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Abstract

In this paper the electrical characteristics of metal oxide semiconductor (MOS) capacitors with high-k gate dielectric
are investigated with quantum mechanical models. Both the self-consistent Schrédinger—Poisson (SP) model and the
density gradient (DG) model are solved simultaneously to study quantum confinement effects (QCEs) for MOS capacitors.
A computationally efficient parallel eigenvalue solution algorithm and a robust monotone iterative (Ml) finite volume (FV)
scheme for the SP and DG models are systematically proposed and successfully implemented on a Linux cluster, respectively.
With the developed simulator, we can extract the effective gate oxide thickness from capacitance voltage (C-V) measurements
for TaN and Al gate NMOS capacitors with- @> and SO5 gate dielectric materials. We found that quantization effects of 5.0
nm Z.0O, MOS samples cannot be directly equivalent to commonly quoted effects of 1.5@mMBOS samples. Achieved
benchmarks are also included to demonstrate excellent performances of the proposed computational tecBORRIESsevier
Science B.V. All rights reserved.
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1. Introduction tics. One of the most obvious QCEs is that the in-
version layer charge density calculated using a quan-
The operation of deep submicron MOSFETs is now tum mechanical approach is smaller than that calcu-
entering a regime in which QCEs become noticeable lated classically (only solve Poisson equation) [1] for
and classical transport theory is no longer sufficient a given applied gate voltage, thus directly affecting the
for accurate modeling of the operating characteris- shift of the C-V curves. The classical method overes-
timates the oxide thickness of the prepared ultrathin
T comecoondi thor. Add . § i S 07 films and has received great attention in recent
e et et s YearS [2-5]. The development of metal gate and high-
Chiao Tung University, Hsinchu 300, Taiwan. k dielectric materials, such @8, S,)T;Os, T;Op, or
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reliable and high-quality characteristics [6-9]. How- , — ke TL Zg"m:}i

ever, so far there are only a few theoretically stud- wh?

ies of QCEs for high-k materials in the literature. It Er—E -

is well known that the SP model is the best approach X Zln(1+ exp(u)wizj), (4)
since it fully includes the QCEs, and the DG model is j ks Ty ’

an approximated quantum transport approach that can

be directly derived from quantum mechanics on some Where the unknowns to be solved akg;, ¥; ;, ¢,
assumptions. In numerical simulations, to find the fi- @nd ». All variables and constants have the same
nal self-consistent solution of the SP mode is a time- Meaning as in [1,3,5]. The above model to describe
consuming task and the DG approach also introduceshole quantization phenomena is similar to Egs. (1)-
some artificial parametets in the model, buttheyare ~ (4). In addition, a DG model is a set of coupled
still the best choices to model QCEs in semiconductor nonlinear equations and is given by [2,4]

MOS devices.

In this paper, both the SP model and the DG £(8E>¢=1(n_p+1v—) (5)
model [2-5] are applied to study the QCEs of MOS dz \ dz €0 AL
capacitors with £ZO, gate dielectric material numer- 2. n keTy )2
ically. To solve these models efficiently, we propose an? = (¢>F -+ TFl/é(F>>\/ﬁ, (6)

a parallel iterative eigenvalue solution method for the

solution of the SP model [10,11] and a monotone \yhere the unknowns ar¢ and n. For clarification
iterative finite volume scheme [12-17] for solving of the analysis, we set the dielectric constant equal
the DG model. The quantum transport results are o 119, 39 and 20 for silicon, ), and ZO,,
found to compare quite well with experimental data. respectively. The choice df, is crucial and should
Achieved benchmarks demonstrate excellent perfor- pe caliprated from the SP simulation results. The DG
mances of the proposed computational techniques. Wetheory has been established as a possible alternative
have found that quantization effects aDsm Z.0, to the solution of the SP model for solving problems
MOS samples cannot be directly equivalent to com- yg|ated to QCEs in MOS devices. Primary advantages
monly quoted effects of.5 nm SO, MOS samples. of the DG model over the SP model are flexibility in
This paper is organized as follows. Section 2 states gytending to 2D and 3D, and easiness in incorporation

the SP and DG numerical models and introduces g the conventional drift-diffusion or hydrodynamic
computational algorithms for these models in the g jator [12,15-17]

MOS simulation. Section 3 presents the simulation

results. Section 4 draws the conclusion. )
2.1. Iterative method for the SP model

2. Physical models and solution techniques The method for solving the self-consistent SP
model [5] is: (i) set initial potential barrier and solve

We solve a 1D poly (metal)/D2 (S;02)/Si MOS the Schrddinger equation, (ii) compute 2D electron
structure along the-direction. When electrons are gas with Eq. (4), (iii)) solve the Poisson equation
confined by the surface potential, the electrical char- with the MI method, and (iv) update new potential
acteristics of MOS structures can be modeled by solv- Eq. (3) and back (i). The iteration will be terminated

ing SP or DG models in the oxide and silicon regions when a specified stopping criterion is reached. In our

without tunneling. The SP model is as follows: calculation experience, after about 15-20 feedback
2d/ 1 d nonlinear iterations, the maximum norm errogcéind
e (—* d_> Vj+ EY j=E; ¥, 1) logn can be down to 16° monotonically. To fast solve
<My B2 the Schdordinger equation in (i), we apply a parallel
E E _9 _ - 2 divide-conquer (DC) method for calculating the wave
& o= (” p+ NA )’ ( ) .
dz \ dz €0 functions and energy levels of the large sparse band

E(z)=—q(¢ + AE.), (3) matrix.
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2.2. Parallel divide-conquer algorithm iterative loops to meet a given convergence criterion
(maximum norm errox 10~° on¢ and logn).

