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ABSTRACT

A brief summary of some of the simulation efforts
within the Nanostructure Research Group at Arizona State
University is presented, with emphasis on the tools used for
modeling deep-submicrometer devices and quantum dot
structures under low bias conditions. The results obtained
with our 3D drift-diffusion simulator for 0.1 µm n-channel
MOSFETs show that the atomistic nature of the impurity
atoms has significant influence on the device transfer charac-
teristics. In the case of quantum dot structures, we find  that
the level quantization is preserved even as the dot is
opened, but that there is a selection of particular eigenstates
that depends strongly on the positions of the contacts.

Keywords: scaled Si-MOSFETs, discrete impurities, thres-
hold voltage, quantum dots, ballistic transport.

INTRODUCTION

The demand for speed, performance and cost effective-
ness continues to push semiconductor devices towards the
limits of miniaturization. In these ultra-small devices of the
future, random microscopic fluctuations in the number and
location of the dopant atoms induce inhomogeneities in the
potential and the field pattern among a large number of what
should be identical devices, thus causing intrinsic variation
in their threshold voltage and drain current characteristics.
The potential fluctuations, which lead to further electron
confinement into quantum dots, naturally bring one from
the problem of modeling ultra-small devices to the problem
of also understanding transport in single and coupled quan-
tum dot structures [1]. The latter have been the focus of
numerous studies as well. For example, controllable load-
ing of these dots with few electrons has been achieved, thus
allowing one to speak of artificial quantum-dot hydrogen
atoms, quantum-dot helium atoms, etc.  Usually arrays of
such dots are prepared on semiconductor heterostructures,
such that all of them contain the same number of electrons.
Experimental conditions not only allow the number of elec-

trons per dot to be tuned, thus switching from one quantum
dot element to another, but also determine whether the in-
dividual atoms are isolated or coupled with each other [2].

Along with these rather exciting technological trends,
the difficulties associated with the fabrication of future ultra-
small devices and the quantum dot structures are putting
new demands to the area of computational electronics. For
this purpose, during the course of several years we have
developed a number of simulation tools, including 3D drift-
diffusion simulators, 3D Schrödinger-Poisson solvers, 3D
Monte Carlo particle-based simulators and a 2D quantum
simulator based on a variation of the cascading scattering
matrix technique.

The 3D drift-diffusion simulator has been successfully
used in understanding the fluctuations of the subthreshold
current, turn-off voltage and threshold voltage in MOSFETs
with 0.1 µm gate-lengths [3]. What concerns our 3D Monte
Carlo particle-based simulator, discussed in details in [4], it
is unique in the way we include the electron-electron and
electron-impurity interactions. Our real-space scheme auto-
matically incorporates screening, simultaneous scattering
from different impurity atoms and avoids the problem of
double counting of a portion of the short-range Coulomb
force (which has traditionally been incorporated in the k-
space portion of the Monte Carlo transport kernel). The
excellent agreement between our simulation mobility re-
sults with the experimental data for variable resistor doping
levels, proves the correctness of our novel approach.

The self-consistent confining potentials and discrete en-
ergy levels in a variety of quantum dot structures fabricated
in both GaAs and Si technology have been calculated using
our 3D Schrödinger-Poisson Solvers [5,6]. For
GaAs/AlGaAs quantum dots [5], simulation results for the
activation barrier height and the number of electrons in the
dot are in agreement with those utilized in the energy bal-
ance analysis for similar structure investigated experimen-
tally in connection with negative conductance behavior.

With regards to the discrete energy levels of quantum
dots, we found that a specific set of eigenstates, those
scarred by classical periodic orbits, can play an important



role in ballistic transport in the low bias regime. In particu-
lar, we find that these scarred states are maintained even
when the dot is opened up with several propagating modes
in the quantum point contacts (QPCs).

