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The effects of strain and surface roughness scattering on the
quasi-ballistic characteristics of a Ge nanowire p-channel
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The effects of strain and surface roughness scattering on the quasi-ballistic hole transport in a strained gate-all-around
germanium nanowire p-channel field-effect transistor (pFET) are investigated in this work. The valence subbands are
shifted up and warped more parabolically by the influence of HfO2 due to the lattice mismatch. However, the boundary
force only shifts the subbands downwards and has little effect on the reshaping of bands. Strain induced by HfO2 increases
both the hole mobility and ON-current (ION), but has little effect on the hole mobility. The ION is degraded by the surface
roughness scattering in both strained and unstrained devices.
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1. Introduction
With the down-scaling of the complementary metal–

oxide–semiconductor (CMOS) devices, some kinds of non-
planar device architectures (such as Tri-Gate fin field-effect
transistors (FinFETs), Ω-Gate FinFETs, and gate-all-around
(GAA) metal–oxide–semiconductor field-effect transistors
(MOSFETs))[1] are investigated to continue the downscaling
of MOSFETs. Germanium is also considered as an alterna-
tive channel material due to its higher intrinsic carrier mobil-
ity than silicon.[2] Attention has been paid to the GAA Ge
nanowire (NW) MOSFET as one of the potential candidates
to further the technology roadmap: excellent suppression of
the short channel effects (SCEs), high achievement of sub-
threshold swing (SS) value and ON-current (ION).[3]

High permittivity (or high-k) dielectrics (such as HfO2)

and metal gates[4,5] are widely used to achieve the ultimate
equivalent oxide thickness (EOT) and boost the performance
of devices. Experimental work indicates that the process and
material-induced stress can influence the performance of an
NW device.[6] Carrier mobility is strongly dependent on strain
and surface conditions,[7,8] which will further affect the char-
acteristics of the strained device. However, there are few re-
ports on the quasi-ballistic characteristics of strained Ge NW
FETs. Therefore, the effects of different stressors and scat-
tering mechanisms on the performances of Ge NW FETs still
need further investigation.

We have presented the strain influence on the valence
band of a silicon nanowire in Ref. [9]. In the present work,
we calculate the strain tensor component distributions in the

GAA Ge NW pFETs induced by high-k dielectric (HfO2)

and boundary force (300 MPa). The influence of valence
band structure variation on strain is also studied. The effects
of strain-induced and surface-roughness-scattering-influenced
transport on the quasi-ballistic characteristics of Ge nanowire
pFETs are presented. The results are important to optimize
and develop the model for Ge NW FETs.

2. Simulation method and device structure
The device structure and corresponding parameters of the

simulated GAA Ge NW are shown in Fig. 1. The Ge NW is
cylindrical in shape, and its cross section in the x–y plane is
circlular. The radius of the cylinder Ge NW (RGe) is 4 nm,
and the thickness of the high-k dielectric (HfO2) (THfO2) is
2 nm. The axial direction of the Ge NW is (110), which is
the same as the transport direction of carriers from the source
to the drain (the z axis). The continuum elastic model[10,11]

and the finite element method[12,13] are used to calculate the
lattice-mismatch-induced and boundary-force-induced strains
in the Ge NW. The nanowires are assumed to be infinite in
the z direction.[14] For convenience, the basis vectors of the
coordinate system in the (110) Ge NW are selected as
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The 6× 6 𝑘 ·𝑝 method[15,16] is used to calculate the va-
lence band, in which the light holes, the heavy holes, and the
spilt-off bands are included. The strain is also considered as a
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perturbation Hamiltonian. This model works well in predict-
ing the valence band structure with (or without) the strain ef-
fects. The Kubo–Greenwood formula is employed to compute
the hole mobility limited by acoustic phonon scattering (ac),
optical phonon scattering (op), and surface roughness scatter-
ing (sr).[17–19] The surface roughness scattering rate is deter-
mined by the roughness of the Ge/HfO2 interface, which is
characterized by the correlation length L and the average step-
height ∆ .[17,18]
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Fig. 1. (color online) The Ge nanowire structure.

