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Abstract—The electrical characteristics of <110> n/p Ge 

nanowire transistors (NWTs) with the cross section of 6×6nm2 
have been studied. The ION performance and the subthreshold 
swing are simulated by multi-subband Boltzmann transport 
equation and ballistic quantum transport solvers, respectively. 
The performance of <110> nGe NWTs is sensitive to the barrier 
height of interfacial layer due to highly-anisotropic Λ-valleys. 
The dimension-dependent k·p parameters based on tight-binding 
full band are used to address the strong confinement of pGe 
NWTs. Comparing to Si NWTs, the intrinsic ION is twice as high 
for both n/p Ge NWTs at 28nm channel length. As the channel 
length is scaled down, such ION benefit is maintained till the 
tunneling effect comes in and degrades the subthreshold swing. 
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to-drain tunneling, CMOSFETs 

I.� INTROUDUCTION 
Germanium (Ge) is one of the promising materials for 

CMOS technology due to its high electron and hole mobilities. 
The highly anisotropic � valleys with multiple degenerate 
states also provide sufficient density-of-states (DOS) in Ge 
nFETs, which is not the case in III-V devices. The only 
problem is that the small bandgap in Ge results in large band-
to-band tunneling (BTBT) leakage at the OFF state [1]. To 
solve the issue, the gate-all-around (GAA) structure is used to 
enlarge the effective bandgap. After geometrical quantum 
confinement with 6×6nm2 square cross section, the direct 
BTBT (i.e., �v��c) would be largely suppressed since the 
small effective mass at � valley (i.e., m*=0.048m0) results in 
large direct bandgap after quantum confinement and the 
indirect BTBT should be in the acceptable range since the 
indirect bandgap (i.e., �v��) approaches to 1eV. Therefore, 
the device performance and the gate length scalability will be 
the next questions to answer. In this article, we simulate <110> 
Ge nanowire transistors (NWTs) with 6×6nm2 cross section. 
The multi-subband Boltzmann transport equation (MSBTE) 
with the major scattering mechanisms in MOSFETs is used to 
estimate ON state performance [2]. The ballistic quantum 
transport solver is applied for addressing the source-to-drain 
tunneling (SDT) current [2, 3]. In addition, the finite barrier 
height between interfacial layers (ILs) and semiconductor 
interface is considered for conduction band in nNWTs. The 
dimension-dependent k.p parameters are used for valence band 
in pNWTs. The simulated transfer characteristics of Ge NWTs 

show ~2×ION of Si NWTs achieved for both nFET and pFET. 
Furthermore, the ballistic ratio (BR) is extracted and compared 
with the experiments in order to validate our scattering 
assumption and prediction power. Finally, we examine the 
scalability of Ge NWTs with the subthreshold swing 
degradation due to SDT and the result is also compared with 
the case of Si NWTs. 

II.� SIMULATION METHODOLOGY 

TABLE I. � BAND PARAMETERS USED IN SIMULATIONS FOR GERMANIUM 
NANOWIRE. 

Electron:  
ml_Δ [m0] 0.952 
mt_Δ [m0] 
α_Δ [eV-1] 

0.202  
0.38 

ml_Λ [m0] 1.588 [4] 
mt_Λ [m0] 
α_Λ [eV-1] 
m_Γ [m0] 
α_Γ [eV-1] 

0.08152 [4] 
0.27 
0.048 
1 

Hole (<110> 6×6nm2):  
γ1 11.56 
γ2 
γ3 
ΔSO [eV] 

3.24 
4.91 
0.29 

 

