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Abstract — A new approach to nanoscale MOSFETS s electrical
characteristics calculating, the essence of which is the use of
adjustment factors, as well as parameter values of classic drift-
diffusion models, which would effectively take into account the
quantum-mechanical transport mechanisms is proposed. A
modified direct search method of drift-diffusion model
optimization for MOSFET with a 90 nm channel length is
developed and used.
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1. INTRODUCTION

Each transfer to new technological design rules leads to
new physical effects appearance in MOSFETs, which is
necessary to take into account by creation of new models.
Standard software tools of design and simulation in
microelectronics based on various models of charge carrier
transport in the device structures. The physical parameters of
these models are obtained as a result of experiments with
specific materials, technological processes and device
structures formed with certain technological design rules. It’s
obvious that modeling and design by using such models in
other conditions with other technological design rules can lead
to inadequate results. Thus, the problem of technological and
device models adaptation for nanometer design rules, as well
as the task of developing appropriate modeling techniques,
implemented in software, are important and actual.

II. FEATURES OF THE NANOSCALE DEVICE SIMULATION

Physical models of semiconductor devices are described by
the system of fundamental equations which link the
electrostatic potential and charge carrier density. This system
of equations is derived from Maxwell's laws and consists of
Poisson equation, the continuity, transport and energy balance
equations. These equations must be supplemented by the
Schrodinger equation for the accurate accounting of quantum
effects. The standard model of the charge carrier transport is
the drift-diffusion model, which gives physically adequate
results for devices manufactured in accordance with micron
and submicron technological design rules. However, reducing
the element size of integrated circuit leads to the appearance of
new physical effects, including quantum, which should be
considered during the process of models development [1, 2].
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A. Decrease of mobility due to increase of the vertical
electric field

Small gate dielectric thickness of the nanoscale MOSFETSs
leads to intensity increase of the vertical electric field £, under
the gate up to the value when mobility decreases as a result of
charge carrier scattering on surface roughness, phonons and
fixed charge near surface. For small values of the intensity the
dependence of the charge carrier mobility on the impurity
concentration is observed, which increases with decreasing size
of devices. At high transverse electric fields scattering on the
surface roughness is predominant influence on the mobility in
the inversion layer [2, 3].

Lombardi mobility model that describes the behavior of
charge carriers in inversion layers and takes into account the
carrier mobility decrease due to high degree of their scattering
on the surface near the interface between the semiconductor
and insulator has been wused successfully for many
microelectronic devices modeling. An improved version of this
model where two modifications are introduced was proposed
by Darwish. The first modification is related to the description
of the charge carrier mobility in volume using the Klaasen
model, which takes into account the Coulomb screening effect.
The second modification is connected with the use of a new
expression for description of the surface roughness effect
[4, 5]. Contribution due surface roughness in the Darwish
model is determined by the following expressions:
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where n and p — the concentration of electrons and holes,
respectively, N — the total concentration of impurities (Np+Ny),
4 — constant that depends on the details of the technology, such
as oxide growth conditions (DELN.CVT for electrons in
Silvaco software tools [4]), A, a; and n — fitting parameters
(AN.CVT, ALN.CVT and ETAN.CVT respectively for
electrons in Silvaco software tools).
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Contribution due acoustic phonon scattering is determined
by the following expression:

B CN*(300) 3)
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where T; — the temperature of the crystal lattice, B, C, E, D, ©

and « — the empirical coefficients (BN.CVT, CN.CVT,

EN.CVT, DN.CVT, TAUN.CVT and KAPPAN.CVT

respectively for electrons in Silvaco software tools).

B. Decrease of longitudinal mobility

At low field intensity the carrier drift velocity depends
linearly on the electric field intensity. However, from a certain
value of field intensity, called the saturation intensity, charge
carrier speed becomes constant and, consequently, charge
carrier mobility decreases. This effect is expecially significant
for transistors with short channel because reduction of channel
length is faster than transistor operating voltage [2].

A method for independent determining the dependence of
mobility on both the longitudinal and the transverse field for
submicron transistors is described [3]. The method is based on
the parameter extraction in the expression for the dependence
of the carrier speed on the longitudinal E; and transverse
effective £, fields:
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where [y — low-field electron mobility when the effective field
intensity is E; v, — saturation velocity, B — the empirical
coefficient (BETAN for electrons in Silvaco software tools).
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where a,, 0 and T7,,, — the empirical coefficients
(ALPHAN.FLD, THETAN.FLD and TNOMN.FLD

respectively for electrons in Silvaco software tools).

