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Abstract: With the proportional reduction of MOSFET size, the leakage-to-barrier reduction (DIBL)
effect leads to a more significant increase in the tunneling current on the gate, and the appearance
of the gate tunneling current also seriously affects the static characteristics of the device. In this
paper, a new theoretical model of the relationship between the direct tunneling current and the
thickness of the oxide layer under the DIBL effect is proposed for the MOSFET device with ultra-
thin oxide layer. On this basis, the characteristics of the MOSFET device are studied in detail by
using HSPICE, and their working conditions are quantitatively analyzed. The characteristic varia-
tion trend of small-size devices under the influence of gate tunneling current is predicted. The sim-
ulation results using BSIM4 model are consistent with the theoretical model. The theory and data in
this paper will provide useful reference for large scale integrated circuit design.
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1. Introduction

Si materials dominate the semiconductor devices and integrated circuits. For scaled
MOSEFET devices, with thinner thickness of the gate oxide layer, the effect of gate tunnel-
ing current on the performance of the device is more significant. With DIBL effects, the
direct tunneling current of MOSFET devices will also change significantly. With thinner
thickness of the gate oxide layer, gate tunneling current of MOSFET will become larger,
and gate tunneling current is the major component of MOSFET off-state leakage currents
[1]. According to the existing domestic and foreign literature, tunneling current has been
widely modeled, however, these studies did not consider the DIBL effect. And these mod-
els are also not suitable for predicting the characteristics and tunneling current trends of
MOSEFET devices with thinner oxide layers [2-5].

Herein, to illustrate the relationship between gate oxide film thickness and gate direct
tunneling current of MOSFET devices, a gate tunneling current model with DIBL effect is
presented in this paper. As shown in Figure 1, in this model, the tunneling current of
overlapping dimension and gate is studied as a group, and the influence of direct tunnel-
ing current under the DIBL effect on the off-state characteristics of MOSFET devices is
carefully studied. In the paper, the off-state characteristics of MOSFET devices are simu-
lated, the static characteristics include the relations between leakage current and gate ox-
ide film thickness in 0.7~1.3nm. The trend of gate tunneling current of scaled MOSFET
devices is determined. When the oxide film thickness of devices decreases proportionally,
the corresponding device parameters will also change, so the effects of other parameters
such as doping concentration are also taken into account in the simulation [6-8]. Through
comparison simulation results and theoretical result, this model is proved to be highly
reliable. This provides a useful theoretical basis for future circuit design, which is helpful
for circuit design of small size devices.
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2. Tunneling Current Model
2.1. DIBL Effects

Drain Induced Barrier Lowering (DIBL) effect is a very important physical phenom-
ena in scaled devices. As channel length becomes shorter, threshold voltage is more de-
pendent on channel length and drain bias. Threshold voltage dependence on the body
bias becomes weaker control of the depletion region. Because of threshold voltage reduc-
tion caused by drain voltage, DIBL effect becomes an important physical limitation for
device applications [9]. Especially in sub-threshold case, the enhancement of carrier injec-
tion at the source leads to an increases of sub-threshold leakage current. It is necessary to
calculate exactly leakage current by building tunneling current model with DIBL effect.

In DIBL effects, the threshold voltage Vryp can be described by formulation (1),
A Vrh is threshold voltage increment in equation (1) and (2) [10].
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In formulation (2), L.ss is effective length, I, and X0 can be obtained from for-
mulations (3) and (4), K is the constant of gate insulator (value 3.9), m1, m: are technological
parameters obtained by parameter extraction, Xaeo is depletion edge when Vzg = 0, ny is
channel doping density of zero-bias (value 1.7e17cm), n; is channel carrier density, &g;
is dielectric coefficient of silicon, ¢ is surface voltage, T,, is thickness of gate oxide
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Surface potential can be express as equation (5), k is Boltzmann constant, g is charge
quantity, T is absolute temperature, PHIN shows in equation (6).
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Since ¢=@s+Vss, the value of potential ¢ is ¢=g, so equation (7) can be obtained.
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2.2. Gate Direct Tunnel Current Model

As shown in Figure 1, the gate direct tunnel current consists of four parts, I, is gate-
to-substate leakage current, I;5, and Iy4, are parasitic leakage current through the gate-
to-source-drain overlap area, I, is gate-to-inversion channel tunnel current, I;, flows to
source (Iy), and Iycq flows to drain.
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Figure 2. Tunneling Current Physical Mechanism.

Gate direct tunneling current is generated by tunneling electrons or holes reaching
gate through the gate oxide barrier. The direct tunneling is shown in Fig. 2. ¢,, is height
of oxide barrier, V;, is the potential difference of the gate oxide, E is Fermi energy level,
E. is conduction band, E, is valence band, A and B are physical constants that depend
on ¢,, and the effective mass of tunneling particle. In this paper, the characteristics of
the gate tunneling current as a group in the off state are mainly studied, especially the
relationship between gate tunneling current and the thickness of the oxide layer. The re-
lation model between gate direct tunneling current and gate oxide thickness is deduced.
The gate direct tunneling current of MOSFET devices [11,12] can be modeled as