In the work, the electron and hole transport are solved by 
MSBTE and Poisson equation self-consistently [2]. The 
effective mass and nonparabolicity of the different conduction 
valleys (i.e., �, �, Γ) are extracted from the bandstructure and 
DOS simulated by empirical pseudopotential method [5, 6]. 
For the valence band, the three-band k·p parameters for the 
specific wire geometry are obtained by fitting the results of 
tight-binding method [7]. The extracted band parameters are 
listed in Table I. Since Ge possesses highly anisotropic 
effective masses at � valley, the eigen-energy states between 
with and without considering wavefunction penetration into 
ILs [8] are different especially for <110> Ge nNWTs. 
Therefore, the band offsets and oxide effective masses derived 
from the gate tunneling experiments [9, 10] are used to 
calculate the eigen-energy for the different ILs applied on Ge 
nNWTs. To simplify our simulation, no interface trap density 
between ILs and Ge is considered (i.e., Dit=0). For the 
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dissipative transport simulation, we include scattering 
mechanisms of acoustic phonon, optical phonon, surface 
roughness, and ionized impurity. The scattering parameters 
related to bulk are obtained from Ref. [11]. The parameters 
affected by ILs (i.e., Dac, �sr, �sr) are obtained by fitting the 
long change mobility vs. inversion charge density and 
temperature in Si FinFETs [7]. In our simulation, Si NWTs and 
Si FinFETs share the same scattering parameters. For Ge 
NWTs, we keep the same roughness parameters (i.e., �sr, �sr) 
as that of Si. The acoustic deformation potential (i.e., Dac) of 
Ge NWTs is obtained by keeping the Dac ratio between Si and 
Ge bulks [11]. For the quantum transport simulation, quantum 
transmitting boundary method (QTBM) is used to calculate the 
transmission coefficient under the barrier. Afterwards, the 
transmission coefficient is replaced by the position-dependent 
generation and recombination rates for SDT current calculation 
[2]. To validate the methodology, the ballistic IV 
characteristics are compared with the IV obtained by sp3d5s* 
non-equilibrium Green’s function (NEGF) [3]. Since both 
results show a good agreement and the computational cost in 
effective mass approximation (EMA) QTBM is cheaper than 
that in sp3d5s* NEGF, the SDT effect shown in the work is 
calculated by EMA QTBM. 

III.� RESULT AND DISCUSSION 
Fig. 1 compares the subband structures of 6×6nm2 <110> 

nGe NWTs for closed (i.e., infinite barrier height) and open 
boundary (i.e., finite barrier height) conditions at Ge/IL 
interface. 
 

 
Fig.1 The bandstructure of 6×6nm2 <110> nGe NWTs for closed (i.e., infinite 
barrier height) and open boundary (i.e., finite barrier height) conditions at 
Ge/IL interface. There are two groups of valleys named L1,L2 (red): low 
transport and high confinement masses; L3,L4 (black): high transport and low 
confinement masses. The fermi-level is at zero energy and the charge density 
for both cases are around 5e12 cm-2. For the open boundary, the ground state 
energy of L3,L4 valleys becomes lower than the Fermi-level, which increases 
the population of L3,L4 valleys. This effect arises because of the highly 
anisotropic Ge conduction band at Λ (ml=1.59 m0 and mt=0.082 m0). 

 

There are two groups of valleys named L1, L2 (red): low 
transport and high confinement masses; L3, L4 (black): high 
transport and low confinement masses. The fermi-level is at 

zero energy and the charge density for both cases are around 
5e12 cm-2. For the open boundary condition, the ground state 
energy of L3, L4 valleys becomes lower than the Fermi-level, 
which is not seen for the closed boundary condition. The 
difference comes from the nature of highly anisotropic � 
valley in Ge (ml=1.59 m0 and mt=0.082 m0). Since the 
subbands with the lighter confinement effective mass would 
have stronger “communications” with ILs ( � ���� ��	�� �
� � �
� �
� ��	
 �
� �), the obvious difference is shown in Fig. 1. This 
change would further modify the population of different 
valleys and affect the averaged effective mass and ballistic 
velocity. Fig. 2 shows the IV characteristics of nGe NWTs with 
different ILs at VDS=0.7V. We consider low-barrier IL (red), 
high-barrier IL (black), and with closed boundary condition 
(dash) in Fig. 2. The energy discontinuity at IL/Ge interface 
used for low-barrier IL and high-barrier IL are ~1 eV and ~3 
eV, respectively. The Ge NWTs with low-barrier IL shows 
higher current than that with high-barrier IL. The main reason 
is that the wire with low-barrier IL has more inversion charge 
density than that with high-barrier IL due to denser subbands as 
shown in Fig. 1. We also check the velocity for these cases. 
Although the wire with low-barrier IL has the smaller ballistic 
velocity than that with high-barrier ILs, the “spread” of the 
wavefunction in the wire with low-barrier IL mitigates phonon 
and surface roughness scatterings and eventually both cases 
have the comparable injection velocities. 

 

 
Fig.2 The transfer characteristics of 6×6nm2 <110> nGe  NWTs at VDS=0.7V 
for low-barrier IL (red), high-barrier IL (black), and with close boundary (C.B.) 
condition (dash). The energy discontinuity at IL/Ge interface used for low-
barrier IL and high-barrier IL are ~1 eV and ~3 eV respectively. 

