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Abstract - In the framework of k·p band calcu-
lation, we investigate the modulation of the low-
field mobility and the injection velocity of holes in
Si- and Ge-channel pMOSFETs under the uniaxial
and the biaxial strain. The contribution of the re-
laxation time and the conductivity effective mass
modulation on the mobility enhancement is sepa-
rately analyzed. Both the mobility and the injec-
tion velocity are enhanced most effectively by the
uniaxial compressive strain along the 〈110〉 chan-
nel.

1. INTRODUCTION

Strained Si MOSFETs have recently attracted great in-
terest because of their promising electronic properties [1].
Figure 1 shows the example of the strained-Si pMOSFET
technologies; Fig. 1(a) shows the combination of compres-
sive SiGe strain and embedded SiGe geometry inducing a
uniaxial compressive strain in the channel region [2], while
Fig. 1(b) illustrates the pMOSFET fabricated on the re-
laxed Si1−xGex substrate that can realize a large biaxial
tensile strain [3]. Moreover, the Ge-channels, whose carrier
mobility is known to be larger than Si [4], are also inten-
sively studied now [5]. In these “channel engineering” tech-
nologies, which are considered to be necessary for further
enhancement of MOSFET performance, the numerical sim-
ulation is essential especially for p-type channel design due
to the complicated valence band structure. Many theoreti-
cal calculations of 2D hole gas have been recently reported,
in most of which the modulation of low field mobility µ was
the main interest [6,7].

In this study, we investigate not only µ but also the
injection carrier velocity vinj, which becomes important in
ballistic transport regime [8,9], for the strained Si- and Ge-
channel pMOSFETs in the framework of the k · p band
calculation.
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Fig. 1: Schematic view of the strained Si pMOSFET structures.

(a) Uniaxial compressive strain [2] and (b) biaxial tensile strain [3].

2. CALCULATION METHOD

The subband structure for two dimensional hole states
has been obtained by solving the wave equation based on
the 6 × 6 Luttinger-Kohn Hamiltonian [10]. The effect of
the strain was taken into account according to the theory
of Bir-Pikus [11]. The values for the Luttinger parameters,
Bir-Pikus deformation potentials, and the spin-orbit split-
off energy were taken from [14,15]. The subband struc-
ture of p-type inversion layer was calculated by replacing
kz→−id/dz [12] in the Hamiltonian.

Figure 2 schematically illustrates the strain application
methods considered in this study. Figure 2(a) shows the
uniaxial compressive stress applied along the channel di-
rection. We have assumed that the channel width is un-
changed by the compressive strain, because the stress from
the trench wall would prevent the lattice expansion in the
direction of W . On the other hand, Fig. 2(b) shows the
case of the biaxial tensile stress. It was assumed that the
stress is applied uniformly over the channel layer. Then the
strain is defined by the following equation:

e ≡ l − l0
l0

, (1)

where l and l0 are the crystal size after and before applying
the stress, respectively.

This study focuses on the two quantities characterizing
the carrier transport in two extreme cases as illustrated in
Fig. 3. The low-field mobility µ has been a key parameter
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Fig. 2: Schematic view of the strain application methods. The

dotted and the solid lines show the lattice before and after the

stress application, respectively. The arrow is a direction vector

of the stress. (a) Uniaxial compressive strain. (b) Biaxial tensile

strain.
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Fig. 3: Schematic view of the hole distribution in k-space assumed

to evaluate low-field mobility µ (a) and injection velocity vinj (b).

The average group velocity of the holes distributed in the shaded

area has been computed.

for determining the device performance, and is considered
to have physical significance still in the nanoscale regime as
a measure of the mean-free-path [13]. On the other hand,
the injection carrier velocity at the source edge, vinj, is sug-
gested to be important under full-ballistic transport condi-
tion [8,9]. In this study, these values have been numerically
computed from the realistic subband structure using the
following equations:

µθ ≡
∑

nk eτ(n,k)v2
θ(n,k)∂f0

∂E∑
nk f0(E)

, (2)

vinj,θ ≡ 1
2

∑
nk |vθ(n,k)|f0(E)∑

nk f0(E)
, (3)

where e is the elementary charge, τ(n,k) is the momentum
relaxation time for the hole with the in-plane wave vector k
in the subband index n, vθ(n,k) is the group velocity com-
ponent along the θ-direction, and f0(E) is the equilibrium
Fermi function for holes of energy E(n,k). To perform
the numerical integration in Eqs. (2) and (3), the 2D Bril-
louin zone was divided into 100× 100 equally spaced mesh
points, and the linear interpolation was adopted for the E-
k relation. For τ(n,k), in this study, we have taken into
account the acoustic phonon scattering only, for which the
parameters given in [16] were used. In all the calculations
presented later, the surface field Fs = 1 MV/cm, the hole
sheet density ns = 1× 1013 cm−2, and the temperature of
300 K were assumed.