: Ve
Jpr =J,=AE:, -exp[-BE, (1-(1-—2)2)], (8)
3
When 1—(1-—2-)2 =1, the gate tunneling current along x point will be approxi-

ox
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In equation (9), Jg is gate tunneling current density (Vps = 0), B* = pBT,,/Viks, Tox
is the thickness of oxide layer, p is a tuning parameter with default 1, V,,; = V;, is the
gate-source voltage at x = 0. If the gate leakage current is much less than the drain cur-
rent, then
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Accurate tunneling current model is shown in equation (11). Its physical meaning is
that total amperage is equal to the product of gate-oxide interface area (WL) and average
current density <Jo(x)> across the interface, Jg(y) = Jgoe % '™ is gate tunneling current
density at x. By equations (2), (3) and (4), might as well assume —B*k =p , k = (V55—
Venp = Vps/2) - Vps/(Ves — Vrup)L, the total gate tunneling current can be obtained by
equation (12).
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It can be simplified to
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When substrate bias Vs=0,
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Let Ki denote the hyperbolic function in equation (15), the direct tunneling current
model (Eq.19) of scaled down devices under the DIBL effects can be obtained by equations
(17) and (18).
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3. Static Characteristics Simulation

In simulation, the BSIM4 model is particularly important due to its wide application
in industry, so all the analysis in this paper use BSIM4 model[13], and simulation tool is
HSPICE. The device structure parameters and their values show in Table 1 when simulat-
ing static gate tunneling current of NMOSFET.

When studying the characteristics of MOSFET devices, dielectric oxide is SiO2. There
are two main reasons. Firstly, the circuit performance is limited by operating voltage,
noise margin and power, so Relevant characteristics need to be determined quantitatively.
Secondly, the simulation framework can use in the devices whose oxide layer composed
by the other dielectric, and it can evaluate the performance between SiO: dielectric and
the other dielectric.

Based on the BSIM4 model and different bias states, using HSPICE, the variations of
gate direct currents for MOSFET were simulated. Structure parameters of device were
shown in Table 1, and the device simulation results were shown in figures 3~8. Figure 3
and 4 show the simulation results at two cut-off states for NMOSFET. The NMOSFET is
biased in two cut-off states respectively, Vosn = 0,Vpsy = 0~Vpp and Vpsy = 0,Vesy =
0~Vpp. Figure 5 and 6 show the simulation results at two cut-off states for PMOSFET sim-
ilar to NMOSFET. It can be seen from the figures when the normalized drain-source volt-
age is changed from 0 to 1.0V, the gate tunneling current of the technology node with gate
length of 90~65nm remains almost unchanged, while the gate tunneling current of the
technology node with gate length of 53~40nm increases significantly and rapidly. It can
be found that the thinner the thickness of gate oxide layer, the faster of gate direct tunnel-
ing current increases. When the thickness of gate oxide layer decreases from 1.3nm to
0.7nm, the gate tunneling current increases by about three orders of magnitude, namely,
from 10%(A) to 10-6(A). In Figure 7, considering DIBL effect, the NMOSFET is biased in the
off state V5 = 0,Vps = 0~Vpp. It can be found that the gate tunneling current is greater
than without DIBL effect.

Figures 3~7 show the increase of gate tunneling current when the gate oxide layer
thickness decreases, and this increasing function can be obtained. To further illustrate the
growth of gate tunneling current function, it will be explained by figure 8. Solid line shows
theoretical exponential curve at Vruo=VrH obtained by model (13), and dotted line repre-
sents theoretical curves obtained from model (19) and increases exponentially. The simu-

lation results and theoretical results are given by figure 8. The simulation and theory
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research show the same results. It can fully prove the rationality and effectiveness of Model

(19) proposed in this paper.

Table 1. Structure Parameters of Device.

Name Parameters Values
Gate length Lmin (Nm1) 90 75 65 53 45 40
Channel length Len (nm) 65 53 45 37 32 28
Overlap dimension length Lgov (Nm) 12.5 11.0 10.0 8.0 6.5 6.0
Oxide layer thickness Tox (nm) 1.3 1.2 1.1 0.9 0.8 0.7
Supply voltage Vb (V) 1.2 1.1 1.0 1.0 0.9 0.9
Threshold voltage Vru (V) 0.35 0.33 0.32 0.30 0.28 0.27
Junction depth Xj (nm) 71.5 58.5 49.5 36.0 35.5 31.5
Substrate dopant concentration Nsuv (10%cm3) 0.4 0.6 0.8 1.1 1.4 1.6
Transition depth Xt (nm) 35 29 25 18 18 16
Channel dopant concentration Ner (1018¢cm3) 1.15 1.15 2.0 2.0 2.0 3.0
Gate dopant concentration Niate (1020cm3) 0.92 0.92 1.14 1.5 1.66 1.66
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Figure. 3 Gate Current Ves=0 for NMOSFET
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Figure. 4 Gate Current Vps=0 for NMOSFET
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Figure. 6 Gate Current Vos=0 for PMOSFET
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Figure. 7 Gate Current under DIBI Effect Ves=0 Figure. 8 Comparing of Tunneling Current trends

4. Discussion

Based on the physical mechanism of tunneling current, the theoretical model of gate
tunneling current is derived with DIBL effect. It mainly indicates that the thickness of the
gate oxide layer decreases proportionally, the gate tunneling current increases exponen-
tially. Based on BSIM4 model, using HSPICE, the simulation results can be obtained. In
different off states, quantitative study is made on gate tunneling current using silica as
insulator. For MOSFET devices, the simulation results consistent with the theory model
derived. In addition, the simulation framework used in this paper can not only provide
theoretical and experimental basis for future circuit design, but also can be used to evalu-
ate the performance differences when other dielectrics are used as insulating layers.
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