In this algorithm, the global matrix is split and
scheduled equally by a host server processor and then
sent to each client processor on a Linux cluster with 3. Resultsand discussion
message passing interface (MPI) library. The eigen-
systems are computed independently with the QR For a 22 nm SO, sample, Fig. 1 shows the elec-
method. Only the eigenvalues will be estimated from tron concentration distribution for classical and quan-
these submatrices. Finally, the computed results aretum approaches; classical theory has higher electron
conguered by a merge method and returned to the hostdensity ¢ 4 times) and quantum transport theory has
processor. If all exact eigenvalues are obtained from about 0.8-1.0 nm density peak shift from the inter-
each matrix, the solved eigenvalues will be merged face. For 50 nm Z 0O, sample, we also have a sim-
directly and hence the corresponding wave functions jlar result. This is one of the reasons that the classi-
will be constructed with the inverse iteration method. cal method results in overestimated MOS capacitances
If the eigenvalues are partially obtained, the multiplic- (see Fig. 2).
ity of approximated eigenvalues will be checked by ~ As shown in Fig. 2, we find that the C-V curve
a Householder transformation or by solving a secu- computed with the classical approach is away from
lar equation for these eigenvalues. Our Linux cluster the measured result. Compared with the SP, DG and
contains 16 PCs; file access and share are through ameasured curves, the classical method has about 20%
network file system and a network information sys- overestimation aVg = —2 V. Secondly, it is clearly
tem. The user datagram protocol controlled by MPI that both the SP and DG have a good consistence in
is applied to the short distance communication. In thjs simulation, where the, is taken a952/124m;§_
our simulation experiences, this method is stable and The equivalent oxide thicknes&y) is an important

for a large class of matrices it is, asymptotically, parameter to characterize or monitor the performance
faster by an order of magnitude than the conventional

methOd . Distance from Si - SiO2 interface (nm)
0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0 4.5 5.0

1 —1 ) 1 1 1 1

2.3. Ml and FV methodsfor the DG model
The FV discretized [13] DG model leads to a sys- DG model (boy

tem of nonlinear algebraic equations. It is directly o model (o1

Electron density (1E20 / cm*#3)

Classical (Short
solved by the Ml method instead of the conventional Z o
Newton’s iterative method [12,17]. This approach has s
a global convergent behavior in MOS quantum sim- -
ulations. The model is simulated with the following
approach: Fig. 1. Electron density for a 2.2 nm MOS ag\= 3 V.

(a) solve the Poisson equation (5) with the Ml method, 20 15 Guevqlee ™ 05 00
(b) with new¢, we solve the DG equation (6) using ' T 1 T
the Ml method, and

Dash-dot-dot: measurement data for 1.5 nm SiO2 sample

(’S 2Y L Dash-dot: measurement data for 1.3 nm SiO2 sample B
(c) update new and back (a). : S Mesaremnt st o 3.0 nm 2107 sample 9
E 1901 Dot SPresult for 5.0 nm ZrO2 MOS ///
) 3 C=d(gn)idv iz
The MI method was proposed and successfully applied £ 5o} — = J
in 2D and 3D semiconductor device simulation by & S

us earlier [5,12,15-17]. Similarly, the iteration will

be terminated when a specified stopping criterion is
reached. Our calculation experience shows that it has
a fast convergence behavior. It takes about 50-60 Fig. 2. Computed C-V curves for MOS capacitors.

»o ——@ ——— ~Classical result for 5.0 nm Zr02 MOS
I > —
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Fig. 3. Achieved speedup for parallel SP simulation.

and reliability of the devices and it equalgo, *
(Area/ Cmeas, Whereesg,o, is the dielectric constant
of the silicon dioxide, Area is the area of the MOS
capacitor. TheCneasis the measured capacitance of

the capacitor and it is strongly dependent on the QCEs.

In the experiment, th&,y without quantum calibration

of the Z.0, sample is 15 nm (Cmeas iS measured
at Vg = —3 V), however, in Fig. 2, we find that
the simulated capacitance of5lnm silicon dioxide
(dash-dot-dot line) is much lower than the measured
capacitance (solid line). This indicates that the QCEs
should cause: 12% error of thickness. In other words,
the Z.O> film is more similar to a 13 nm oxide (dash-
dot line) than to a 5 nm oxide. We have found the
difference of QCEs between®nm Z.O, and 15 nm
SO, samples is not exactly the same. That is, the
peak of the carrier density of the@®nm Z.0; is
farther away from the interface of silicon than that
of the 15 nm SO». This observation shows that the
5.0 nm Z .0, cannot be exactly equal to;S; with

has been investigated with the SP and DG quantum
mechanical models. Computationally efficient simula-
tion algorithms for these models have been presented
and successfully implemented on a Linux cluster. The
developed simulator has good computing performance
and has been applied to extract the effective gate ox-
ide thickness from C-V measurements for MOS ca-
pacitors with ZO, and SO, gate dielectric materials.
We found that the quantization effects 0051m Z.O2
MOS samples cannot be directly equivalent to com-
monly quoted effects of.5 nm SO, MOS samples.
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