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A physical model is directly extended from the thermodynamic framework to deal with anisotropic
diffusion in uniaxially stressed silicon. With the anisotropy of the uniaxial strain induced activation
energy as input, two fundamental material parameters, the activation volume and the migration
strain anisotropy, can be quantitatively determined. When applied to boron, a process-device
coupled simulation is performed on a p-type metal-oxide-semiconductor field-effect transistor
undergoing uniaxial stress in a manufacturing process. The resulting material parameters have been
found to be in satisfactory agreement with values presented in the literature. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2362980�

Strain engineering has been widely recognized as an in-
dispensable performance booster in producing next-
generation metal-oxide-semiconductor field-effect transistors
�MOSFETs�.1,2 There have been two fundamentally different
methods used to achieve this goal:1,2 �i� biaxially strained
silicon on a relaxed SiGe buffer layer and �ii� uniaxially
strained silicon through the use of trench isolation, silicide,
and cap layers during the manufacturing process. However,
diffusion in strained silicon is essentially different from that
of unstrained silicon. Thus, an understanding of strain depen-
dent diffusion, as well as its control, is a challenging issue.
So far, there have been significant studies in this direction
covering a wide range of experimental findings and
confirmations,3–9 atomistic calculations,10–13 physical
models,10–16 and technology computer-aided design.17 Spe-
cifically, Cowern et al.5 experimentally revealed a linear de-
pendence of the activation energy on strain. Within the ther-
modynamic framework constructed by Aziz et al. �see Ref.
18, which is more recent and more thorough than the earlier

works cited above�, the activation volume �Ṽ� and the aniso-

tropy of the migration volume �Ṽ�
m− Ṽ�

m� exist in nature. The
combination of the activation energy, the activation volume,
and the anisotropy of the migration volume is remarkable, as
demonstrated in a physical model14–16,18 dedicated to both
the hydrostatic pressure experiment and the in-plane biaxial
stress experiment,

Ṽ +
3

2

Q33−biax�

Ybiax
= ± � + �Ṽ�
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�Ṽ�

m − Ṽ�
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where Q33−biax� is the biaxial strain induced activation energy
in the direction normal to the silicon surface, Ybiax is the
biaxial modulus, � is the lattice site volume, and Q11−biax� is
the biaxial strain induced activation energy in the direction
parallel to the surface.

On the other hand, in the case of uniaxial stress as en-
countered while fabricating the MOSFET, without the use of
a relaxed SiGe buffer layer, the stress is created through the
trench isolation, silicide, or cap layers in a manufacturing

process. Therefore, a straightforward extension to the
uniaxial strain counterpart is essential. In this letter, one such
model is derived and its linkage to the case of biaxial strain,
Eqs. �1� and �2�, is established. When applied to boron, a
process-device coupled simulation is performed on a p-type
MOSFET undergoing uniaxial stressing during the manufac-
turing process, followed by a systematic assessment of the
fundamental material parameters.

According to Aziz14 and Aziz et al.,18 in the case of
equilibrium or a quickly equilibrated point defect, the effect
of stress on the dopant diffusivity in the direction normal to
a �001� surface can be written as

D33���
D33�0�

= exp���Vf + Ṽ33
m �

kBT
� . �3�

Here the product of the stress tensor � and the formation
strain tensor Vf is the work done against the stress field in
defect formation, the product of the stress tensor � and the

migration strain tensor Ṽ33
m is the work required for the tran-

sition in the migration path, kB is Boltzmann’s constant, and
T is the diffusion temperature. The tensor Vf involves the
creation or annihilation of a lattice site, followed by a relax-
ation process,14,18

Vf = ± ��0

0

1
	 +

Vr

3 �1

1

1
	 . �4�

The � sign denotes vacancy formation and the � sign rep-
resents interstitial formation. The relaxation volume propa-
gates elastically to all surfaces, resulting in a change in the

volume of the crystal by an amount Vr. Ṽ33
m is expected to

have the form14,18

Ṽ33
m = �Ṽ�

m

Ṽ�
m

Ṽ�
m
	 . �5�

In Eq. �5�, Ṽ�
m and Ṽ�

m, respectively, reflect the dimension
changes perpendicular and parallel to the direction of the net
transport when the point defect reaches its saddle point.14,18

