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Full Band Monte Carlo Smulation of Electron Transport
in Ge with Anisotropic Scattering Process’
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Abdtract : The electron transport propertiesin Ge are calculated by full band Monte Carlo technique with ani sotropic

scattering consderation. The calculation procedures are as follows:the full band structure is calculated by nonlocal

empirical pseudopotential approach ;the relative value of density of state (DOS) iscomputed by counting the number

of stateslocated in a certain region of the energy ;the phonon dispersion curve is obtained from an adiabatic bond

charge model ;the electron-phonon scattering rates are approximated by the nonparabolic model derived from Fermi’ s

golden rule at low energy region and scaled by DOS at higher energy region ;the energy and momentum conservations

are employed for choosing thefinal state after scattering. The validity of this Monte Carlo smulator and the physical

model s that are used isfully confirmed by comparing the program output to experimental resultslisted in references.

As this Monte Carlo model can accurately reproduce the velocity and energy characteristics of electronsin Ge and the

DOS scaled scattering rate can sgnificantly reduce the computational cost for scattering rates,this approach is suit-

able for device smulation.
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1 Introduction

A's the advancement of modern integrated cir-
cuits,the device dimension is scaled down to sub-
100nm,and in this small dimensona region, S
MOSFET will reach its limit. Nowadays, CGe is
known as a promisng candidate for future ad-
vanced MOSFET substrate for its high mobility
and good interface properties with high k dielec
trict*? . However ,in this small dimensional region,
some basc physcal phenomena such as tunnelling
current ,blast transport ,velocity overshoot ,and hot
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carrier effects will dominate the device characteris
tics. As aresult it is necessary to account for quan-
tum effects ,electronrphonon scattering ,impact ion-
ization ,and other solid state characteristics to sm-
ulate the transport characteristics of semiconductor
materials and nano-scaled devices. Among the de
vice smulation techniques,Monte Carlo (MC) ap-
proach is the most promisng candidate including
these foundational physical concepts’®. In early
days,MC model used the analytical parabolic or
nonparabolic band structure, thus deduced the
isotripic scattering rates and easly choosng of af-
ter scattering statesin the Brillouin zone from the
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valley definition'. However ,as the electrons get
higher energy in small dimensonal devices, the
band structure can’ t be expressed analytically and
the parabolic or nonparabolic scattering rates mod-
el is improper. Furthermore, the post-scattering
state can’ t be selected from the valley model ,be-
cause the valley isill defined in the high energy re-
gion. The band structure of germanium is compli-
cated and the energy difference between valley L
and X isonly 0. 18eV s that the intervalley scat-
tering is very important ,which shows more aniso-
tropic than S at high energy. Therefore,a wave
vector dependent scattering model is proposed for
the high energy transport calculation® ,for which
the main defect rests with its much more CPU in-
tensve. Although there is the progress for final
state choosing by the analytical fitting band struc-
ture!® the scattering rates calculation is still CPU
intensive. In this paper ,a Monte Carlo smulator
for germanium with anisotropic scattering consd-
eration is developed ,the scattering rates at high en-
ergy are obtained by the non-parabolic model and
scaled by dendty of states and the final states are
chose anisotropically from energy and momentum
conservations. Good agreement with experimental
results,wave vector dependent scattering model is
achieved. As it is accurate and the scattering rates
calculation is efficient ,this anisotropic calculation
approach not only can be used in device smulation
but also can be applied to other complicated band
structure material s.

2 Band structure,phonon dispersion,
and density of states

For anisotropic MC dmulation of electron
transport in solid ,the band structure ,phonon dis
person relation ,and the densty of states should be
obtained as necessary input files.

2.1 Band dructure

The pseudopotential Harmiltonian matrix ele-
ment was given by Potz and Vogl!" :

26
_ B s
Hke = 2mK26KK + [V (| K- K |) +
Vi (K, K) Jeos[ (K- K)T ] (1)

where m” is an effective mass, k is the wave vector
inthefirst brillouin zone and K=k + G, K = k +
G ,Gand G are reciprocal lattice vector ,and the
nonlocal part Vi (K, K) isexpressed as

VRL (K, K) =él zA‘.(zl +1) P (co® ) Fi (K, K)
aj -2

(2)
where Pi(x) isLegendre polynomialsf « denotes
the angle between K and K ,Ai is a parameter and
only | =2 should be computed for Ge Q. isthe a
tomic volume ,ais the lattice constant and

F (K, K) :J’:rzjl(Kr)fi(r)jl(Kr)dr (3

where ji (x) isthe sphere Bessel function and fi(r)
= exp(- F/ RP).

