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Investigation of strain effect on the hole mobility in GOI tri-gate
pFETs including quantum confinement
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The strain impact on hole mobility in the GOI tri-gate pFETs is investigated by simulating the strained Ge with
quantum confinement from band structure to electro-static distribution as well as the effective mobility. Lattice mismatch
strain induced by HfO2 warps and reshapes the valence subbands, and reduces the hole effective masses. The maximum
value of hole density is observed near the top corners of the channel. The hole density is decreased by the lattice mismatch
strain. The phonon scattering rate is degraded by strain, which results in higher hole mobility.
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1. Introduction
The continuous downscaling of the planar metal–oxide–

semiconductor field-effect transistor (MOSFET) has boosted
the performance of the transistor over the last decades. Due to
the short channel effects (SCEs), it is difficult to scale the gate
length of the planar MOSFET down to sub-20 nm. Various
multi-gate MOSFETs, such as FinFET and tri-gate MOSFET,
are proposed as substitution architectures of the planar MOS-
FET for the excellent immunity to performance variation and
short channel effects.[1–3] Germanium with high intrinsic mo-
bility is used as one of the alternative channel materials.[4,5]

Previous work indicates that strain, such as mechanical stress
and lattice mismatch strain, is induced into the channel due
to the integration of strain engineering, which will modify
the electronic structure of the semiconductor and influence
the carrier transport characteristics of the device.[6,7] However,
few works investigate the effective mobility in Ge non-planar
MOFETs with strain and quantum confinement at the same
time.

In this work, we calculate the strain distribution and the
valence subband structure of the GOI tri-gate pFETs sur-
rounded by high-k dielectric (HfO2). The quantum-confined
hole density distribution in both strained and unstrained de-
vices are also compared. Finally, the effective hole mobility is
investigated.

2. Simulation method and device structure
The schematic cross section of the tri-gate GOI p-channel

metal–oxide semiconductor (PMOS) is shown in Fig. 1. The
height and the width of the germanium channel are both
10 nm, and the thickness of the high-k gate dielectric is 2 nm.

The origin of the x–y plane is located at the center of the chan-
nel. The strain distribution induced by HfO2 is computed by
the continuum elastic model.[8–10] The valence band structure
is calculated by the 6× 6 𝑘 · 𝑝 method, in which the strain
is included as a perturbation Hamiltonian.[11–13] The two-
dimensional Poisson–Schrödinger[14,15] self-consistent solver
is developed to evaluate the confinement of the tri-gate on
the hole density distribution on the transverse plane. The
Schrödinger equation and the Poisson equation are expressed
as: [

− h̄2

2m∗
∇

2 +U (x,y)
]

ψ (x,y) = Eψ (x,y) , (1)

∇ [εr∇U (x,y)] =−q2

ε0
[p(x,y)− p0] , (2)

where m∗ is the hole effective mass and ψ (x,y) is the wave
function of eigenenergy E. εr is the relative dielectric permit-
tivity of Ge and HfO2. p(x,y) and U (x,y) are the hole density
distribution and potential distribution, and

p(x,y) = ∑
i
|ψi (x,y)|2

∫ +∞

Ei

f (E−EF)g(E) dE.

With the two-dimensional (2D) Poisson–Schrödinger
self-consistent solver, we can calculate the potential and hole
density distributions in the tri-gate GOI pFETs with quantum
confinement. The strain impact on the hole density distribu-
tion can be included through the hole effective mass (m∗) in
Eq. (1), which can be extracted from the valence band struc-
ture.

The acoustic-phonon-limited hole mobility and the
optical-phonon-limited hole mobility are calculated using the
Kubo–Greenwood formula.[16,17] The acoustic phonon scat-
tering rate and the optical phonon scattering rate are expressed
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where τac (E) and τop (E) are the momentum relaxation times
for acoustic phonon scattering and optical phonon scattering,
respectively. Σd is the acoustic deformation potential, Dop

is the optical deformation potential, and h̄ωγ is the optical
phonon energy. The parameters for scattering in Ge are em-
ployed from Ref. [18].
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Fig. 1. (color online) The Cross-sectional view of tri-gate GOI PFET.

3. Results and discussion

3.1. Strain distribution and valence band structure

The principle strain distributions along the x axis (εxx), y
axis (εyy), and z axis (εzz) in the strained GOI tri-gate pFET are
shown in Fig. 2. The lattice constant of HfO2 is 0.5116 nm,
which is smaller than that of germanium (0.5646 nm). Thus,
the principle strain εzz is compressive (−0.06278) in the chan-
nel. εxx is tensile near the BOX and compressive near the top
of the channel. However, εyy is compressive near the BOX and
tensile near the top of the channel.

The valence band structures of the simulated devices are
revealed in Fig. 3. In the unstrained device, the maximum en-
ergy of the valence band is −27.29 meV. The hole effective
masses of the three top-most subbands are 0.043m0, 0.085m0,
and 0.068m0 respectively. As shown in Fig. 3(b), the lattice
mismatch strain warps the valence subbbands more parabolic,
and moves the bands up, which leads to higher maximum
energy. The hole effective masses of the first, second, and
third subbands are 0.038m0, 0.047m0, and 0.047m0, which are
lighter than those of the unstrained GOI tri-gate pFETs.
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Fig. 2. (color online) The strain tensor component distribution along
the y axis (x = 0).
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Fig. 3. The valence band structure of different GOI tri-gate pFETs. (a): w/o
strain effect; (b): with strain effect.

