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Abstract

A unified approach, particularly suitable for evaluation of high-k stack structures, is presented. This approach is based on fully self-
consistent solutions to the Schrédinger and Poisson equations. Various structures and materials of high-k stacks of interest have been
examined and compared to access the reduction of gate current in these structures. The present approach is capable of modeling high-k
stack structures consisting of multiple layers of different dielectrics. The results of gate current and capacitance obtained from our model

are in very good agreement with experimental data.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

High-k gate stack structures as possible candidates to
replace silicon dioxide layer for nanoscale MOSFETSs have
been of great interest very recently due to their promise in
reduction of gate current in order to reduce standby power
consumption of CMOS circuits and to alleviate scaling lim-
its. When the device feature sizes reach nanoscale dimen-
sions, a gate dielectric thickness of less than 2.0 nm would
be required for sub-0.1 micrometer devices with power sup-
ply voltages of 1.0-1.5 V. The simultaneous requirements to
keep the same or greater gate capacitance and lower gate
current entail the same or greater equivalent oxide thickness
(EOT) as well as a thicker physical insulating layer for
reduction of gate tunneling current. The same or larger gate
capacitance is necessary in order to maintain good gate con-
trol over the channel current and reduce the short channel
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effects. A number of high-k structures have been proposed
and studied both experimentally and theoretically for a
solution of this problem over the last few years [1-5]. While
high-k dielectric materials have been demonstrated to be
viable for storage capacitors [3], significant engineering of
high-k stack structures and silicon dielectric interface are
required due to complications associated with the applica-
bility and compatibility of the materials and processing of
the high-k stacks with silicon technologies.

From previous work of high-k stack structures of nano-
scale MOSFETSs, it has been found that, in order to maintain
good interface quality between the high-k layer and silicon
substrate, an interfacial oxide layer is present and a transi-
tion layer between high-k dielectric and silicon substrate
may exist [2,4]. Furthermore, combinations of various
high-k dielectric materials with different dielectric constant
and other material properties need to be investigated for
their effects on the gate current and capacitance. On the
other hand, most of the theoretical work on the quantifica-
tion of these effects make use of the WKB approximation,
whereas there are few works addressing the multilayer
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dielectric stack structures using self-consistent solutions to
the Schroédinger—Poisson equations. In the WKB approxi-
mation, the 3-dimensional (3D) direct tunneling current
components from the electrodes are evaluated based on a
field approximation for the dispersion relationship, and
the 2-dimensional (2D) current component from the inver-
sion layer quantum well is calculated using the lifetime of
the quasi-bound states in the quantum well. Although
approximation models based on the WKB approximation
can be validated by fitting parameters necessary to achieve
agreement with experimental results, they are not very capa-
ble of modeling multilayer dielectric stack structures, since
the material parameters, such as the bandgap, conduction
band offset, dielectric constant, and the electron effective
mass, in each layer differ from each other and cannot be spec-
ified accurately, making good approximations for the tun-
neling-related relationships difficult to attained. Moreover,
models based on the WKB approximation are not capable
of providing gate capacitance information needed simulta-
neously for the assessment of high-k stack structures. A uni-
fied model suitable for investigation of multiple dielectric
high-k stack structures is therefore in need. To address this
issue, we have developed an approach based on self-consis-
tent solutions to the Schrédinger—Poisson equations. This
approach is particularly suitable for structures consisting
of multiple layers of different material parameters. It is con-
ceptually simple, computationally efficient and very stable
even for large device structures with multiple dielectric lay-
ers. It can evaluate gate current and capacitance simulta-
neously for a nanoscale MOSFET structure within a few
hours on a modern PC and give very consistent results with-
out having to use fitting parameters. The details of the
numerical model is described in [6,7]. In this paper, we pres-
ent our investigation of high-k stack structures using the
present model to indicate its broad applicability.

In Section 2, the main formulations of the present model
of gate current and capacitance for nanoscale MOSFETs is
described briefly to provide overall information of its com-
putational aspects. Section 3 presents gate current and
capacitance for a number of high-k stack structures and
the effects of gate current reduction for different combina-
tions of high-k stack layers are examined and compared. A
conclusion is given in Section 4.