 

The intrinsic (i.e., Rext~0) ID-VGS with VDS=0.7V for both 
6×6nm2 <110> n/p Ge (red) and Si (black) NWTs at LG=28nm 
are shwon in Fig. 3. Both n and p Ge NWTs show ~2× ION 
comparing to Si NWTs at the same IOFF. The Ge pNWT even 
outperforms the Si nNWT although the long channel mobility 
of the Ge pNWT is lower than that of the Si nNWT. This is 
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attributed to the high ballistic velocity in the Ge pNWT. Since 
the inversion charge density in the Ge nNWT is comparable to 
that in the Si nNWT, the high ballistic velocity of the Ge 
nNWT again beats that of the Si nNWT. 

 

 
Fig.3 Simulated ID-VGS with VDS=0.7V for both 6×6nm2 <110> n/p Ge (red) 
and Si (black) NWTs at channel length=28nm. Both n and p Ge NWTs show 
~2× ION comparing to Si NWTs at the same IOFF. 
 

 
Fig.4 Ballistic ratio of n (square) / p (circle) Ge (red) and Si (black) NWTs 
versus effective channel length Leff. The simulation results are empty symbols 
with dimension 6×6nm2, and the results extracted from experiments are solid 
symbols: n/p Si NWTs are from Ref. [12] with diameter ~8nm, and nGe 
NWTs are from Ref. [13] with dimension ~10×40nm2. 
 
In order to validate our scattering assumption and our 
prediction power, we compare the simulated BR with 
experimental BR [12, 13]. Fig. 4 shows the BR of n (square) / p 
(circle) Ge (red) and Si (black) NWTs versus effective channel 

length Leff. The simulation results are empty symbols with 
dimension 6×6nm2. The results extracted from experiments are 
solid symbols: n/p Si NWTs are from Ref. [12] with diameter 
~8nm, and nGe NWTs are from Ref. [13] with dimension 
~10×40nm2. The BR of nFET is higher than that of pFET, and 
the BR of both n and p devices increase as Leff decreases. Fig. 4 
shows that our simulations follow the trend lines well. 
Although the scattering parameters are extracted from the long 
channel mobility of Si FinFETs, we find that our model can 
capture the device I-V (not shown here [14]) and BR well for 
both Si and Ge NWTs without tuning any scattering parameters. 
Our simulation even shows that nGe NWTs with Leff=12nm is 
approaching to ballistic transport due to the long backscattering 
mean-free-path and short critical length [15]. 

 

 
Fig.5 The subthreshold swing as a function of the normalized length, which is 
defined by the channel length Lch deviding by the nature length λ [16], for 
nGe (circle) and nSi (square) NWTs. The quantum and classical treatments of 
electron transport are solid and empty symbols respectively. Ge NWTs show 
stronger direct source-to-drain tunneling (SDT) than Si NWTs due to the 
lower bandedge mass. 

 

From the BR point of view, Ge NWTs enjoy the benefit 
from gate length scaling over Si NWTs. However, the 
electrostatic control and SDT could decline the benefits. Fig. 5 
shows the subthreshold swing versus the normalized gate 
length for 6×6nm2 Ge (circle) and Si (square) nNWTs. The 
normalized gate length is defined by the channel length Lch 
deviding by the nature length λ [16]. The quantum and 
classical treatments of electron transport are solid and empty 
symbols, respectively. For the classical treatment, the 
subthreshold swing of Ge and Si nNWTs are similar at the 
same normalized length because the difference between the 
dielectric constants of Ge and Si is compensated. However, the 
quantum treatment shows that the subthreshold swing of Ge 
nNWTs increases exponentially as the channel length scales 
down, which is unapparent in Si nNWTs. The SDT current 
under the barrier contributes the difference, which is caused by 
the low transport mass (~0.09 m0) at the band edge of <110> 
Ge NWTs [17]. 
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IV.� CONCLUTION 
Energy discontinuity at IL/Ge interface has significant 

impact on device performance especially for nGeNWTs. The 
smaller energy discontinuity at IL/Ge interface delivers better 
performance for the ideal gate dielectric interface. Based on the 
thoroughgoing band parameters and the scattering parameters 
calibrated by the long channel mobility of Si FinFETs, our 
model captures BR and IV characteristics well for both n/p Ge 
and Si NWTs. Ge GAA CMOS shows twice the intrinsic ION of 
Si GAA CMOS at 28nm channel length. As the channel length 
scales down, the striking ION benefit is maintained till the 
source-to-drain tunneling current dominates the subthreshold 
swing. 
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