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Abstract
Influences of dielectric constant nonuniformity induced by
nonuniform metal concentration in gate dielectric silicates on
the average film dielectric constant and transistor
characteristics were studied with a physical model that took
polarization into account and 3-dimensional device
simulations. The experimental results were compared to the
calculation. It is shown that dielectric constant
nonuniformity in gate dielectrics induces an increase in the
propagation delay times for any metal concentration studied.
1. Introduction
As the demand for high-speed and low-power operation
increases, device feature size is reduced and power supply
voltage is lowered (1.2, According to this trend, gate dielectrics
are being thinned and it is estimated that they will become 1
nm for 35 nm MOSFETs B8, In order to avoid the drastic
leakage current increase that is inherent in SiQ: gate
dielectrics, high-k materials for gate dielectrics are being
intensively investigated 1. It is well-known that Hf(Zr)O2
separates out and crystallize during high temperature
rocess, resulting in nonuniformity in metal silicates [
%)Fig. 1). We investigated the influences of such nonuniformity
in metal concentration in gate dielectrics on MISFETS’
electrical characteristics such as current drivability and
propagation delay time using a physical model and
3-dimensional device simulations (DIAMOND). An
experiment was conducted in order to verify the average film
dielectric constant calculation.
2. Approximation to Propaﬁation Delay Time
In this study, propagation delay time (tpa) is estimated with
CV/I, where C is the load capacitance, V is the power supply
voltage, and 1 is the saturation current. Under an
approximation for parasitic effects to be negligible, both C
and I are proportional to gate capacitance values. However,
dielectric constant nonuniformity affects them in a different

way.
3. lg‘..stimation of Load Capacitance

In order to calculate load capacitances, the average dielectric
constant over films (ea) is used. In order to calculate €av,
nonuniform dielectric films are modeled with a slab
(dielectric constant: €1) containing globes (dielectric constant:
g2). Centers of the globes are on the équidistance plane from
both surfaces of the slab. Considering a depolarization field,
Lorentz field, and a field of mirror charge, eay was calculated

as follows:
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where R is the globe radius, T is the slab thickness, n is the
number density of the globes, and ((3)(=1.202.) is the
Riemann’s zeta function.