Aziz further defined the activation volume as the sum of thea�Electronic mail: chenmj@faculty.nctu.edu.tw
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three diagonal elements of the formation strain tensor and the
migration strain tensor, as expressed by

Ṽ = ± � + Vr + 2Ṽ�
m + Ṽ�

m. �6�

It is well recognized12 that when applying a uniaxial
stress in a certain direction parallel to the silicon surface, the
solid will modify its shape in order to minimize the energy of
the system. In other words, the solid will deform in such a
way that each surface perpendicular to the applied stress di-
rection becomes stress-free. The underlying stress tensor
therefore is

� = �uniax�1

0

0
	 . �7�

On the basis of Hooke’s law, �uniax in the linear elastic re-
gime can be related to the uniaxial strain �uniax induced in the
same direction: �uniax=Yuniax�uniax, where the uniaxial modu-
lus Yuniax= �C11−2�C12� with Poisson’s ratio �=C12/ �C11

+C12�. C11 and C12 are the elasticity constants. Analogous to
previous work,5 the uniaxial strain induced activation energy
in the direction normal to the �001� surface, Q33−uniax� , can be
linked to the underlying diffusivity,

D33��uniax�
D33�0�

= exp�−
Q33−uniax� �uniax

kBT
� . �8�

By combining Eqs. �4�, �5�, and �7� and equalizing Eqs.

�3�–�8�, one obtains Q33−uniax� /Yuniax =−Vr /3− Ṽ�
m . Again, by

incorporating Eq. �6�, the following expression is produced:

Ṽ + 3
Q33−uniax�

Yuniax
= ± � + �Ṽ�

m − Ṽ�
m� . �9�

It is then a straightforward task to derive the uniaxial strain
induced activation energy Q11−uniax� in the applied stress di-

rection: Q11−uniax� /Yuniax=−Vr /3− Ṽ�
m. Consequently, a similar

model is achieved,

Ṽ + 3
Q11−uniax�

Yuniax
= ± � − 2�Ṽ�

m − Ṽ�
m� . �10�

Obviously, the uniaxial strain version is closely related to its
biaxial counterpart: by comparing Eqs. �1� and �9�,
Q33−uniax� = �Yuniax/2Ybiax�Q33−biax� is obtained. Another
relation can then be readily derived: Q11−uniax�
=−�Yuniax/2Ybiax�Q33−biax� + �Yuniax/Ybiax�Q11−biax� .

To produce the experimental parameters in terms of the
anisotropy of the uniaxial strain induced activation energy, a
uniaxial stress experiment was carried out in terms of a
p-channel MOSFET in a state-of-the-art manufacturing
process.17 The channel length was maintained at 65 nm
while changing the spacing in the channel length direction
between the two trench isolation sidewalls. The topside lay-
out is detailed elsewhere.17 Under such a situation, the chan-
nel zone encounters a compressive stress from the nearby
trench isolation regions in the channel length direction. The
devices used are quite wide �10 �m�, meaning that the strain
in the channel width direction is relatively negligible. The
�001� silicon surface is supposed to be stress free. This hy-
pothesis has been validated using the sophisticated simula-
tions detailed in Ref. 17, which revealed that in the proxim-
ity of the silicon surface, the stress in the channel length

direction is much larger in magnitude than that in the direc-
tion normal to the surface. Therefore, the proposed physical
model can be adequately applied. The effect of changing the
spacing between the two trench isolation regions in the chan-
nel length direction is reflected in the measured saturation
threshold voltage, as displayed in Fig. 1. The negative shift
in the saturation threshold voltage with increasing stress �via
decreasing spacing between the trench isolation regions�
shown in Fig. 1 can be attributed to the retarded boron dif-
fusion.