2. Method of calculation

The present model is based on self-consistent solutions
of the Schrodinger-Poisson equations previously devel-
oped for modeling quantum tunneling devices [7,8], such
as the resonant tunneling diodes and transistors, with the
modifications made for nanoscale MOSFETs in the y-
direction as shown in Fig. 1, where a transition layer
between the high-k dielectric and oxide is also included.
The 3D gate current components are evaluated by a travel-
ing wave calculation, sending a spectrum of electrons from
the device electrodes, with their energy distributions gov-
erned by the Fermi statistics. The 2D gate current compo-
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Fig. 1. Schematic band diagram of a high-k stack structure consisting of
gate, high-k, transition, interfacial, and silicon layers, biased in the
inversion region, showing various gate current components. All the
current components in this work are calculated in a unified formulation
using the same material parameters.

nent is evaluated by a transmission calculation, with the
quasi-bound states in the inversion layer quantum well
fully included. The total gate current is then the sum of
the 3D current components originated from the electrodes
and 2D component originated from the inversion layer.
Open boundary conditions, based on the quantum trans-
mitting boundary method, are employed for all the current
evaluations. We first calculate the self-consistent potential
and charge distributions in the polysilicon and substrate
regions from the coupled Poisson equation and Fermi dis-
tribution function. The electrostatic potential across the
device in the y-direction is determined by the doping profile
and mobile charges, as governed by the Poisson equation.
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where &(y) is the dielectric constant of individual stack lay-
ers, and the electron concentration n(y) in the equilibrium
contact regions is given in terms of local Fermi levels,
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where N(E) is the density of states in the gate and substrate
regions, respectively, and
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is the Fermi-Dirac distribution function. The electrostatic
potential ¥(y) includes the device energy band offset at
the silicon—oxide interfaces, the gate bias voltage applied
across the gate and substrate, and the effects of device dop-
ing profiles as well as mobile charges. The Poisson equation
and the Fermi integral lead to a pair of coupled nonlinear
equations which are then solved using the Newton iterative
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method with a sparse matrix technique. A similar treat-
ment is used for the holes. For the charges inside the inver-
sion layer quantum well formed under positive gate bias
voltages, and for the gate current components through
and/or above the ultrathin oxide barrier, quantum calcula-
tions are performed by directly solving the Schrodinger
equation

o/ 1 )
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5 5 (i o) + EcOI0) = EVD) @
The self-consistent charge at the jth energy subband in the
ith valley in the inversion layer is given by
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(5)
where ,{ Ej;, y) is the electron wavefunction at the jth sub-
band in the ith valley from the solution of the Schrodinger
equation in the inversion layer. The gate current evaluation
by the traveling wave calculations for the thermionic emis-
sion, FN tunneling, and direct tunneling through the oxide

barrier, give

Jio = =g 3 Wm0

m*(y) Qy

For the electron tunneling current from the inversion layer
into the oxide and gate electrode, a transmission calcula-
tion is performed. Based on the wave functions calculated
in the inversion layer, the transmission is given by

2 *
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where C,, ;; is the transmitted wave amplitude in the ith val-
ley and the jth subband, and A4, ; the incident wave ampli-
tude in the corresponding subband and valley, respectively.
The 2D gate current component originated from the sub-
bands in the inversion layers is then

Jop = Jij=q>  neTify (8)
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where T; is the electron transmission probability, f;; = o
the interface impact frequency, n, ; the electron concentra-
tion, and E;; the quasi-bound state energies, in the ith valley
and the jth subband, respectively. The total gate current
density is the sum of the 2D and 3D components,

Je=Jp +Jp 9)

The present approach has the following features: (1) We
treat the thermioinc emission, FN tunneling, and direct
tunneling current components in a unified formulation
with the electron supply function based on the Fermi distri-
bution. This treatment is viable and convenient, because it
avoids the separation and delimitation among calculations
of these individual components and the necessary use of
other approximations and fitting parameters as in many
other approximate models; (2) the electrostatic potential

V(y) and the material parameters can be specified at each
point in the multilayered stack structures, allowing evalua-
tion of various schemes of combination having different
stack materials and different layers; and (3) the possible
fixed charge and interface charge distributions in the
stacked layers can also accommodated in Possion’s equa-
tion, as long as models for these charge distributions are
available or can be set up. Therefore, the present approach
is very suitable for study of multilayer stack structures of
nanoscale MOSFETs. More details of the method of calcu-
lation are described in [6,7].

3. Results and discussion
3.1. Effects of various high-k materials

The calculated gate current densities of various high-k
stack structures with different high-k dielectrics as a func-
tion of the gate voltage are plotted in Fig. 2, showing sim-
ilar behavior and close quantities as compared with other
available modeled results. For all the various high-k mate-
rials being studied, the equivalent oxide thickness (EOT) is
taken to be 2.0 nm. Other device parameters are Ny =
50% 107 cm™, and Vgg=0V, and the barrier height
and electron effective mass for various materials are listed
in Table 1, which are used throughout this work.
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Fig. 2. Calculated gate current vs. gate voltage with different physical
oxide thicknesses and the same EOT (2nm) for different dielectric
materials. Curves 1-5 correspond to Ta,Os, ZrO,, HfO,, SizN,4, and Al,O4
stack structure, respectively, each with 1 nm EOT of high-k material and
1 nm of SiO,. Curve 6 denotes SiO, of 2 nm.

