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Abstract 

We demonstrate the investigations of oxide reliability by means of full- 
band Monte Carlo simulation. Firstly we discuss the accuracy of the 
scattering rates particularly for hot hole transport. It is shown that 
the quantum-yield experiment provides a means to verify the scattering 
models for hot carriers in MOS system. Secondly, the oxide breakdown 
is studied by using a substrate hot electron injection technique. Monte 
Carlo simulations are performed to examine the correlation between 
the oxide breakdown and the electron energy, and it is shown that the 
holes generated in the anode electrode play an important role in the 
oxide degradation: In addition, it is discussed that rigorous hot carrier 
simulations are necessary to study the reliability issues for ultra-thin 
oxide films used in advanced CMOS technology. 

1 Introduction 

The reliability of gate oxide is a major concern for further downscaling of MOS 
devices (Degraeve et al. 2000). Understanding the mechanism of oxide degrada- 
tion and final breakdown is essential for accurate projection of oxide reliability. 
Many previous works (Chen et al. 1986, DiMaria et al. 2001) have pointed out 
that the hot carriers injected into the gate oxide originate the oxide degrada- 
tion. Thus the rigorous modeling of the hot carrier behavior in MOS system is 
very important, e.g., to  confirm the validity of the empirical projection manner 
using accelerated lifetime tests. In order to simulate the hot carrier transport in 
semiconductors using fewer assumptions and approximations, a full-band Monte 
Carlo (FBMC) technique has been extensively studied since the early 1980s 
(Shichijyo and Hess 1981, Fischetti and Laux 1988). Recently, the state-of-the- 
art FBMC simulators have been utilized by several groups for analyzing the 
oxide degradation (Bude et al. 1998, Ezaki et al. 2000). In the present work, we 
will firstly discuss the accuracy of the scattering models particularly for hot hole 
transport, which plays a key role in the oxide degradation. Then we demonstrate 
an example for the application of FBMC to studying oxide reliability, i.e., the 
investigation of breakdown induced by substrate hot electron (SHE) injection. 



2 Verification of scattering models for FBMC simulation 

In this work, we solve the Boltzmann transport equation for both electrons 
and holes in Si using a FBMC technique (Kunikiyo et al. 1994). The realistic 
band structure and the scattering rates essential for the hot carrier analysis, i.e., 
phonon scattering and impact ionization, are taken into account. All scatter- 
ing rates have been derived on the basis of the band calculation (Cohen and 
Bergstresser 1966) and the resulting density of states. Figure 1 shows the scat- 
tering rates employed i i  our simulator. We used the electron scattering models 
reported by Kunikiyo et al. (1994), which are almost the same as those employed 
in the FBMC simulators of other groups (Abramo et al. 1994). They have been 
verified with various experimental data, e.g. the drift velocity, the ionization 
coefficient and the quantum yield, the soft x-ray photoemission spectroscopy, 
etc. (Cartier et al. 1993). On the other hand, although it has been pointed 
out that the hole holes significantly affects the oxide reliability, much less is 
known about the hole transport in Si (Kamakura et al. 2000). We assumed 
the theoretically computed ionization rate reported by Kunikiyo et al. (1996), 
and the phonon deformation potentials are determined by fitting the simulated 
drift velocity and the ionization coefficient to the experimental results (Otta- 
viani et al. 1975, Grant 1973). The states of secondary carriers after the impact 
ionization are obtained from the random-k approximation (Kane 1967). 