3. RESULTS AND DISCUSSION

To examine the validity of the present model, the cal-
culated mobilities were compared with experimental data
[17] as shown in Fig. 4, where the good agreements are
confirmed. Figures 5 and 6 show µ and vinj as a function
of uniaxial and biaxial strain for Si-pMOSFETs with the
channel along 〈110〉 and 〈100〉 directions. The µ and vinj
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Fig. 4: Comparison of simulated (lines) and experimental [17]

(symbols) hole mobilities under a uniaxial strain along 〈110〉 di-

rection. The channel direction θ is varied from 0◦ to 90◦.
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Fig. 5: Low field mobility of holes in Si-pMOSFETs with 〈110〉
(solid line) and 〈100〉 (dashed line) channel as a function of (a) uni-

axial and (b) biaxial strain. The calculated results are normalized

with respect to the values for the unstrained 〈110〉 channel.
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Fig. 6: Injection velocity of holes in Si-pMOSFETs with 〈110〉
(solid line) and 〈100〉 (dashed line) channel as a function of (a)

uniaxial and (b) biaxial strain. The calculated results are normal-

ized with respect to the values for the unstrained 〈110〉 channel.
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Fig. 7: µ (solid line) and the average effective conductivity mass

〈1/m∗
c〉 (dashed line) of holes in 〈110〉 channel Si-pMOSFETs as a

function of (a) uniaxial and (b) biaxial strain.

are significantly modulated by the uniaxial strain especially
in the case of 〈110〉 channel, while the 〈100〉 channel is less
sensitive to the strain.

The mobility modulation originates from the change of
both the conductivity mass m∗

c and τ (remind that µ =
eτ/m∗

c) [12,16]. In Fig. 7, we have evaluated the effective
conductivity mass by substituting eτ = 1 into Eq. (2) as

〈
1

m∗
c

〉

θ

≡
∑

nk v2
θ(n,k)∂f0

∂E∑
nk f0(E)

. (4)

The modulation of vinj shows a strong correlation with m∗
c .

In addition, µ is also affected by τ , which increases signif-
icantly under the uniaxial compressive strain through the
subband splitting (see Fig. 8 (a)) and the consequent sup-
pression of the intersubband scattering. On the other hand,
as shown in Fig. 7 (b), µ decreases under the small biaxial
tensile strain. This is because the energy splitting between
the ground and first exited subbands once decreases and
then increases with the biaxial tensile strain as confirmed
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Fig. 8: Subband energies of 2D holes as a function of (a) uniax-

ial and (b) biaxial strain. The dashed lines represent the Fermi

energies at ns = 1× 1013 cm−2.

in Fig. 8 (b).
Figures 9 and 10 show µ and vinj for Ge-pMOSFETs.

The higher µ compared with the Si-channels, which has
been also reported experimentally [1], is mainly due to
the larger τ rather than the smaller m∗

c as is confirmed
in Fig. 11. This originates from the larger energy splitting
(>∼ 100 meV) between the ground and the first excited
subbands as shown in Fig. 12.

It is well known that the mobility of the unstrained
pMOSFETs on (100) surface is isotropic because of the
four-fold symmetry of the system [18]. This law does not
apply to the injection velocity; in the case of Ge-channel,
the anisotropy vinj,〈110〉 > vinj,〈100〉 even in the unstrained
condition can be clearly observed in Fig. 10, which origi-
nates from the warped valence band structure (see Fig. 13).
On the other hand, as shown in Fig. 6, the anisotropy of
vinj for unstrained-Si channel is insignificant, because a rel-
atively large fraction of holes occupy the excited as well as
the ground subbands, and hence the Fermi energy is lower
and the holes are distributed in the smaller area in k-space,
where the band structure is not so warped.

The experimentally demonstrated higher current driv-
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Fig. 9: µ of holes in Ge-pMOSFETs as a function of uniaxial and

biaxial strain. The calculated results are normalized with respect

to the values for the unstrained 〈110〉 Si-channel.
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Fig. 10: vinj of holes in Ge-pMOSFETs as a function of uniax-

ial and biaxial strain. The calculated results are normalized with

respect to the values for the unstrained 〈110〉 Si-channel.
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Fig. 11: µ and 〈1/m∗
c〉 in 〈110〉 channel Ge-pMOSFETs as a func-

tion of (a) uniaxial and (b) biaxial strain. The calculated results

are normalized with respect to the values for the unstrained 〈110〉
Si-channel.

� � � ��
�����
��� �
��� �
��� �
��� 	


���
���� �������

� �� �
� �
�� � 
!"  
�#
$ %
& �
'(

)+*-,/.�0�1 *3241 *�57698;:�*�1 0

<>=
? �@�A�CB

� � � �

���
���� �������

);D�,ED41 *3241 *F576G8H:�*�1 0

<>=
? �@�A�3B

Fig. 12: Subband energies in 〈110〉 channel Ge-pMOSFETs as a

function of (a) uniaxial and (b) biaxial strain. The dashed lines

represent the Fermi energies at ns = 1× 1013 cm−2.

ability of 〈100〉 rather than the conventional 〈110〉-channel
[19] could be explained in terms of neither µ nor vinj. In or-
der to clarify the mechanism of this observation, the infor-
mation about more realistic electron distribution function
than those assumed in this study (Fig. 3) is necessary, and
the further investigations using, for example, the Monte
Carlo simulations are required.

4. SUMMARY

We have numerically investigated the performance mod-
ulation of p-type Si- and Ge-MOSFETs with 〈110〉 and
〈100〉 channels under to the uniaxial and the biaxial strain.
Both µ and vinj are enhanced most effectively by the uni-
axial compressive strain along the 〈110〉 channel. The con-
tribution of τ and m∗

c on the mobility enhancement has
been separately analyzed, and it has been shown that the
enhancement of µ is more pronounced than vinj due to the
modulation of τ as well as m∗

c . Moreover, in Ge-channel the
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Fig. 13: Equienergy lines (step 20 meV) in the lowest subband

for the Si- and Ge-channel pMOSFETs. The thick lines represent

the Fermi surface at ns = 1× 1013 cm−2.

higher µ can be expected compared with the Si-channels
due to the larger τ , which originates from the larger sub-
band splitting energy.
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