Then ,the energy e genval ues and eigenvectors
are found by solving the secular equation

det| Hkk (k) - E(K)O ¢ | =0 (4)

Figure 1 shows the conductance band struc-
ture for germanium calculated by the above nonlo-
cal pseudopotential usng the parameters listed in
Table 1. By detailed comparisons of critical point
energies calculated by this pseudopotential method
and measured by photoemission experiments™® ,we
conform the validity of the calculation.
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Fig.1 Conductance band structure for Ge calculated

by nonlocal pseudopotential approach
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Table 1 Loca and nonlocal pseudopotential parametersfor Ge

. . Form factors(Ry) Nonlocal parameters
Materia | Lattice constant/ nm
VS(3) VS(4) VS(8) VS(11) | do(Ry) Bo Az2(Ry) Ro R
Ce Q. 565 - 0.2378] - 0.1600 | 0.0053 0.0678 0 0 0.275 0 1.22

2.2 Phonon dispersion relation

The phonon energy is very important to deter-
mine the scattering rate or the post-scattering
state. There are several approaches to calculate the
phonon disperson curves. In this MC calculation,
the adiabatic bond charge model for the dynamics
of diamond-type crystalsis adopted to calculate the
phonon disperson relation for Gein theirreducible
wedge of thefirst brillouin zone'® :four typesof in-
teractions are used: (1) central iorrion forces; (2)
Coulomb interactions of the ions and bond charges
(BC' s) ; (3) central ionBC forces; (4) bond-ben-
ding forces. The results are shown in Fig. 2. Note
that the result is satifactory by comparing with
Ref. [9] or even a text book.

10

e A S R
8| : e
5 ! N
= 6r , H '
5 ! Lo
Q
= ' 1 1
Q 1 1 1
3 4} ! Lo
£ 1 A
' 1A
AR S
AN/ RN
0 Y M
L r X UK r

Wave vector

Fig.2 Phonon dispersion relation for Ge calculated by
adiabatic bond-charge model

2.3 Density of states

According to the definition,DOS can be ob-
tained from the full band structure in the Brillouin
zone as follows:

D(B = 25(E(k) - B (6)

where Eisthe energy.
The absol ute val ue of DOSis given by the sur-

face integral over the equal energy E,

_ __ds
DB = "V EW |

where ds denotes the area of iso-energy surface in
the Brillouin zone grid. Thisintegral can be eval ua

(7)

ted by numerical method.

As the DOS is used to scale the scattering
rates obtained from the valley model ,the relative
value of DOS at different energy is adequate.
Therefore ,a relatively smple method can be used
which accounts the number of the statesin the k
space between the rangefrom E-A Eto E+A E. It
can give the relative value of DOS ,that is,the DOS
calculated by this method has the arbitrary units.
This result shown in Fig. 3 is used to scale the
scattering rate of the valley model at higher ener-

gy.

Density of states/a.u.

0 1 2 3 4 S

Energy/eV

Fg.3 Densty of states obtained from band structure
of Ge

3 HEficient anisotropic scattering
rates calculation

Actually, the electron state trandtion rate
from kto k+ g isgiven by Fermi’ s golden rule* |

p(k,k+0q) :z:jl
O€(k*qg -€(k +Hg) (8)

V ,k*q,Ng F1| H|v,k,Nqg |2
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Subtration and plus signs correspond to emisson
and absorption of a phonon ,respectively.

While anisotropic scattering rates are wave
vector and energy band dependent ,its calculation
may be very time-consuming when using first prin-
ciple from the full band discrete results. In a Sm-
plified approach ,the rates may be obtained with the
standard non-parabolic band approach. A scaling
based on the knowledge of the full band density of
states is applied to get the proper behavior. This
may be accepted since at high energy the DOS is
expected to play a more important role than the de-
tails of band structure'® are. Al ,thisprocedureis
acceptable for most device smulation applications
and it adds negligible cost with respect to the
standard Monte Carlo approach. It is then possble
to update scattering table on-thefly if one wantsto
change temperature ,material composition ,etc.

At low energy level ,the classical nonrparabolic
model is valid and the scattering rates* can be
used. At high energy the scattering rates should be
numerically calculated usng the full band struc-
ture. However ,as a first approximation ,we decide
to account for the band-structure effect only
through the DOS term.

p(nonparabolic) , € <€,

DOSE). (9)
DOSE.) ' & T F°

where p(nonparabolic) is the scattering rates ob-
tained with the standard nonrparabolic band ap-
proach ,DOSE) and DOSEo) are the densty of
states at energy € and €. , respectively €0 is the
threshold energy below which the nonparabolic
model is valid ,which equalsto Q. 4eV in this smu-
lator. The energy dependent scattering rate is cal-
culated and shownin Fig. 4.

