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Simulation of carrier transport in heterostructures using the 2D self-consistent
full-band ensemble Monte Carlo method�
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(Institute of Microelectronics, Peking University, Beijing 100871, China)

Abstract: We demonstrate a two-dimensional (2D) full-band ensemble Monte–Carlo simulator for heterostructures,
which deals with carrier transport in two different semiconductor materials simultaneously as well as at the bound-
ary by solving self-consistently the 2D Poisson and Boltzmann transport equations (BTE). The infrastructure of this
simulator, including the energy bands obtained from the empirical pseudo potential method, various scattering me-
chanics employed, and the appropriate treatment of the carrier transport at the boundary between two different semi-
conductor materials, is also described. As verification and calibration, we have performed a simulation on two types
of silicon–germanium (Si–Ge) heterojunctions with different doping profiles—the p–p homogeneous type and the n–p
inhomogeneous type. The current–voltage characteristics are simulated, and the distributions of potential and carrier
density are also plotted, which show the validity of our simulator.
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1. Introduction

As a promising device architecture, semiconductor het-
erostructures have drawn much interest. Over the past years,
several kinds of heterostructure devices have been in indus-
trial manufacture, such as the heterojunction bipolar transis-
tor (HBT) for high-speed, high-linearity and low-noise appli-
cations, the modulation-doped field effect transistor (MOD-
FET) for analogue microwave applications, and many other
heterostructure devices for optoelectronic applicationsŒ1�. In
particular, as the gate lengths of MOSFETs are reduced to be-
low 100 nm in the aggressive scaling-down process, a number
of problems have arisen, and one of the most significant is the
reduction of electron and hole mobilities in the inversion layers
of MOSFETs caused by the increasing probability of scattering
with semiconductor–insulator boundaries due to the reduction
of the gate insulator thicknessŒ2�. The band structure and strain
engineering introduced by Si/SiGe heterostructure is one of the
leading method of substantially improving the carrier mobili-
ties in the inversion layers of MOSFETsŒ3; 4�.

The great advantage of fabricating various heterostructure
devices calls for a detailed understanding of carrier transport in
semiconductor heterostructures, which is a prerequisite for de-
signing and optimizing devices based on this architecture. For
a deep investigation, the Monte Carlo method is well known
as a powerful tool for the study of carrier transport phenom-
ena in a large variety of semiconductor materials and devices.
So far, a great deal of work has been devoted to the Monte
Carlo simulation of carrier transport in heterostructure devices
of various material systemsŒ5�23�. Nevertheless, most of the
simulations have focused on the study of strain-induced im-
provements of carrier mobilities in Si/SiGe systemsŒ5�9� and

the carrier transport properties of two-dimensional electron gas
(2DEG) confined in heterostructure barriersŒ10�23�; little work
has been done on the study of carrier transport across two dif-
ferent semiconductor materials in heterostructures, which is es-
sential in understanding the physical phenomena and processes
occurring in various advanced semiconductor structures.

Compared to conventional ones, it is more difficult to de-
velop a Monte Carlo simulator for heterostructures. The fol-
lowing points indicate the two most significant problems: (1)
First is the proper maintenance of two different sets of scatter-
ing parameters and band structures without too much overhead
in simulation, which will be evenmore serious when construct-
ing a full-band simulator, just as is the case in this work. (2) The
second is the close monitoring of carrier movements in differ-
ent semiconductor materials, where appropriate treatment is re-
quired when a carrier is about to travel from one semiconductor
material into another at the boundaries.

The purpose of this paper is to present in detail the infras-
tructure and models of a 2D self-consistent full-band ensemble
Monte Carlo simulator for heterostructures, which is based on
our former simulator for the single semiconductor material Si
or GeŒ24; 25�. In the following, we describe the full-band model
and scattering mechanisms employed, present the flow of our
Monte Carlo simulator for heterostructures, and in particular
the proper treatment needed for multiple semiconductor mate-
rials and the carrier transport at the boundary between them,
and give the simulation results of two types of Si–Ge hetero-
junctions to verify our simulator.

2. Physical model

The full-band structures used in our Monte Carlo simula-
tor are obtained through the local empirical pseudo-potential
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Table 1. Phonon scattering parameters for electrons and holes in Si and GeŒ27�.
Carrier type Parameter Si Ge Unit
Electron Deformation potential for elastic acoustic phonon 8.7 13.0 eV

Deformation potential constant for TA .g1/ 0.47 0.2 108 eV/cm
Phonon temperature for TA .g1/ 140 120 K
Deformation potential constant for LA .g2/ 0.74 4.0 108 eV/cm
Phonon temperature for LA .g2/ 215 320 K
Deformation potential constant for LO .g3/ 10.2 2.6 108 eV/cm
Phonon temperature for LO .g3/ 720 430 K
Deformation potential constant for TA .f1/ 0.28 108 eV/cm
Phonon temperature for TA .f1/ 220 K
Deformation potential constant for LA .f2/ 1.86 108 eV/cm
Phonon temperature for LA .f2/ 550 K
Deformation potential constant for TO .f3/ 1.86 108 eV/cm
Phonon temperature for TO .f3/ 685 K

Hole Deformation potential for elastic acoustic phonon 9.3 3.5 eV
Deformation potential constant for optical phonon 4.0 4.1 108 eV/cm
Phonon temperature for optical phonon 680 430 K

method with spin-orbit interaction includedŒ26�. Four conduc-
tion bands and three valence bands have been calculated for
each semiconductor material. For Si and Ge in particular, some
of the material parameters important for the following simula-
tion are the same as those in Ref. [27].