Table 1
Material parameters used for this work

Material Barrier height (eV) Dielectric Effective mass (xmg)
constant
AlLO4 2.80 9.00 0.30
SiO, 3.15 3.90 0.50
SizNy 2.00 7.00 0.20
Ta,0s 1.10 25.0 0.25
ZrO, 1.40 25.0 0.20
HfO, 1.50 25.0 0.10
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The following observations are indicated from the calcu-
lated results: (1) All the high-k stacks make a reduction of
gate current as compared with SiO, gate dielectric layer,
especially at lower gate voltages applicable for nanoscale
MOSFETs, due to the additional physical width in the tun-
neling path for the lower energy electrons that contribute
most of the gate current; (2) the reduction of gate current
is ineffective somewhere near and above the barrier height
of the high-k dielectric layer, due to the dominating tunnel-
ing and thermal emission near and over the barrier of the
high-k layer, although this is not a serious concern for the
bias range of nanoscale MOS devices; (3) the resulting gate
current is determined by the interplay among the barrier
height and thickness, dielectric constant, the electron effec-
tive mass of the high-k and oxide layers, as well as the gate
bias voltage; and (4) oscillations and kinks may occur in the
calculated curves especially for thicker high-k layers. This is
believed to be caused by pronounced multiple quantum
reflections inherent in this type of quantum calculations in
which the integration of wave functions may approach
numerical instability. This type of oscillation has also been
observed in other published works [10,11]. Despite the oscil-
lations, our modeled results show good agreement with the
available experimental data and results obtained with other
approximate approaches, which will be verified shortly. We
will not in this work discuss technological comparisons
among the different dielectric materials.

3.2. Effects of high-k dielectric thickness

For high-k stack structures consisting of a single high-k
layer and a SiO, layer, HfO, stacks are taken as an example
of gate current dependence on the thickness of the high-k
layer with the same EOT of 13 A, as shown in Fig. 3. As
expected, the physical thickness of the high-k layer plays a
dominating role at the lower gate voltages since, for the
same EOT, a higher dielectric constant translates a thicker
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Fig. 3. Calculated gate current vs. gate voltage with different physical
thickness of the high-k dielectric with the same EOT (1.3 nm) for HfO,—
SiO, structures. Curves 1-5 correspond to 84 A of HfO,, HfO, and
Si0, = 58 and 4 A, HfO, and SiO, = 38 and 7 A, HfO, and SiO, = 19 and
10 A, and HfO, and SiO, = 6 and 12 /0\, respectively. Curve 6 is for SiO,.

high-k layer, thereby a lower gate current. The difference
can be as large as 4-5 orders of magnitude between the high
and low HfO,/SiO, thickness ratios for the same EOT, as
observed in the figure. At higher gate bias voltages slightly
larger than the barrier height of the high-k dielectric mate-
rial, however, the magnitude of gate current of the high-k
stack structure and the SiO, structure becomes comparable,
and that the former can be orders of magnitude larger than
that of the SiO, structure at even higher gate voltage. In
other words, at lower gate bias, the gate current is mainly
affected by the dielectric constant of the high-k dielectric
material utilized, while at higher bias, it is mainly deter-
mined by its barrier height. For ZrO, stack structures, sim-
ilar results are obtained but will not be plotted here. In that
case, for the same EOT, the gate current at lower gate volt-
ages is almost the same as in the case of HfO, due to their
virtually same dielectric constant, whereas at higher bias
the gate current of ZrO, stack structures becomes slightly
larger than that for the HfO, stacks as the former has a bar-
rier height about 0.1 eV lower than that of HfO,.

Other types of high-k stack structures using SiO—
Ta,05-S10, gate dielectrics [3] and adding Al,O5; capping
layer [13] have been proposed to alleviate the interfacial
structure problems [3]. The present modeling approach is
applied to study of this type of multiple layered structures,
with the material and structural parameters specified accu-
rately in the individual stacked layers. The calculated
results will be compared with experiment data shortly.

