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Abstract: An empirical expression for the direct tunneling (DT ) current is obtained. T his expression can he used to

calculate the DT current for nMOSFETs with ultra<thin oxide when the oxide thickness is considered as an ad-

justable parameter. T he results have good agreement with the experimental data. And the oxide thickness obtained

is less than the value acquired from the capacitance—~voltage( C+4) method.
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1 Introduction

As dielectric thickness was scaled down, leak—
age current through the gate dielectric due to direct
tunneling became a problem even at a low operat—
ing voltage, especially for analog circuit applica—
tions. T herefore, a compact expression for gate cur—
rent due to direct tunneling was required. A num-
ber of studies on the direct tunneling gate current
had been reported in Refs. [ 1~ 9]. The analytic
models'"”™ **" had been investigated by Depas, Reg—
ister, and Hu et al.. In these models, the experi-
mental data could not be simulated in the full direct
tunneling region. The DT expression given by Hu
et al.'” is suit for the oxide thickness less than
4nm. For using the DT expression given by Hu,
Choi et al. introduced the explicit surface potential
model and quantum-mechanical corrections to sim—
ulate the 1.3~ 1.8nm experimental data, the re-
sults showed the deviation still existed. The cur—

rent physical models for simulating the direct tun-
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neling current were focused on the quantum-me-

. 2.4~ 7
chanical models' ]

. In these models, the quanti-
zation effect was considered by solving the Poisson
and the effective-mass Schrodinger equations self-
consistently. Although these models could simulate
the experimental data of direct tunneling current
measured on the ultra-thin oxides, solving the Pois—
son and the effective-mass Schrodinger equations
self-consistently were complicated and time con-
suming. In this paper, a modified model for DT cur—
rent in nMOSFET “s under the condition of inver-
sion is proposed, and an empirical expression is ob—
tained. T he results showed the empirical expression
could describe the experimental data well while the

thickness of ultra-thin oxides varied from 1. 9nm to

3. Onm.

2 Results and discussion

The n" poly nMOSFETs devices with differ—
ent oxide thickness were provided by Motorala

company. A HP4145B semiconductor parameter an—
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alyzer was utilized to measure the current-voltage
characteristics at room temperature. The gate oxide
thickness was extracted from the quantum mecha-
nism capacitance voltage (C-V) method'" as 1. 90,
2.08, 2. 38 and 3. 00nm.

Figure 1 shows direct tunneling of electrons

across gate oxide from the p-type Si substrate to
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Fig. 1
nM OSFETSs inversion

Schematic diagram of direct tunneling for

n" poly Si gate. This direct tunneling current mod-
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el is expressed as
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where ® is the barrier height of Si/SiOa,

3. 15ev!Y

0.5m(m is the free electron mass), Vo is the oxide

, Mo is the effective mass of oxide, mo=

voltage, Tox is the oxide thickness, h is the reduced
Planck constant. In this paper, Vo is obtained using
a C¥ quantum method'"”, the poly Si depletion
and quantum effect are considered. Figure 2 shows
the relationship between gate voltage(Ve) and Ve
for different oxide thickness. Figure 3 shows the
relationship between the gate tunneling current
and V. and the results obtained from Eq. (1) with
the parameter of To. From this figure, we know
that using Eq. (1) to simulate the experiment data

has good agreement in high voltage region. But in

low voltage region, the calculating data have large
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Fig. 3 Comparison between the simulating results

by using the DT current of Eq. (1) and the experi—

ment data

deviation with the experiment data. So Eq. (1)
needs to be modified to simulate the experiment
data. We know the electron tunneling current can

be calculated by the following formula' "

] - fj(E_\-)dE_‘- (2)

J(E.) = ﬁrl»”;D(Ev)f[fr(E) - f(E)]1dE

(3)
D (E.) is the transmission probability when the
longitudinal electron energy is Ex.f+and f1 are the
distribution functions in the right and the left of
the electron. For direct tunneling electrons, we as—
sumed that the energy range of tunneling electrons
is less than ¢Ve. Then the direct tunneling current

1s

Jor = _f"";( E.)dE. (4)
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So the expression of direct tunnel current is

as:

Jor = V,—i‘exp{ - B[(q®)"*

T

(B V)] e (5)
Juea= (1= exp(—= ¢gVaBC)gVuBC

- exp(—- gVuBC)) (6)

C= 3l (4H"7 = (g9- qvi)”

Figure 4 shows the comparison between the
calculating results by Eq. (5) and the experimental
data. From Fig. 4, we know that the calculating re-

sults still agree well with experiment data at high
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Fig. 4 Comparison between the simulating results
by using the DT current of Eq. (5) and the experi-

ment data

voltage region. The deviation between the calculat—
ing results and experiment data in low voltage re-
gion is still large. So the DT current expression
needs to make a further correction. Considering the
energy range of direct tunneling electrons are dif-
ferent when oxide voltage is different, we introduce

two parameters m and n. Equation(6) changes as

Juea= [ 1= exp(- q]::BC)q %Bc
Vm | "
- exp(- ¢ BC) (7)

Figure 5 shows the comparison between the calcu-
lating results and the experimental data after intro—
ducing the m and n. This figure shows that the re—
sults simulated after introducing m and n have

good agreement with the experiment data. The ox-

ide thickness obtained from DT simulation is less
than the value obtained from C-V method. This is
due to the quantum effect makes the CV electrics
oxide thickness larger than the true oxide thick-
ness. In our results, for different oxide thickness. m
has same value, m= 3.0, but n is different. Figure 6

shows the curve n with oxide thickness.

Fig. 5 Comparison between the simulating results
by using the DT current and the experiment data af—

ter introducing m and n
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n changing with oxide thickness

3 Conclusion

[n this paper, we introduce m and n to modify
the DT current and obtain the empirical DT cur-
rent expression. T he simulating results show the
experiment data can be simulated well using the
empirical DT current expression.
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the HP measurement instruments to us.
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