The scattering rates for the various scattering processes are
calculated with Fermi’s golden rule:

�.k; k0/ D
2�

„
j Hk0k j

2 ı."k0 � "k � "k0k/: (1)

In our simulator for heterostructures, the following scat-
tering mechanisms are included: acoustic and optical phonon
scattering with both intravalley and intervalley transition, ion-
ized impurity scattering and impact ionization scattering. The
interaction between phonons and electrons and holes is de-
scribed in the deformation-potential approach as presented by
Jacoboni et al.Œ27�. In the case of electrons, the acoustic in-
travalley phonon scattering is assumed to be elastic for both
Si and Ge. Six �–� intervalley scattering processes for Si
and three intervalley scattering processes (L–L, L–� and �–
�) for Ge are considered. In the case of holes, only the elas-
tic acoustic phonon and one type of optical phonon are con-
sidered (see Table 1). Ionized impurity scattering is treated
via the screened Coulomb potential in the Brooks–Herring ap-
proachŒ27�. The scattering rate of impact ionization is depen-
dent on energyŒ28�, and the final energy after scattering is de-
termined by the method proposed by Kunikiyo et al.Œ29�.

3. Self-consistent Monte Carlo scheme for het-
erostructures

The Poisson equation employed in our simulator can be
written as

r � ."r	/ D ��; (2)

where " is the dielectric constant, 	 is the electrostatic poten-
tial, and � is the charge density. In heterostructures, the Poisson
equation requires no special change as long as the various rel-
ative dielectric constants for different semiconductor materials
are considered. The carrier transport is described with the BTE

below:�
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where v is the velocity of the carrier, f .r; k; t/ is the single
particle distribution function which gives the probability for
the occupation of a particle state, ˝ is the real space volume,
and �.k; k0/ is the scattering rate described by Eq. (1). The
BTE described by Eq. (3) is a linear equation because we have
neglected the effect of Pauli’s exclusion principle on the as-
sumption that the particle gas is dilute enough for us to ignore
the particle–particle interaction.

Once the initial state of the system is set, the Poisson equa-
tion is solved throughout the whole device at the beginning
of each time step. Then the duration of a free flight is cho-
sen stochastically for each particle with a probability distribu-
tion determined by the various scattering probabilities. The free
flight is applied to the particle with the existence of an external
electric field calculated in the former solution of the Poisson
equation. At the end of the free flight, a scattering is chosen and
the final state of the particle after scattering is randomly deter-
mined according to the particular selection rule. Next, the en-
tire process is repeated. By this method, the 2D Poisson equa-
tion and Boltzmann equation are solved self-consistently. To
improve the statistical efficiency, the phase space multiple re-
fresh methodŒ28� is used.

One most significant difference between our Monte Carlo
simulator for heterostructures and a conventional one is that
different scattering and band systems are applied to carriers
in different semiconductor materials. These various bands and
scattering systems are stored separately in a form that can be
easily retrieved in simulation to save CPU time. In addition, to
apply the correct band and scattering system to a particle, an
extra index is needed for every particle to tell which semicon-
ductor material it is in, which will lead to a significant compu-
tational time increase when the total particle number is large.

Another problem arises when a carrier reaches the bound-
ary between two semiconductor materials and is about to travel
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Fig. 1. Illustration for different cases of carriers traversing the material
interface between Si and Ge.

across it. Different models can be used to treat this kind of
transport, and the simplest one is the thermoionic emission
model as employed in the demonstration simulation in Section
4. However, other sophisticated models can also be easily in-
cluded in our simulator. For the thermoionic emission model,
the conservation of energy must be fulfilled at the interface:

"1.k1/ D "2.k2/; (4)

where k1 is the particle state on one side of the interface and k2

the state on the other side. Because of the discontinuity of the
band edges of Si and Ge, carriers that traverse across the ma-
terial boundary from Si to Ge are different from those from Ge
to Si. The carriers at the Ge side of the boundary will flow into
Si only when they have enough energy to surmount the barrier,
otherwise they are reflected. For electrons the minimum en-
ergy is �Ec, and for holes it is �Ev, where �Ec and �Ev are
the discontinuities of the conduction and valence band edges
respectively. However, the carriers at the Si side of the bound-
ary will all flow into Ge (Fig. 1). Once a carrier has traversed
across the material boundary, the particle state after the transi-
tion is found by a search for a stochastic state with the correct
energy with

v1; ?.k1/v2; ?.k2/ > 0 (5)

to ensure that the particle moves into the new material, where
vi; ?.ki / .i D 1; 2/ is the velocity component perpendicular to
the material interface. Although this transport model is rather
simple, it does provide some meaningful results that we will
discuss in the next section.