3.2. The hole density distribution

Based on the 2D Poisson–Schrödinger self-consistent
solver, the hole density distribution and the potential distri-
bution in the GOI tri-gate pFETs under different gate biases
are calculated. Figure 4 plots the quantum-confined hole den-
sity distribution along the y axis (x = 0) in the unstrained GOI
tri-gate pFET with −1.0-V gate bias, and the classical hole
density is also presented. Compared with the classical case,
the position of the highest hole density moves to the center
area of the channel, and more holes distribute near the center
area of the channel due to the quantum effects. When the gate
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Fig. 4. (color online) The classical and quantum-confined hole density
distribution along the y axis (x = 0) in the unstrained GOI tri-gate pFET
(VG =−1.0 V).
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bias is −1.0 V, the inversion hole density of the classical case
is 1.22× 108 cm−1, and that of the quantum-confined case is
only 4.22×107 cm−1, which is 65.4% lower than the previous
one.

Figures 5(a) and 5(b) plot the hole density distribution at
−1.0-V gate voltage in the unstrained and strained devices re-
spectively. As shown in Fig. 5, the hole density distribution is
axially-symmetrical in both unstrained and strained devices,
and the axis of symmetry is the y axis (x = 0). Higher hole
density distribution is observed at the top corners and bot-
tom corners of the channel. In the unstrained GOI tri-gate
pFET, the highest value of hole density near the top corners
is 8.94×1019 cm−3. However, the highest value of hole den-
sity near the bottom corners is 6.63× 1019 cm−3, which is
lower than that of the top corners. Similar hole density distri-
bution is also observed in the strained device. The maximum
hole density near the top corners and the bottom corners are
4.48×1019 cm−3 and 3.92×1019 cm−3, which are lower than
those in the unstrained device.
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Fig. 5. (color online) The hole density distribution in the GOI tri-gate
pFETs (VG =−1.0 V), (a): w/o strain; (b): with strain.

Figures 6(a) and 6(b) show the hole density distribution
along the y axis (x = 0) in the GOI tri-gate pFETs. At low
gate bias, the holes mainly distribute near the center of the Ge
channel in both strained and unstrained devices. The hole den-
sity increases with increasing gate bias, and most of the hole
distributes near the top area of the channel at higher gate bias.
The maximum of the hole density is observed in the top area of
the channel. When the gate bias is −1.0 V, the maximum hole

density in the unstrained device is 6.30×1019 cm−3 as re-
vealed in Fig. 6(a), and the distance between the position of the
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Fig. 6. (color online) The hole density distribution along the y axis
(x = 0), (a): w/o strain; (b): with strain.
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Fig. 7. (color online) The potential distribution along the y axis (x = 0),
(a): w/o strain; (b): with strain.
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maximum hole density to the Ge–HfO2 interface is 1.60 nm.
However, those values of the strained device are 3.51 ×
1019 cm−3 and 2.56 nm respectively. The inversion hole den-
sity in the strained GOI tri-gate pFET is only 1.94×107 cm−1.
Figures 6(a) and 6(b) reveal that the lattice mismatch strain in-
duced by the HfO2 lowers the hole density in the GOI tri-gate
pFETs. It is because the DOS (density of states) is directly
proportional to the square root of the effective mass. Com-
pared with the unstrained GOI tri-gate pFET, the lighter hole
effective masses of the strained device lead to lower inversion
hole density. Figures 7(a) and 7(b) show the potential distri-
bution along the y axis (x = 0) in the GOI tri-gate pFETs. The
barrier increases with increasing gate bias, and the barrier of
the unstrained device is higher than that of the strained device
with the same gate voltage.

3.3. Hole effective mobility

Figure 8(a) illustrates the hole effective mobility in the
strained and unstrained GOI tri-gate pFETs under different
effective electric fields, both acoustic phonon scattering and
optical phonon scattering are considered. The hole mobility
decreases with increasing effective electric fields, and the hole
mobility is boosted by strain induced by HfO2. When the
effective electric field is 0.2 MV/cm, the hole mobility in the
unstrained device is 80.68 cm2·V−1·s−1, and the hole mobil-
ity in the strained device is 175.08 cm2·V−1·s−1, which is 2.2
times as high as the previous one. When the effective electric
field is 0.8 MV/cm, the hole mobility in the unstrained device
is 53.22 cm2·V−1·s−1, and the hole mobility in the strained
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Fig. 8. (color online) The hole mobility versus the effective electric
field (a), and the hole scattering rate with −1.0-V gate voltage (b).

device is 88.30 cm2·V−1·s−1, which is 65.9% higher than the
previous one. The hole scattering rate with −1.0-V gate volt-
age is shown in Fig. 8(b). A larger hole scattering rate is ob-
served in the unstrained device, which will lead to smaller hole
mobility. Table 1 summarizes the product of hole effective
mobility and inversion hole density (µ · p) in both strained and
unstrained GOI tri-gate pFETs. Higher µ · p is observed in the
strained device, which will lead to boosted drain current.

Table 1. The product of hole effective mobility and inversion hole
density in different GOI tri-gate pFETs. (Unit: cm·V−1·s−1).

Gate voltage/V
Type

Unstrained Strained

−0.5 1.02×109 1.08×109

−1.0 2.04×109 2.90×109

4. Conclusions
The effect of lattice mismatch strain on the hole trans-

port characteristics in the GOI tri-gate pFETs is investigated
including the quantum effect. Compressive strain induced by
HfO2 moves the valence subbands up, warps the band more
parabolically, and leads to lighter hole effective masses. The
maximum value of hole density is observed near the top cor-
ners of the channel. The strain degrades the potential of the
channel and results in less hole density in the strained device.
The lattice mismatch strain also decreases the phonon scatter-
ing rate and increases the hole mobility of the GOI tri-gate
MOSFET.
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