3.3. Effects of transition layer

In most of the previous studies of high-k stack struc-
tures, an abrupt transition between the high-k dielectric
layer and interfacial layer is typically assumed. However,
a gradual transition may exist in practice. Effects of inter-
facial layer and transition region on gate current perfor-
mance have been exploited theoretically using the WKB
approximation [2]. In this work, the present modeling tool
is applied to a high-k stack structure with different transi-
tion thicknesses. Fig. 4 shows calculated gate current vs.
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Fig. 4. Calculated gate current vs. gate voltage for high-k structures with
transition layer between the high-k dielectric and silicon dioxide layers.
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gate voltages of Si3Ng-transition-SiO, structures with an
EOT of 18 A and an oxide thickness of 8 A. The compar-
ison between the calculated gate current for different tran-
sition thickness is illustrated in the figure to show the effects
of transition layer. In this case, the gate current is reduced
by the addition of a transition layer, and with increasing
thickness of the transition layer for the same EOT. How-
ever, it is noted that the effect of gate current reduction
with transition layer cannot be generalized since the magni-
tude of gate current in high-k stack structures with transi-
tion layer depends, in general, on the interplay between
various factors of the structure and material parameters,
such as the barrier height, electron effective masses, dielec-
tric constant, as well as proportion of the individual layers.
These effects have been discussed more extensively in [2]
and will not be elaborated here.

3.4. Comparison with experiment

The present model produces very agreeable results
between modeled gate current and available experimental
data for various high-k stack structures. In Fig. 5 the
results of calculated gate current vs. gate voltage and their
corresponding experimental results for some high stack
structures are compared. Group 1 curves in the figure plot
calculated and measured gate current for a AlLO3;-SiO,
gate dielectric structure with an EOT of 18 A, consisting
of 25 A of Al,O3 and 7 A of SiO, layers. The measured
data shown with the dotted line are taken from [12]. The
group 2 curves correspond to a Al,O3-HfO,-SiO; struc-
ture with an EOT of 16 A, a 5 A capping layer of AL,Os,
30 A of HfO,, and 9 A SiO,, respectively. The addition
of the Al,O5 capping layer was proposed and demonstrated
to greatly reduce the gate current to alleviate the effect of
pinhole defects due to the interaction between the HfO,
high-k dielectric and polysilicon gate materials in [13],
where the measured data on the dotted line are taken. Both
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Fig. 5. Calculated gate current vs. gate voltage as compared with
experimental data [9,10] for Al,O3-SiO, and Al,O;-HfO,-SiO, high-
stack structures.
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Fig. 6. Gate capacitance vs. gate voltage for a Al,0;-HfO,-SiO, high-k
stack structure. Curves 1 and 2 correspond to the results based on classical
model and quantum model, respectively. The dotted line is based on
experimental data taken from [10].

the group 1 and group 2 curves show very good agreement
between the calculated and experimental results.

3.5. Gate capacitance of high-k stacks

It is well known that a high gate capacitance value is
required for nanoscale MOSFET devices in order to main-
tain sufficient gate control over the channel conduction and
device drive current. One of the features of the present
modeling approach is that the gate capacitance can be eval-
uated simultaneously from the self-consistent solutions of
the Schrodinger and Poisson equations, by integrating
the space charges over the charge dipole in the device
and then differentiating the space charges with respect to
gate voltage, as described in [7]. Fig. 6 shows an example
of calculated gate capacitance vs. gate voltage for the
high-k Al,O5-HfO,-Si0O, stack structure calculated in the
previous section, where curves 1 and 2 are results based
on the classical model and quantum model, respectively.
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-50 0 50 100 150
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Fig. 7. An example of calculated electron charge and potential distribu-
tions obtained from self-consistent solutions to the Schrodinger and
Poisson equations, from which gate capacitances are modeled.
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The dotted line in Fig. 6 is based on the experimental data
taken from [13], showing very good agreement. In Fig. 7,
the calculated electron charge and potential distributions
are plotted, from which the gate capacitances are evalu-
ated. We note that the calculated charges in the various
regions of the device are scaled for the purpose of illustra-
tion. The physical significance of the charge and potential
profiles have been discussed in [7].

4. Conclusion

In this paper, a numerical model based on self-consistent
solutions to the Schrodinger and Poisson equations is
employed to examine effects of high-k gate stacks for nano-
scale MOSFETs. The present model has the following fea-
tures as being conceptually simple, numerically efficient
and stable, and especially applicable to various high-k
stack structures consisting of combination of different
dielectric materials and thickness, as well as the inclusion
of the transition and capping layers. Moreover, the device
gate current and capacitance can be evaluated simulta-
neously which generate very good agreement with the
available experimental results.
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