4. Simulation results

A p–p Si–Ge heterojunction and an n–p Si–Ge heterojunc-
tion are simulated in this work to verify the simulator, and
schematic sketches as well as an equilibrium energy band dia-
gram are plotted in Fig. 2. The devices are in the shape of rect-
angles with the lengthL D 1 �mand the widthW D 0:25 �m.
Each of the two devices consists of two halves that are made of
Si and Ge respectively. The doping concentration is chosen to
be 1016 cm�3 for both donors and acceptors. Ametal contact is
placed at each end of the device for applying external voltages.
The system temperature is set to be 300 K. The distribution of
carrier and potential as well as the I–V curves are simulated.

Fig. 2. Schematic sketch of the heterojunctions simulated in this work
and their equilibrium energy band diagram. (a) p–p homogeneous type
Si–Ge heterojunction. (b) n–p heterogeneous type Si–Ge heterojunc-
tion.

Fig. 3. Potential distribution along the lengthwise direction for a p–p
Si–Ge heterojunction at varying external voltages. The discontinuity
of the valence-band maxima is also shown.

4.1. p–p Si–Ge heterojunction

Figure 3 shows the potential distribution along the length-
wise direction for the p–p Si–Ge heterojunction at varying ex-
ternal voltages. The discontinuity of the valence-band maxima
is also shown. Figure 4 shows the simulated hole density distri-
bution with various bias voltages 0, 0.2 and 0.5 V. We can see
that near the boundary of Si and Ge holes are depleted on the
Si side and accumulate on the Ge side due to the discontinuity
of the valence-band maxima as shown in Fig. 3. As the volt-
age increases, the depletion and accumulation phenomena of
holes are weakened. Figure 5 shows the current–voltage curve
of the p–p Si–Ge heterojunction, and the ambipolar feature re-
sembling that of a p–n junction is successfully reproduced. It is
shown in Fig. 5 that the current is relatively large when a for-
ward bias is applied, but small when a reverse bias is applied.
The large fluctuation of the current in the reverse-bias region
is due to the great intrinsic noise of the Monte Carlo method.

4.2. n–p Si–Ge heterojunction

Figure 6 shows the potential distribution along the length-
wise direction for the n–p Si–Ge heterojunction at varying ex-
ternal voltages. The discontinuity of the conduction-band min-
ima is considered. Figure 7 shows the electron and hole density
distribution. It is shown that there is a slight accumulation of
electrons on the Ge side of the boundary at large external volt-
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Fig. 4. Hole density distribution along the lengthwise direction for
a p–p Si–Ge heterojunction at varying external voltages. Near the
boundary of Si and Ge holes are depleted on the Si side and accu-
mulate on the Ge side due to the discontinuity of the valence-band
maxima.

Fig. 5. Current versus external voltages for the p–p Si–Ge heterojunc-
tion.

Fig. 6. Potential distribution along the lengthwise direction for an n–p
Si–Ge heterojunction at varying external voltages. The discontinuity
of the conduction-band minima is considered.

ages. This is because, when the external voltage is large enough
(0.6 V in Fig. 7), the conduction-band minimum of Ge is lower
than that of Si as shown in Fig. 6, and electrons will accumulate
in that region. Figure 8 shows the current–voltage curve of the
n–p Si–Ge heterojunction. Because of the great intrinsic noise

Fig. 7. Electron (solid symbols) and hole (open symbols) density dis-
tribution along the lengthwise direction for the n–p Si–Ge heterojunc-
tion at varying external voltages. There is a slight accumulation of
electrons on the Ge side of the boundary at large external voltages
(0.6 V in this figure).

Fig. 8. Current versus external voltages for the n–p Si–Ge heterojunc-
tion.

of the Monte Carlo method, there is also a large fluctuation in
the current, especially when the current is relatively small. This
fluctuation cannot be eliminated by increasing the computation
time.

5. Conclusion

A 2D full-band ensemble Monte Carlo simulator for het-
erostructures, which deals with carrier transport in two dif-
ferent semiconductor materials simultaneously as well as at
the boundary by solving self-consistently the 2D Poisson and
Boltzmann equations, is demonstrated in this paper. Based on
the thermoionic emission model, we performed a sample sim-
ulation on two p–p and n–p Si-Ge heterojunctions as verifi-
cation. The current–voltage characteristics, and the distribu-
tions of potential and carrier density are successfully simulated.
These results show the validity of our simulator, and at the
same time improve our insight into the microscopic operation
of heterostructure devices.
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