 64 acounts for possible occupation sites of
B.

We calculated D33 (out-of-plane) and D11 (in-plane)
since biaxial stress produces anisotropic diffusion. The
KLMC results were compared to experimental data by
Moriya et al. [19], shown in Fig. 4. The change in in-
plane diffusivity is stronger than that in out-of-plane
diffusivity, which is consistent with Diebel’s prediction
[15]. We matched out-of-plane diffusivity with Moriya’s
at 20% since data was given in arbitrary units. KLMC
results give an excellent prediction of change in dif-
fusivities with Ge contents for strained SiGe. Both
strain effects and chemical effects are important. How-
ever, the chemical effects appears somewhat weaker



than suggested by data of Kuo et al. [10] who varied
both composition and strain independently. This may
be due to changes in dislocation structure of relaxed
SiGe modifying the point defect concentrations in the
experiments.

6. CONCLUSIONS

In conclusion, we used a combination of atomistic mod-
els, DFT and KLMC, to analyze the complex issues
associated with B diffusion and activation in nanoscale
Si devices. Using DFT, we developed general mod-
els which separate out global strain from local bind-
ing of B with Ge in Si;_,Ge, alloys for both substitu-
tional B as well as the B; transition state which con-
trols diffusion. The models were used to derive segre-
gation/activation and diffusion of boron as a function
of Ge content, plus any additional applied stress. We
found that the increase of segregation and activation in
strained Si;_,Ge, alloys is mainly due to the effect of
strain rather than binding, with model accurately pre-
dicting experimental observations. B diffusion in SiGe
is a complex system due to multi-step diffusion process,
anisotropic strain and multiplicity of local Ge arrange-
ments. By using DFT calculations spanning a range
of Ge configurations and strain conditions, we are able
to identify the mechanisms leading to retarded B diffu-
sion: a combination of local B;-Ge repulsion and global
strain interactions. Remarkably, KLMC using DFT pa-
rameters predicts experimental results accurately up to
50% Ge.
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