DISCRETE IMPURITY EFFECTS IN DEEP-
SUBMICROMETER MOSFETS

The standard 3D drift-diffusion model was used in this
study. We use finite-difference discretization and employ a
decoupled scheme for the numerical solution of the resulting
set of nonlinear equations. Briefly, the linearized Poisson
equation is repeatedly solved for the improved value of the
electrostatic potential ϕ. The resulting values for ϕ are then
used to obtain the improved values for the electron and hole
density n and p. The above procedure is repeated until self-
consistent values for ϕ, n and p are obtained. We use
Stone's Strongly Implicit Procedure [7] for the numerical
solution of the 3D Poisson equation and employ the Bi-
CGSTAB method [8] with ILU(0) preconditioner for the
solution of the electron current continuity equation.

The geometrical and structural parameters of the device
modeled are as follows: gate-length LG =0.1 µm, gate-
width WG =0.05 µm and oxide thickness tox =3 nm. The
substrate doping is N A =8×1017 cm-3, whereas the doping
of the source and drain regions is N D =1019 cm-3. The
length of the discrete doping region equals LG , whereas the
depth and the width of the discrete doping region is 58.6
nm and 86.9 nm, respectively. Due to the high doping den-
sities used in these simulations, the 3D Poisson and 3D
electron current continuity equation are solved assuming
Fermi-Dirac (degenerate) statistics with Dn  and

n  constant ( n =300 cm2/V-s). The procedure used for
generating the atomistic impurity distribution in the dis-
crete doping region of the device is described in [9].

A set of 20 transfer characteristics for devices with dif-
ferent number and different distribution of the impurity at-
oms under the gate is shown in Fig. 1a. For comparison,
we also show the continuum doping model results. As dis-
cussed in [9], the spread of the transfer characteristics along
the gate axis is associated to the non-uniformity of the po-
tential barrier (see Fig. 2), which allows for early turn-on of
some parts of the channel. Based on the results shown in
Fig. 1a, statistical characterization was made for two very
important device parameters: threshold voltage Vth  (equal
to the gate voltage VG  for which I D =10-7 A) and turn-off
voltage Voff  (equal to VG  for which I D =10-10 A). The
standard deviation for both Vth  and Voff  is calculated to be
25.8 mV and 23.8 mV, respectively. It is important to note
that the device transfer characteristics were not significantly
affected with the introduction of discrete doping regions in
the n+ source and drain regions.

We also observed a significant correlation between the
number of dopants in the part of the discrete doping region
that extends down to 7.2 nm from the semiconductor-oxide

interface and the magnitude of Vth  (see Fig. 1b). The value
of the correlation factor dropped to about half this value
when taking into account the number of atoms that fall
within the total discrete doping region. The results for the
depth dependence of the correlation factor shown in Fig. 1c,
confirm these observations. It is clear that it is not the total
number of dopants that affects the magnitude of Vth , but it
is the number of dopant atoms that fall within the first 30-
40 nm that are relevant.
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Figure 1: (a) MOSFET transfer characteristics. (b) Vth  ver-
sus number of atoms. Parameter is the depth of the discrete
doping region taken into consideration. (c) Depth-
dependence of the correlation factor.
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Figure 2: The effect of the randomly sited impurities can be seen on the potential plots on the left for two devices with differ-
ent impurity distribution. The potential fluctuations force the current to divert around the potential peak of the random impu-
rity. This may be seen on the figures on the right where the current flow vectors avoid several regions, which represent the role
of the impurities. The device gate-length is 0.1 µm and its gate-width is 0.05 µm.

MODELING OF OPEN QUANTUM DOTS

A very important issue with regards to open quantum
dots is the level broadening of energy levels. Recently,
studies of magnetotransport fluctuations in open circular
quantum dots have used simple tunneling models in order
to explain the results [10,11]. The conclusion drawn was
that the periodic nature of the fluctuations could be under-
stood almost exclusively in terms of the density of states of
a closed dot, even when several modes passed through the
QPCs. On the other hand, much of the semi-classical theory
of open quantum dots begins with the crucial assumption
that the openness of the dot broadens the levels sufficiently
that quantization is no longer important in determining dot
behavior [12].  Simulating quantum dots that have a realis-
tic soft potential obtained from a self-consistent calculation,
we find that an intermediate situation arises - the level
quantization is preserved in the open dots, but is done in a
highly selective manner which depends strongly on the
positions of the QPCs.