In order to verify the scattering models, particularly for the hot hole transport, 
we simulated the quantum yield of the impact ionization. Quantum yield y is de- 
fined as the number of electron-hole pairs generated by an injected hot electron 
(Chang et al. 1985). y gives information about the ratio between the ionization 
and the phonon scattering rates, and hence it has played an important role in 
determining the scattering rates for hot electrons in Si (Cartier et al. 1993). 
y as a function of electron energy can be measured by the charge separation 
technique as shown in Fig. 2. The number of pairs is derived from the ratio 
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Fig. 1. (a) Scattering rates for (a) electrons and (b) holes in Si a t  room temperature. 
Total phonon scattering rate (solid line) and impact ionization rate (dashed line) are 
plotted as a function of carrier energy. 
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Fig. 2. Schematic energy band diagram illustrating quantum-yield experiment 
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of the channel (hole) current to the gate (electron) current of p-MOSFET. In 
this study our attention was focused on y exceeding unity, which is obtained 
in the Fowler-Nordheim (FN) tunneling regime. Due to the high oxide voltage 
(> 3.2 V), the electrons are injected into the Si with high kinetic energies, and 
the secondary generated particles after impact ionizations can gain sufficient 
energy to produce additional pairs. The resulting y contains the desired infor- 
mation about the impact ionization events induced by the secondary holes. 
We performed quantum-yield experiments by using MOSFETs with a heavily 
doped (2 8 x 1017 ~ m - ~ )  Si substrate. Figure 3 (a) shows the experimental 
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Fig. 3. (a) Measured y as a function of gate voltage for the samples having various 
oxide thicknesses. (b) y as a function of Einj. Simulated results taking account of 
electron-initiated ionization process only (dashed line) and both electron- and hole- 
initiated ionization processes (solid line) are compared. 
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y for various oxide thicknesses ranging from 6.1 to 15.7 nm. In thinner oxides 
(to, 5 7.7 nm), a universal relationship between y and V, is found, irrespec- 
tive of the oxide thickness indicating quasiballistic transport inside S O z .  On 
the other hand, y - V, characteristics for thicker oxides depend on thickness 
because of the strong energy dissipation in Si02. In the present study, we com- 
puted the initial electron energy immediately after the injection into Si, Einj, 
by performing MC simulations in Si02 (Arnold et al. 1994). Note that a uni- 
versal relationship irrespective of the oxide thickness is obtained, which ensures 
the validity of Einj evaluation. The simulated results taking account of both 
electron- and hole-initiated impact ionization processes show good agreements 
with experiments. In this way, the quantum-yield experiment provides a means 
to verify the scattering models for not only hot electrons in Si but also hot holes 
in Si and hot electrons in Si02, whose accuracy significantly affects the modeling 
of oxide degradation. 

3 Analysis of oxide reliability using FBMC simulations 

3.1 Oxide breakdown induced by SHE injection 

FN tunneling injection has been widely used to study the time-dependent dielec- 
tric breakdown of gate oxide films. During the FN stress as shown in Fig. 4 (a), 
hole current is observed at the substrate electrode. It has been suggested that 
this is caused by the hot hole injection from the anode interface. Experiments 
have shown that an oxide's lifetime t g ~  can be projected from the time required 
for the hole fluence to  reach some critical value Q,, independent of the gate 
voltage (Chen et al. 1986): 

where J,(t) is the substrate hole current divided by gate area. This observation 
is the experimental basis for the anode-hole injection model, in which the oxide 
breakdown is explained by considering that holes are responsible for the damage 

Fig. 4. Schematic energy band diagram illustrating (a) FN and (b) SHE injection. 



leading to oxide degradation and final breakdown (Degraeve et al. 1998). How- 
ever, because FN injection needs high oxide field (> 10 MV/cm), it is possible 
to consider that the electric field itself causes the damage creation (McPherson 
et al. 2000). In this study we investigated oxide breakdown using a different 
stress technique, i.e., SHE injection, with which we can independently control 
the oxide field and carrier energy. Figure 2 (b) shows the schematic energy band 
diagram illustrating SHE injection. Cold electrons, injected into the p-Si layer 
from the n-Si by forwardly biasing, are accelerated towards the Si/Si02 inter- 
face, and some of them gain sufficient energy to surmount the Si/Si02 barrier. 
Because the hole current through the oxide layer cannot be separated from the 
electron current, it is impossible to verify experimentally whether the holes also 
control the oxide breakdown induced by SHE stress. We calculated the hole 
current theoretically by means of MC simulation, and investigated the origin of 
the oxide degradation that eventually triggers the destructive breakdown. 