A two-dimensional process-device coupled simulation,
as detailed in Ref. 17, was slightly modified by taking the
anisotropy of the boron diffusivity into account,

D33��t�
D33�0�

= exp�−
Q33−TCAD� �t

kBT
� , �11�

D11��t�
D11�0�

= exp�−
Q11−TCAD� �t

kBT
� . �12�

According to the work in Ref. 17 the total strain �t is the sum
of the three strain components: �xx in the channel length
direction, �yy in the channel width direction, and �zz in the
direction normal to the silicon surface. From the simulated
strain distributions, �t
�xx, leading to Q33−TCAD� �Q33−uniax�
and Q11−TCAD� �Q11−uniax� . The simulated saturation threshold
voltages for different values of Q33−uniax� and Q11−uniax� are
plotted in Fig. 1 for comparison. The figure clearly exhibits
that �i� the largest deviation occurs at Q33−uniax� =0 and
Q11−uniax� =0, the case of no stress dependencies; �ii� the most
accurate reproduction is achieved with the anisotropic acti-
vation energies, rather than the isotropic variety; and �iii� the
anisotropy of the activation energy must be adequate, that is,
Q11−uniax� =−7 eV per unit strain and Q33−uniax� =−3.5 eV per
unit strain are more favorable than Q11−uniax� =−3.5 eV per
unit strain and Q33−uniax� =−7 eV per unit strain.

FIG. 1. Measured p-MOSFET saturation threshold voltage vs the spacing
between the nearby trench isolation sidewalls in the channel length direc-
tion. Also shown are those �lines� from the process-device coupled simula-
tion with and without the strain induced activation energies. The reason that
the “no stress-dependent diffusion curve” is not entirely horizontal is due to
dopant segregation near the edges of the source/drain regions. Specifically,
the nonuniformity is caused by boron segregation occurring close to trench
isolation oxide during the thermal process. Although the affected profile is
not in vicinity of the MOSFET core region, a minor threshold voltage dif-
ference �
3 mV� between large and small active areas can still be observed,
even without the stress-dependent diffusion model.
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Prior to determining the fundamental material param-
eters, a systematic treatment, such as that indicated in Fig. 2,
is demanded. In Fig. 2 a series of straight lines of Q11−uniax� vs
Q33−uniax� are from Eqs. �9� and �10� for a literature

range15,16,18 of Ṽ and the migration strain anisotropy Ã

���Ṽ�
m− Ṽ�

m� /��.18 In the calculation procedure, the follow-
ing literature values were employed:19 �i� C11=168 GPa and
C12=65 GPa, giving rise to Yuniax=131 GPa and �=0.28; �ii�
�=2.26�10−23 cm3. The above experimental parameters

are also added to the figure. From the figure a set of Ṽ and Ã
can be clearly located around the data point. On the other
hand, uncertainties exist based on a series of literature data:

Ṽ=−0.16±0.05 �.18 Taking such uncertainties into account,
Fig. 2 reveals that the data point does match the upper limit,

that is, Ṽ=−0.21 �. The corresponding Ṽ�
m− Ṽ�

m in the vicin-
ity of 0.15 � is determined accordingly, falling within the
reasonable range.15,16,18 Such corroborating experimental
evidence further indicates that the transient enhanced diffu-
sion effect is relatively insignificant when compared to the
long-term diffusion times in the underlying manufacturing
process. Under such circumstances, the point defect is rap-
idly equilibrated relative to the entire diffusion time.

Finally, we quoted the existing ab initio calculations:12,13

Q11−biax� =−19.2 eV per unit strain and Q33−biax� =−13.9 eV per
unit strain, which were transformed via the aforementioned
relationship into the equivalent Q11−uniax� of −8.77 eV per unit
strain and Q33−uniax� of −4.975 eV per unit strain. In this pro-

cess, the Ybiax used was equal to 183 GPa according to
Ybiax= �C11+C12−�C12� with its Poisson’s ratio �=2C12/C11.
Evidently, the two data points are quite comparable to each
other, as displayed in Fig. 2.

A physical model dealing with anisotropic diffusion in
uniaxially stressed silicon is derived and is quantitatively
connected to the biaxial case. A process-device coupled
simulation is performed on a p-type MOSFET undergoing
uniaxial stress during the manufacturing process. A system-
atic treatment is conducted and the resulting fundamental
material parameters are in satisfactory agreement with litera-
ture values.
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