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1. Introduction:

Marvelous amount of interests has been recently focused on the
interface of MOSFETs having ultra-thin gate oxide, because a
drastic change of the band-gap (EG) takes place from the silicon to
the oxide [1-4]. Aggressive scaling of MOSFETs enhances effects
of the interfacial transition (IFT) layer on CV-JV characteristics.
Since the IFT layer makes the interface unclear, it is difficult to
determine the oxide thickness (Tox). We include the IFT layers
near the interfaces of poly-Si as well as the silicon. We propose the
determination method of Tox to overcome this difficulty, and the
tunnel mass (mgyx) is determined by a self-consistent fitting of
CV-JV characteristics with using the Tox and taking into
consideration high precise physical models described below [5, 6].

2. Physical models and calculation method:

Firstly, we regard Ty as the distance between the interfaces
facing the silicon and the poly-Si and that the IFT layers are
included to the gate oxide as shown in Fig. 1. It is further regarded
that the IFT layers have a pseudo-alloy structure in which EG
linearly changes from the silicon (EGg;of 1.12eV) at the silicon
interface to the pure oxide (EGox of 8.95eV) 4A away from the
interface. An (Si)y — (SiO,) 1 structure is assumed inside the IFT
layer, and the dielectric constant (K) is then calculated by K = x-Kg;
+ (1+x) -Kox and x = (EGox—EG) / (EGox—EGg;). Here Koy and
Kg; are 3.9 for SiO, and 11.7 for Si, respectively.

Next, the electron direct tunneling (DT) current is generally a
product of the number of tunneling electrons that is determined by
the Fermi level (Ep) and the density-of-states (DOS), and the
tunneling probability that is determined by mgy, the barrier height
(dgof 3.34eV), the oxide field, and Tox with assuming parabolic
E-k dispersion relation. Among them, mgy, ¢pg and Tox hardly
affect the shape of JV characteristics. The mpy is adjusted to
perform JV fitting, since Tox is determined by fitting calculated
CV characteristics with measured ones obtained by I-V method in
parallel mode [7]. On the other hand, Eg, DOS and the oxide field
determine the shape of JV characteristics. Since the oxide field is
obtained by solving the Poisson equation, all we need is to
correctly determine E and DOS. The subbands effect revises DOS
near the silicon surface since electrons are excluded from energy
levels that are lower than the subbands. The weak accumulation
layer also revises DOS near the poly-Si surface due to quantum
repulsion effect [5], since it excites electrons by the band bending
in three-dimensional conduction band. It is more complicated to
determine Ep that is mutually interacted with the band-gap
narrowing (BGN) and the incomplete ionization of impurities.
Since Ep is excluded from the current density equation by the
Boltzmann approximation, we have proposed a phenomenological
method to self-consistently determine Er, BGN and the ionization
rate in the Fermi-Dirac statistics [6]. Fig. 2 schemes penetrations of
the incomplete depletion layer [5] from the poly-Si to the right IFT
layer and of the subbands from the silicon to the left IFT layer
when gate voltage (V) is positive. Fig. 3 schemes penetrations of

the weak accumulation layer from the poly-Si to the right IFT layer
and of hole-subbands from the silicon to the left IFT layer when
Vg is negative. Fig. 4 is a scheme of the present calculation method
in which all the physical models and calculation techniques are
self-consistently unified in an iterative manner.

Finally, the Tpyx is re-defined as the average of Tox and the
thickness of the pure oxide that does not include the IFT layers.

3. Results:

Considered samples are nMOSFETs with N being 1-4E16cm”,
Np being 8E19-1.4E20cm™ and Toy being 1.4nm-2.8nm, which
are determined by the present CV fitting. It is shown in Fig. 5 that
when V; is positive the electrons do not penetrate the left IFT layer
from the p-Si whereas the electrons penetrate the right IFT layer
from the poly-Si. This is because electrons in lower energy level
feel the IFT layers appear narrower, as seen in Fig. 1. It is shown in
Fig 6 that when Vg is negative electrons penetrate from the poly-Si
to the right IFT layer, whereas the hole-subbands cannot penetrate
from the p-Si to the left IFT layer. Therefore, it is found that the
IFT layer is more significant near the poly-Si than near the p-Si.
Fig. 7 shows the CV-JV fittings, in which (a) a good agreement is
obtained in a region including positive and negative gate voltages
when the IFT layers are included in both sides of the p-Si and the
poly-Si. (b) Neglecting the poly-Si/SiO, IFT layer, the calculated
JV characteristics become higher than measured ones in the
negative Vg region. (c) Neglecting both IFT layers this discrepancy
is increased. (d) If K is fixed to Kox inside the IFT layers, then
CV-JV characteristics might agree with measurements. The Tox
estimated here is however smaller by about 4A than determined in
(a), (b) and (c), as seen in the right figure of Fig. 8. It is further
shown in the left figure of Fig 8 that the mpx determined in (a) is
within (0.85+0.05) -mj for all samples of Tox ranging from 14 A to
28A, where my is the electron rest mass, while the mgy estimated
in (d) becomes higher for thinner oxide and it approaches to (a)
with the increase of Tox. This is because Toyx is underestimated to
compensate the decrease of the total K due to Kgy inside the IFT
layers in the CV fitting. The underestimated Tox increases the DT
current, so that the mgy is overestimated in thinner oxide samples
to suppress the DT current. In Table I, the estimated mpy is
summarized in the cases of (a)-(d). If the JV fitting was performed
in the negative Vregion of (b) and (c), then less DT current would
be obtained in the positive Vg region, and the moyx would be
increased by about 20% for thinner oxide samples, which
approaches the result of [8].

4. Conclusions:

The poly-Si/SiO, IFT layer is critical to the determination of mgyx
and Tox. The pseudo-alloy structure assumed in the IFT layers
makes Toyx close to by ellipsometry within 5% and mgy within
(0.85+0.05)m, with regardless of the Ty, which is clearly
advantageous for predicting CV-JV characteristics of near future
electron devices with ultra-thin gate insulator.
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Fig. 1 Present model for IFT layers: these IFT
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Fig. 5 Calculation result of the electron density
profile and the band structure including 4A IFT
layers at both sides when Vg is 1.5V:

p—Si Oxide

n*poly—Si

Band Energy (eV)

Vg= —2V

( Zum/|,) Aysuaq Jauie)

3 Ng=9E19cm ™

5

Distance from the substrate interface (nm)
Fig. 6 Calculation results of carrier density profiles
and the band structure including 4A IFT layers at

both sides when Vg is —2V:
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Fig. 7 Agreements of CV-JV characteristics
between measurements and calculations: (a) The
IFT layers are included in both sides of the p-Si
and the poly-Si according to [1]. (b) Only in the
side of the p-Si the IFT layer is included according
to [4]. (c) From both sides the IFT layers are
neglected. (d) The IFT layers in which K is fixed
to Koy are included in both sides. The higher data
corresponds to thinner oxide.
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Fig. 8 Tunnel mass and oxide thickness
determined in Fig. 7(a)-(d):

Table I Tunnel mass determined in Fig. 7(a)-(d):
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