A quasi-ballistic model based on backscattering is used to
evaluate the I–V characteristics of the Ge NW pFETs. We use
McKelvey’s flux method[20] to illustrate the drain current and
decompose it into the positive and negative directed fluxes.
The positively directed flux J+ originates from the thermal
emission from the source. Owning to the presence of scatter-
ing, the negatively directed flux J− is comprised of two com-
ponents. One component (rJ+) is due to the backscattering
of the positively directed flux. Here, r is the backscattering
coefficient and expressed as[21–24]

r =
l

l +λ0
with λ0 =

kT
q
· 2µ

vT
, and vT =

√
2kT
πm∗

, (1)

where l is the critical length which is the gate length in the
linear region and the width of the “kT -layer” in the saturated
region; λ0 is the mean-free-path related to the carrier mobility;
vT is the unidirectional thermal velocity of the carrier injected
from the source side. As a result, the effect of the surface
roughness scattering can be included in r.

The other component of J− is the flux injected from the
drain which transmits to the source and is written as rJ−b .
Here, the subscript b denotes the negatively directed flux under
ballistic condition.[21] Adding the two components, the nega-
tively directed flux is expressed as

J− = rJ++(1− r)J−b . (2)

And the total drain current can be evaluated from

J = J+− J−. (3)

Equations (1)–(3) summarize the quasi-ballistic model
based on the scattering theory. Thus, we are able to evalu-
ate the effects of strain and surface roughness scattering on
the quasi-ballistic characteristics of the Ge NW pFETs.

3. Results and discussion

3.1. Strain tensor component distribution

Figure 2 shows the slice strain tensor component distribu-
tions along the x axis in the Ge NW with 2-nm HfO2 gate di-
electric and the same Ge NW under 300-MPa boundary force.
As shown in Figs. 2(a) and 2(b), compressive εxx and tensile
εyy are observed in the strained Ge NW. The boundary force
increases the compressive εxx and reduces the tensile εyy in the
device with HfO2. The shear strain εxy is very small in both de-
vices. The smaller lattice constant of HfO2 brings compressive
εzz (−0.0718) in germanium. However, the boundary force
applied to the HfO2 stretches the nanowire along the z axis
and degrades the compressive strain εzz (−0.0705) as shown
in Fig. 2(c).
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Fig. 2. (color online) Distributions of strain tensor components of (a)
εxx, (b) εyy, and (c) εzz along the x axis.
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3.2. Valence band structure

The valence band dispersions of the Ge NWs un-
der no strain, lattice-mismatch-induced strain (with HfO2),
and boundary-force-induced strain are respectively plotted in
Figs. 3(a), 3(b), and 3(c) each as a function of wave vector kz.
The energy maximum of the unstrained Ge NW is−77.6 meV.

The valence subband in the Ge NW with HfO2 is warped and
shifted up, and the energy maximum is 226.4 meV. As shown
in Fig. 3(c), the top energy of the Ge NW with both HfO2 and
boundary force is 199.0 meV, which is 27.4 meV lower than
that of the device with HfO2 only. Compared with HfO2, the
boundary force has little effect on the reshaping of the valence
subband.
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Fig. 3. Valence band structures of different (110) Ge NWs: (a) pure Ge NW, (b) Ge NW with HfO2, and (c) Ge NW with HfO2 and
300 MPa boundary force.

Figure 4 shows the values of hole effective mass of the top
five subbands in different Ge NWs. Compared with the bands
in the unstrained Ge NW, the warped bands in the strained de-
vices result in a light hole effective mass. The effective mass
of the first subband in the unstrained Ge NW is 0.111m0. How-
ever, the effective mass of the Ge NW with HfO2 is 0.036m0,
which is only 32% of the former one. The light effective mass
is favorable for the increment of the hole mobility. The ef-
fective mass in the Ge NW with both HfO2 and boundary
force is almost identical with that of the device with HfO2

only. This can be understood from Figs. 2(b) and 2(c), and the
small band-warping-difference results in little effective-mass-
variation.
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Fig. 4. (color online) Values of effective hole mass of the top five sub-
bands in different Ge NWs. The –o– curve and –4– curve are super-
posed on each other.