Dependences of €ay on a radius of globes are shown in Fig. 2(a)
with average HfOz concentration, X, as a parameter. In
these calculations, nT? and &2 were set equal to 0.78
(experimental value) and 20, respectively. Here, dielectric
constant of remaining (HfOz)x(SiOzgrx film, &1, was calculated
with the following equation 6! which is shown in Fig.2(b):
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For comparison, the calculated results with the following
equation for €1, shown in Fig. 2(b), are also shown in Fig. 2(a):
g, =12-8.1x(1-2xX)=3.9+16.2xX . (3
This figure shows that the calculated eav decreases slowly
with increase in radius of the globes in small radius region
while it decreases rapidly in large radius region. €av increases
with the radius in the case where X =50%. In the case of low
Hf concentration films, €1 dependence on Hf concentration is
strong, resulting in rapid €av decrease with separating out of
HfO: in large radius regions, in spite of appearance of HfO2
region of higher-k. In the case of high Hf concentration films,
€1 dependence on radius is weak, resulting in weak eav
dependence on radius in small radius regions. In the case
where X = 50%, it even increases with separating out of
HfO:. In the calculation with equation (3), €av decrease even
in the case where X = 50% and the dependence of the
decreasing rate on the radius of globes is weak.
An experiment was conducted to verify the calculation.
(HfO2)0.1(Si02)09 films were sputter deposited on p-type Si
(100) substrate. A post deposition annealing was performed in
Nz at 1,000°C for 30 sec. Contrary to the film without
annealing (Fig. 3(a)), nonuniformity is clearly seen in the case
of the film with annealing (Fig. 3(b)). HfO2 segregation was
confirmed with the detailed plain view (Fig. 4). A number
density of the high-k region (n) and radii of HfOs (R) were
estimated with Fig. 4 as 0.025 nm? and 1.4+ 0.2 nm,
respectively. The film thickness, T, was 5.6 nm, corresponding
to nT? = 0.78. gav was measured using the accumulation
capacitance at Vg = -2 V taking into consideration the
effective accumulation layer thickness 7). The measured €a’s
are plotted in Fig. 2(a). eav decreases with separating out in
HfO:. Experimental results are between the 2 cases,
calculated with either equation (2) or (3) and they are closer
to the case calculated with equation (2) than those with (3).
4. 3-dimensional Simulations to Drive Current
In order to study drive current, 3-dimensional device
simulations were carried out. The simulated devices are
n-MISFETSs of L/W = 35 nm/100 nm. Sources and drains with
xj of 10 nm have an overlap length between the gate and the
source/drain of about 10 nm. The impurity concentration in
the channel region has a maximum of 1x10!8 cm® at a depth
of 5 nm and is 1x1017 cm® at the substrate surface. The gate
dielectric has a thickness of 3 nm and a dielectric constant of
12 (EOT = 1 nm) with (2 nm)3 cubic high-k regions with a
dielectric constant of 20. The high-k regions are arranged
with their centers 1.5 nm from the substrate surface and
distances among themselves of 10 nm. Four MISFETs were
studied; their gate dielectrics are with 0, 1, 2, and 3, rows of
high-k regions, schematically shown in insets to Fig. 5, where
high-k regions are shown with filled squares. Vb was set to
0.6 V BBl The dependence of obtained Ip-Va characteristics on
the number of high-k regions is quite small (Fig.5). Potential
distribution in the channel region of the device #2at Vp=0V
and Vg = 0.6 V is shown in Fig. 6. There are small peaks in
the potential under high-k regions. It can be understood that
electrical current is determined by the capacitance of the
portion surrounding the small peaks.
b. Propagation Delay Time
From the results mentioned in the chapters 3 and 4, within
the approximation for Tpa to be CV/I, it is proportional to eav/ei,
i.e., the part in the bracket of (1). Figure 7 shows dependences
of CV/I on R/T with equation (2) (Fig. 7(a)) and (3) (Fig. 7(b)).
Here, CV/I values are normalized with those of devices with



no HfO2 separation. This figure shows that Tpa increases for all cases studied and can
reach as large as 70% with nonuniform gate dielectrics_such as that shown in Fig. 1.
This tendency becomes stronger for larger n, smaller X , and with the model using
the equation (3). It is understood that Tpa increase for X = 10 and 30 % is caused by
the decrease in I due to €1 decrease and that the increase for X = 50 % is caused by
the increase in C as in Fig. 2(a).

6. Conclusion
It has been shown that nonuniformity in gate dielectric increases propagation delay
times. Therefore, it is indispensable to control uniformity in high-k gate dielectrics.
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Fig.1 A schematic picture of a
nonuniform gate insulator.
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Fig.2(a) Dependences of average dielectric constant on the radius of regions having a
dielectric constant of €2, calculated with (1) and either (2) or (3), average HfO:
concentration, X , was taken as a parameter. Experimental results for X =10 % are

Fig.2(b) Dependences of silicate
dielectric constant on  Hf/ZrOz
concentration (X), calculated with

also plotted. either (2) or (3).
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Fig.3 TEM photographs of TFig.4. Anin-plane TEM photograph ofa  Fig.5 Simulated In-Vg characteristics of
0.1(Si0O2)0.0 films (a) without and  (Hf02)0.1(SiOz2)o o film after annealed in  devices  with  nonuniform  gate
(b) with annealing process in N2 at Nz at 1,000 °C for 30 sec. insulators.
1,000 °C for 30 sec.
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Fig.6 Potential profile in channel region
of the device #2 in Fig. 5 at Vp =0 V and
Ve=0.6V.

Fig.7(a) Dependences of CV/I on the
radius of globes (dielectric constant: €2)
calculated with equations (1) and (2).
Here, CV/I values are normalized with
those of devices with no HfO2
separation.
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Fig.7(b) Dependences of CV/I on the
radius of globes (dielectric constant: e2)
calculated with equations (1) and (3).
Here, CV/I values are normalized with
those of devices with no HfO:
separation.