The dot in question is defined by a split gate technique
over a GaAs/AlGaAs heterostructure. The applied bias on
the gates formed a square cavity with QPCs at right angles
to one another. The self-consistent solution for the potential
is a “stomach” shaped quantum dot (the shape can be in-
ferred by the wave functions shown in the central panels of
Fig. 3). The input and output QPCs of this dot support 2
propagating modes, assuming EF ~14 meV (we use a vari-
ant of the cascading scattering matrix approach [13] to ob-

tain the transmission coefficients which enter the Landauer-
Büttiker formula to give the conductance and to calculate
the wave functions). In our energy range of interest, this
would be considered an open dot.

We have studied the influence of the closed dot spec-
trum and eigenstates on the open dot transport. To obtain
this spectrum, we have taken the portion of the dot poten-
tial and placed it inside a 2D square well, so that the QPCs
are blocked by infinite potential barriers and solve a 2D
Schrödinger equation with Dirichlet boundary conditions.
The point of closure is where the QPCs are at their narrow-
est. In the left panel of Fig. 3, we show the 55th through
75th eigenstates.  Like states found in stadium billiard [14],
many of these dot states have a disorganized, quasi-random
look, which is to be expected, since this type of rounded
potential is known to be classically chaotic. However, state
65 stands out. Not only is it symmetric, it appears to be
scarred by a periodic orbit reminiscent of a “whispering
gallery” trajectory noted in stadiums [15].

Since the closed dot states form an orthogonal basis
set, the wave functions of an open dot can be expressed as a
linear combination of these states by means of projection. In
the top part of the central panel of Fig. 3, we plot the mag-
nitude of the open dot wave function, | (x,y)|, coinciding
to the energy of  the 65th closed dot state. At this energy,
there is a resonance in conductance. Not only does the open
dot wave function closely resemble the close dot eigenstate
but the decomposition (top right panel) indicates that, de-
spite the fact that this dot is open, transport for the conduc-



tance resonance is mediated essentially by a single eigen-
state. The bottom central panel corresponds to the open dot
wavefunction coinciding to the energy of the 74th level.
Unlike the previous example, the decomposition (lower
right panel) shows that several eigenstates contribute to the
open dot wave function. This is a situation where the
closed dot state has in fact been broadened by opening the
dot. We find that typically the states that tend to survive in

the open situation are those that are scarred. These results
indicate that a model that assumes uniform level broadening
can not provide an accurate general description for the phys-
ics of open dots.

It should be noted that changing the QPC configuration
(for example, having the QPCs aligned with each other)
will change the set of states that are maintained in the open
structure.   
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Figure 3: On the left are the 56th through 75 th eigenstates (note that state 65 is scarred). In the center are two wavefunctions for
an open quantum dot with two modes in the QPCs. The decompositions of these wavefunctions in terms of the closed dot
eigenstates shown on the right indicates that scarred eigenstate survives even in the open system.

CONCLUSIONS

Simulation results for n-channel MOSFETs with 0.1
µm gate-length and 0.05 µm gate-width were presented
that clearly show the fluctuations of the device transfer
characteristics because of the different number and different
distribution of the impurity atoms under the gate. Signifi-
cant correlation between the threshold voltage and the
number of dopants that fall within the first 30-40 nm from
the SiO2  interface was also observed. This suggests that
an analysis that only takes into account the total number of
atoms under the gate to describe fluctuations in the thresh-
old will give misleading results.

Regarding open quantum dots, we have found that
level broadening occurs in a very selective manner. This
result has important implications on the applicability of
random matrix theory in the study of quantum dots, as it
relies on the assumption that the level structure is not pre-
served.
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