3.3. Hole mobility

Figure 5 shows the values of hole mobility in strained
and unstrained Ge NWs with different scattering mechanisms
under different effective electric fields. The hole mobil-
ity degenerates with the increase of effective electric field,
and increases in the strained device. The unapparent dif-
ference in hole effective mass induced by boundary force
also leads to little mobility variation. At low effective elec-
tric field, the surface roughness scattering has little effect on
hole mobility.[11] In the unstrained Ge NW, the hole mobility
is about 430 cm2·V−1·s−1, when the effective electric field
is 0.5 MV/cm. However, the hole mobility of the strained
Ge NW is about 780 cm2·V−1·s−1, which exhibits 1.81 times
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Fig. 5. (color online) Values of effective hole mobility in different Ge
NWs with different scattering mechanisms.
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mobility gain over the unstrained one and coincides with the
experimental result in Ref. [25]. It can be understood by
the degraded hole effective mass as shown in Fig. 4. In the
case of high effective electric field, the mobility is degraded
by the surface roughness scattering. It is because the surface
roughness scattering increases with the effective electric field
increasing.[17,19]

3.4. Quasi-ballistic characteristics

Figure 6 shows the IDS–VGS characteristics of the Ge
NW with HfO2 under different scattering mechanisms, respec-
tively. The drain current is degraded by the surface-roughness-
limited mobility, which results in a smaller mean-free-path and
a higher backscattering coefficient.[16] Moreover, larger degra-
dation is observed at higher gate bias. This can be illustrated
by Fig. 4, the surface roughness scattering leads to larger mo-
bility degradation at higher |VGS| and increases the backscat-
tering coefficient.
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Fig. 6. (color online) The IDS–VGS characteristics of Ge NW pFETs
with HfO2.

Table 1. Values of ON-current (ION) of different Ge NW pFETs with
different scattering mechanisms and stressors. (|VGS|= |VDS|= 0.90 V
and ION is in µA).

Scattering Stressor
mechanism Unstrained HfO2 HfO2 + force

ac+op 17.9 29.6 25.9
ac+op+sr 13.7 24.6 21.8

Table 1 summarizes the values of the ON-current (ION) of
different Ge NW pFETs with different scattering mechanisms
and stressors. For the unstrained Ge NW pFETs, the ION af-
fected by the phonon-limited mobility is 17.9 µA. The ION

of the device with HFO2 is 29.6 µA, which is 65.4% higher
than the former one. Larger hole mobility leads to smaller
backscattering coefficient and thus larger ION. Compared with
the value of ION in the device with HfO2 only, the ION is de-
graded by the boundary force. It is because the less up-shifted
valence band (Fig. 3(c)) results in less carrier density. The
values of ION of the unstrained and strained device are both

degraded by the surface-roughness-limited mobility. The ION

decrement of the unstrained device is 23.5%. The current
degradation in the Ge NW with HfO2 only is 16.9%, and that
of the device with both HfO2 and boundary force is 15.8%. It
can be explained by Fig. 5 that the effective hole mobility is
degraded by the surface roughness scattering at high gate bias.

Figure 7 shows the backscattering coefficients of the de-
vices with HfO2 each as a function of gate length under differ-
ent drain bias. The surface-roughness-limited mobility gives
rise to higher backscattering coefficient. The backscattering
coefficient increases with gate length increasing and drain bias
decreasing.
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Fig. 7. (color online) Backscattering coefficients of Ge NW pFETs with
HfO2.

4. Conclusions
The effects of phonon-limited hole mobility and surface-

roughness-limited hole mobility on the performance of a
strained Ge NW pFET are investigated in this work. The sur-
face roughness scattering gives rise to higher backscattering
coefficient and results in 16.9% ON-current decrement in the
Ge NW pFET with HfO2 only. The boundary force also re-
duces the current, and the degradation due to surface rough-
ness scattering is 15.8%. The backscattering coefficient in-
creases with increasing gate length and lower drain bias.
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