C. The effect of depletion in the polysilicon gate

In the submicron transistor gate dielectric thickness is so
small that it becomes comparable with the thickness of the
depletion region in the polysilicon gate at the interface with
oxide. Depletion layer increases an effective distance between
gate and semiconductor, which leads to the threshold voltage
increase. It is also necessary to take into account the quantum-
mechanical nature of the inversion layer and introduce
appropriate corrections to the classic thickness of the depletion
region [2].
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D. The effect of inversion layer quantization

For effective MOSFET channel control the gate oxide
thickness of nanoscale structures must be several nanometers
and impurity concentration in the substrate must be increased.
But it reduces the thickness of the space charge region and
simultaneously increases the electric field intensity at the
silicon surface. Therefore the potential well for electrons
becomes so narrow that the quantum-mechanical nature of the
electron gas cannot be ignored [2]. The inversion layer
function as a quantum well for electrons and due to the small
width of the quantum well two-dimensional electron gas
formes. As a result the enable energy states of the electron in
the quantum well are also discrete. The consequence of this is a
non-zero minimum electron energy in the potential well [3, 6].

The density of states is a parameter that determines the
number of energy levels in a defined energy range. This
quantity has an important physical meaning because it
determines the concentration of electrons in a certain area of
any material or device, as well as the intensity of electron
scattering in this area. The consequence of quantum
confinement is reduction of concentration of electrons at the
surface and threshold voltage increase. Fig. 1 shows
distribution of electrons in the MOSFET channel when using
the classical and quantum mechanical approximation.
Accordingly, the value of gate dielectric specific capacitance
reduces and effective thickness increases [2, 3, 6].
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Fig. 1. Distribution of electrons in the channel.

Thus, the principal problems of nanoscale device modeling
are physical effects, including quantum, occurring in the
structure of new semiconductor devices, influence of which
increases with decreasing geometrical dimensions of the
device, as well as the complexity of simultaneously providing
high accuracy of the results and acceptable simulation speed.

III. METHODOLOGIES

Generalized method for parameters verification of charge
carrier transport models for MOSFETs with nanometer design
rules is developed in order to adapt the parameters of the
classical drift-diffusion model to obtain adequate simulation
results for the electrical characteristics of nanoscale
semiconductor devices (Fig. 2).
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2. Obtaining of the nanoscale MOSFET
electrical characteristics

2.1 Results of
experimental
measurements

2.2. Simulation results using
guantum mechanical
approximation

3. Selecting and defining of the drift-diffusion model
significant parameters

3.1. Selecting of physico-
mathematical models and
set of parameters
investigated for significance

3.2. Significant parameters
of drift-diffusion model
defined by the results of
screening experiments

4. Calculation of correction coefficients values
for significant parameters of the drift-diffusion model

4.2. Electrical characteristics
obtained using the adjusted
parameter values of the
drift-diffusion model

4.1. Correction coefficients
for the drift-diffusion model
parameters defined using
optimization methods

Fig. 2. Block diagram of physico-mathematical model parameter verification
for MOSFETs with nanometer design rules.

The problem of identifying the most significant parameters
of the transport model is solved using screening designs
methodology. Screening designs are economical experimental
plans that focus on determining the relative significance of
many main effects. If there are more than 5 factors fractional
factorial or Plackett-Burman designs are used in order to
reduce the number of experiments. In comparison with
fractional factor design, Plackett-Burman design is more
economical with the run number a multiple of four [7].

In screening experiments, all the factors are varied between
up and low levels. Those levels are chosen from desired
consideration with certain values. The design of experiments
describes the combination of levels in experiments. Planning
conditions of Plackett-Burman design are equal numbers at up
and low levels in each column, and sum of products of the
elements belonging to the same experiment is equal to zero for
any two columns.

After computer experiments performed results are handled
to measure the effect of the factors in responses. The main
effect of a factor is the difference in the response when this
factor is at its up level as opposed to its low level [7, §].

Optimization - an efficient algorithm that allows detecting
the extremum region of the objective function to the specified
accuracy. Methods and algorithms which allow obtaining
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estimates of the controlled variables vector for minimum value
of the function f{x) are particularly relevant. The problem of
identification the function minimum is achieved by procedure
of systematic obtaining a sequence of points xg, X, .. X; such
that flxg) > flx;)) > ... > flxy) >... After choosing the starting
point it’s necessary to choose the direction for the location of
the next point and the step size. The mechanism of point
sequence formation and its efficacy for localizing the minimum
point strongly dependent on the minimized function and
information that may be used to determine the next point [9].

Methods aimed at solving unconstrained optimization
problem can be classified according to the type of information
used in the implementation of a method, namely:

e direct search methods based on the calculation of the
objective function f{x) value;

e gradient methods which use values of the first
derivatives of f{(x);

e second-order methods which use values of the first and
second derivatives of f{x).

In order to avoid time expenses on computing the partial
derivatives if number of independent variables, five or more, a
direct optimization methods are used. A common feature of
these methods is the relative simplicity of the corresponding
computational procedures which are easy implemented and
quickly corrected.

The idea of the used optimization methods to select the
reference point and evaluate the objective function values at
points surrounding it. Each point corresponds to a set of
parameter values. In solving the problem with two variables
you can use a square model, which is a base point in the center
and the test points at the vertices. Then the “best” of the five
test points is selected as the next base point. Selection of the
“best” point is performed by comparing standard deviation
value for each of five points. If none of the node points has
advantages over base point square model size can be reduced
and then search should be continued. In hight dimension
problems compute the objective function value is performed at
all the vertices and the gravity center of the hypercube. With
increasing of the problem dimension required number of
objective function value calculations grows extremely
fast [10].