We take into account the following scattering
mechani sms: acoustic phonon absorption, acoustic
phonon emisson ,optical phonon absorption ,optical

PE) = p(nonparabolic)

phonon emisson,ionized impurity , impact-ioniza
tion, and self-scattering. The energy dependent
Ridley and Keldysh formulation are used for ion-
ized impurity scattering and impact ionization rate,
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Fg.4 Total phonon scattering rate for Ge calculated
by valley model and scaled by densty of states

respectively.

4 Calculation procedure

In this MC dmulator, the 1/48 irreducible
wedge of thefirst brillouin zone is discretized with
the mesh spacing of 0. 025 in units of 2T/ a,where
aisthe lattice constant ,the wedge is discretized by
7544 grids. In each grid, the band structure and
phonon dispersion curves are calculated. The dis
crete band and phonon information, along with
DOS,are created as input files in the man pro-
gram.

At free flight ,the semiclasscal equations de-
scribing the motion of an electron in the reciprocal
and real space ,are written ,respectively ,as

dk _ eE
dt = h (10

dr _ 1
dat = h V«E(K) (12)

Under the electric field ,some electrons suffer
free flight but others will scat according to their
scattering rates,and the types of scattering will be
chosen stochastically.

After scattering the electron state is changed
according to the nature of the scattering. The selec-
tion of post-scattering is another CPU intensve
procedure of MC dmulation state because of the
discrete band structure and phonon disperason re-
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lation. In this smulator ,it is assumed that energy
and momentum conservation is held in the selec
tion. The selection of the post scattering statein k
gpace conssts of three parts. Firstly ,smulator se-
lects the cubes whose energy are within the range
of energies plus/ minus phonon maximum energy
40meV in the wedge of first Brillouin zone'™ |sig-
nificantly reducing the computation costs. Second-
ly ,these cubes are mapped to the whole Brillouin
zone according to the symmetry property. Finally,
thefinal states are chosen stochastically in the iso-
energy surface of the selected cubes defined by
Fermi’ s golden rule'*” .

5 Resultsand discussion

The new Monte Carlo smulator has been ap-
plied to the transport properties in bulk germani-
um. Figure 5 shows the average velocity of elec
tronsin Ge versus electrical field at 77K and 300K
resgpectively. The experimental
shown in thisfigurefor comparison'™ . Since the e-

results are aso

lectrons with higher energy will experience larger
scattering rates,as shownin Fig. 4 ,the drift veloci-
ty deviates from linearity at high electric field re-
gion. On the other hand ,the drift velocity decreases
at higher temperature because of the larger scatter-
ing rates aso shownin Fig.4. 1t isa s found from
Fig. 5 that the electron velocities show strong
anisotropicity at lower temperature ,and a negative
differential mobility (NDM) occurs at 77K along
the (100) direction ,which is attributed to trander
electron mechanism and the nornrparabolicity of the
lower valleys* .

The average electron energy smulated versus
electrical field at different temperatures ,along with
the previous MC work ,is shown in Fig. 6% . Al-
most no anisotropicity was found in the smula
tion,s0 the results in the figure represent along
both (100) and (111) directions. It can be seen
that when electric field is higher than 10*V/cm ,the
average energy is larger than the energy gap be
tween valley L and X ,thus will induce the inter-
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valley scatteringfrom L to Xin Ge,and thistrans
fer electron effect causes the NDM in v E curve.
For present small dimensonal devices,the electric
field exceeds 10°V/cm in consderable part of the
channel ,the inter-valley scattering has a sgnificant
impact on device behavior. As the parabolic or non-
parabolic band structure is out of the range of va
lidity at thisenergy ,the selection of post-scattering
state based on discrete band structure and energy-
momentum conservation is necessary.
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Fg.6 Average energy of eectronsin Ge as afunction
of electric field at different temperatures

From these figures,it is found that this MC
smulator with anisotropic scattering consideration
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can accurately reproduce experimental or previous
MC results at a wide range of temperature and e
lectric field. AsthisDOS scaled scattering rates can
be obtained efficiently and the results are satigdac-
tory in the range of normal device operation ,it can
be used in device smulator.

6 Conclusion

Monte Carlo smulator for the electron trans

port in germanium is developed. By the full band
structure ,phonon disperson relation and densty of
states as inputs,the energy dependent scattering
rates are obtained with nonparabolic approach and
scaled by density of states at higher energy range.
The af ter-scattering stateis selected based on ener-
gy and momentum conservation in the discrete k
space anisotropically. The results in the range of
normal device operation are satisfactory by compa
ring with the experiment data or previous MC sm-
ulator. Asit’ sDOS scaled scattering rates can min-
imize the calculation time ,this approach is suitable
for the device smulator.
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