The devices used are n-MOSFETs having conventional Si02 gate oxide, n+ 
poly-Si gates, p-Si wells, and n-Si substrates. The oxide thickness is 5 nm, 
and the channel doping concentration is 5 x 1 0 l ~ c m - ~ .  By using FN and SHE 
injection, we measured the gate current as a function of stress time until the 
occurrence of the oxide breakdown. In order t o  evaluate the hole current through 
the oxide layer, FBMC simulations were performed for the electron heating in 
the Si substrate and e n e r b  relaxation processes of electrons and holes in the 
poly-Si gate. Electrons in Si02 are computed with an analytical band MC 
model reported by Arnold et al. (1994). The hole injection into SiOz/poly-Si 
barrier, which is lowered by an image force effect, is calculated with the tunneling 
probability based on the WKB approximation. Figure 5 shows the experimental 
charge-to-breakdown QBD as a function of V, for FN and SHE injections. QBD is 
defined as the total charge fluence through the oxide layer until the occurrence 
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Fig. 5. Experimental QBD (symbols) and calculated a-' (lines) as a function of gate 
voltage. 
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Fig. 6. Snapshots of the simulated electrons in the oxide layer for various stress 
conditions. The heavy lines indicate the conduction band edge of the gate oxide, and 
the energy is measured from the bottom of the conduction band in the gate poly-Si. 

of the breakdown. The dependence of QBD on the bias conditions and the 
injection techniques can be understood in terms of the electron energy. Figure 6 
shows the snapshots of the simulated electrons in the oxide layer. Under the 
same Vg (= 5 V) the electron energy a t  the anode interface for FN injection is 
much higher than that of SHE injection as shown in Figs. 6 (a) and 6 (b). In 
Fig. 5, QBD for FN injection is also much larger than that of SHE injection. We 
have to apply higher Vg for FN injection (see Fig. 6 (c)) to obtain the energy 
distribution similar to SHE injection. Note that under these conditions QBD 
for both injection techniques are comparable. These results indicate the strong 
correlation between the oxide breakdown and the electron energy at  the anode. 
For further examination to the degradation mechanism, we computed the hole 
injection from the anode interface. In Fig. 5 we plot the simulated results of the 
inverse of the hole injection efficiency Jp/Jg a ,  where Jg is the gate current 
density. On the basis of the anode-hole injection model, QBD is related to Q, as 
QBD = Qp/a. Good agreement between experiment and simulation is obtained 
with the same Q, regardless of the injection technique. This indicates that the 
anode hole injection also controls the oxide's lifetime stressed by SHE injection. 

3.2 Reliability projection of ultra-thin oxide 

The aggressive scaling of oxide thickness into direct-tunneling regime has drasti- 
cally reduced the margin for error in reliability projection (Degraeve et al. 2000). 
In order to understand how to extrapolate the results of accelerated lifetime tests 
to operation voltage, the mechanism of oxide degradation must be understood 
exactly. Even if we assume the anode-hole injection model, the situation is not so 
easy as for thicker oxides. Recent experiments have demonstrated that a strong 



correlation exists between the degradation of ultra-thin oxides and the hole en- 
ergy injected by direct tunneling (Deguchi et al. 2000). That is, the lifetime of 
ultra-thin oxide (< 3 nm) is a function of not only the hole fluence as assumed 
in Sec. 3.1, but also the hole energy. Moreover, this means that the channel 
hot holes can create oxide defects via direct tunneling even though they have 
insufficient energy to surmount the energy barrier (DiMaria et al. 2001). The 
rigorous modeling of hot carrier behavior in Si is still important for discussing the 
reliability issues of advanced CMOS technology using reduced supply voltage. 

4 Conclusion 

We have demonstrated that  the FBMC simulation is a very helpful tool for 
investigating the mechanism of oxide degradation. The MC simulator, whose 
accuracy have been verified by the quantum-yield experiment, has been utilized 
t o  analyze the oxide breakdown induced by FN and SHE injections. The strong 
correlation between the oxide breakdown and the electron energy was found, and 
it was shown that  the holes generated in the anode electrode play an important 
role in the oxide degradation. In addition, it was indicated that the rigorous 
modeling of hot carrier behavior in Si is still important for discussing the relia- 
bility of aggressively scaled oxide films used in advanced CMOS technology. 
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