Least square method is the oldest and the most widely used
method for estimating that is used to minimize sum of squared
deviations of functions from the decision variables. Least
square method is usually suitable for curve fitting problem
when coefficients often haven’t physical meaning. Estimation
can also be performed using standard deviation.

Curve relative deviation was determined as (estimated
value - nominal value) / nominal value - 100%.

IV. RESULTS

The solution of revealed problems is to optimize the drift-
diffusion model in order to achieve adequate modeling of
nanoscale MOS structures using experimental data or the
results of more accurate modeling. To this end we will modify
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the density of states in the channel region. We will also
introduce correction coefficients in the expression of mobility
models in the transverse and longitudinal electric field based
on the analysis of the model equations and the results of
screening experiments. Correction coefficients were obtained
by using modified direct search method. The Darwish model is
considered as mobility model in the transverse electric field.
Experiments show that A, D, E, Sy, o1, Umin, lmax, €Specially A,
significantly influence the transistor threshold voltage and
drain current. However, the extent of their influence depends
on the size of devices [11].

For demonstration of the possibilities of the proposed drift-
diffusion model adaptation approach n-channel MOSFET
structure with channel length of 90 nm was used (Fig. 3) [12].
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Fig. 3. N-channel MOSFET structure with channel length of 90 nm.

After the introduction of correction coefficients expression
for describing contribution due acoustic phonon scattering,
have the following form:

l"l'ac =

0,97E 0,97D
E, E, T,

B CN [300 j 6)
The expression for calculating the coefficient y:

+
v =1,04554 +w. ™

Expressions for the saturation velocity and mobility in the
longitudinal electric field are of the following form:
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sat Lo TL 4 (8)
+ 0ex
P T

nom

514

Mo (EL)
H(EH:EL)Z 0.56p THOS6B 9)
1+[”’0(EL)E‘||J

1%

sat

The new value of the effective density of states for
electrons in silicon is 2.5¢18 cm™.

Fig. 4 and 5 show the MOSFET current-voltage
characteristics obtained experimentally and by simulation
using standard and optimized drift-diffusion model. Simulation
of MOSFET is carried out by using the Darwish mobility
model, Shockley-Read-Hall recombination model, Fermi-Dirac
statistics. Fig. 6 shows the capacitance-voltage characteristics
obtained by simulation using standard drift-diffusion model
and drift-diffusion model with Bohm potential correction. In
this case both the initial and optimized values of the density of
states and the mobility model expressions were used. Modeling
was performed using the Silvaco’s software package.
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Fig. 4. Current-voltage characteristics at drain voltage 1 V (a) and 2 V (b).



2015 International Conference on Advanced Technologies for Communications (ATC)

1.0 —
E
2 08—
<
g 4
z
Z 0.6
L
= -
=
@
S 04
El
<
= 4
J
8 924 7 O Experimental data
—— Dirift-diffusion model
1f£ | e Optimized model
0—
T T T T T T T T
0 0.4 0.8 12 1.6 2.0 24
Drain voltage (V)
(a)
1.6 —
~ 1.4 -
E
! 4
< 12—+
E 4
£ 1.0
£ i
U
T 08—
=
5 4
E 0.6 —
£ }
£ 0.4 ;
=] . Il O  Experimental data
0.2— m"' Drift-diffusion model
b I R I, Optimized model
0—
T T T T T T T T T T
0 0.4 0.8 1.2 1.6 2.0 2.4
Drain voltage (V)
(b)
Fig. 5. Current-voltage characteristics at gate voltage 2 V (a) and 3 V (b).
—— Drift-diffusion model (DDM)
1 —<— DDM with Bohm potential correction
i L Optimized model
E_ 1.0 -
A
8
£ 09
Bl
=3
2 4
<
Q
0.8 —
0.7 —

Gate voltage (V)

Fig. 6. Capacitance-voltage characteristics.

515

Obviously, the results obtained using the optimized model
equations agree with the experimental data.

V. CONCLUSIONS

Results of the development and approbation methods for
verification technological and device models parameters of
nanoscale semiconductor devices allow us to arrive at the
following conclusions:

1. The proposed method for modeling the electrical
characteristics of nanoscale semiconductor devices based on
the use of correction factors to the parameters of the drift-
diffusion model calculated using the methods of determining
the significant parameters of complex multifactor systems and
optimization methods allows to obtain agreement with the
experimental data with a relative error of less than 5%.

2. Correction coefficients to the drift-diffusion model
parameters allow to adequately describe the electrical
properties of nanoscale MOSFETs and provide reduction in
calculation duration in modern software of technology and
device simulation from 2 to 5 times without need for analysis
of large number of significant parameters combinations.
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