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ABSTRACT

Models and simulations of gate tunneling current for thin-
oxide MOSFETs and Double-Gate SOIs are discussed. A
guideline in design of leaky MOS capacitors is proposed and
resonant gate tunneling current in DG SOI simulated based on
quantum-mechanical models. Gate tunneling current in fully-
depleted, double-gate SOI MOSFETs is characterized based
on quantum-mechanical principles. The simulated IG–VG of
double-gate SOI has negative differential resistance likethat
of the resonant tunnel diodes.
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1 Introduction

As MOSFET dimensions are scaled below 100 nm regime,

the concurrent gate oxide scaling thinner than 2.0 nm results

in exponentially higher gate tunneling current, leading toloss

of inversion charge, gate capacitance and transconductance.

Moreover, this gate current causes significant off-state leakage

current, which may result in faulty circuit operation, since de-

signers may assume that there is no appreciable gate current.

Models are needed in design for scaled CMOS circuits since

now circuit designers should consider the impacts of gate tun-

neling current on devices and circuits.

2 Design for Leaky MOS Capacitor

MeasuredC−V for oxides thinner than 2.0 nm have shown

a sharp decrease of capacitance both in the inversion and accu-

mulation regions, as in Figure 1. This capacitance attenuation

was found to increase with increasing gate area and thinning

gate oxide thickness. Thus, this becomes problematic in de-

sign of large-area MOS capacitors, as the gate capacitance is

less than the expecting capacitance value due to the gate tun-

neling current associated with the channel resistance.

Consider a long channel MOS capacitor with highly-leaky

gate dielectrics when the bias is in an inversion condition.As

shown in Figure 2, the current (I(x)) along the channel di-

rection is not uniform in the presence of the gate tunneling

current (Ig(x)); it has the peak near the source (x = 0) and

decreases approaching to the center of the channel (x = L/2).

This results from the channel resistance across the long chan-

nel, which in turn raises the channel potential (VC(x)) at the

position nearx = L/2. Since gate tunneling current decreases

exponentially with decreasing gate bias, we can assume that

I(x) (A/µm2) can be exponentially reduced from the source

to the channel direction as,

I(x) = I(x = 0)e−ax
≡ I0e

−ax
' 0.5IGe

−ax (1)

wherea is a decaying constant, dependenting on the dopant

concentration. NowVC(x) can be represented as:

VC(x) =

∫ x

0

ρs

W
I0e

−axdx =
ρs

aW
I0[1 − e−ax] (2)

whereρs is the sheet channel resistance. The effective gate-to-

channel bias (VGC) is minimized at the center of the channel

due to the peakVC(x) at the point, leading to a partial MOS

capacitor. The average voltage drop along the channel for the

the gate length (L) is expressed as,

VC(L) =
ρs

aW
I0[1 −

1

aL
(1 − e−aL)] (3)

ModeledI(x), VC(x) andVC(L) are shown in Figure 3, com-

pared with device simulation results using MEDICI, when
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tox=1 nm,ρs = 1.15K Ω/2, I0 = 1.33×10−4 A/µm2 anda

= 0.16. The capacitance roll-off can be reduced by using

short gate lengths owing to the reduced channel resistance,

as shown in Figure 4. Thus, selective use of the thicker ox-

ide in the dual-gate oxide process or use of a multi-finger gate

structure instead of a long channel gate structure is more desir-

able in design of thin-oxide, large MOS capacitors, as shown

in Figure 5. However, parasitic gate overlap capacitance be-

comes dominant when the channel length is too short. There-

fore, careful choice of capacitor geometry by consideration of

gate tunneling current, channel resistivity and position of well

contacts is essential in design of thin-oxide MOS capacitors.

3 Gate Current for Circuit Simulation

This direct tunneling current model is expressed as [1],

JDT = C(Vox/tox)
2
e

−B(1−(1−Vox/ΦB)3/2)

Vox/tox (4)

where the pre-exponentC and slopeB are given in [1]: In

order to apply this equation to the calculation of gate tunneling

current, it is necessary to relate the oxide voltage (Vox) to the

applied voltage (VGS), sinceVox depends onVGS as well as

the surface potential (ψs) as follows:

Vox = VGS − VFB − ψs (5)

The surface potential in the weak inversion region (0 < ψs <

2φf ) can be approximated as:

ψs,weak = VGS − VFB +
γ2

2
− γ

√

VGS − VFB +
γ2

4
(6)

whereγ is the body factor. In the strong inversion region

(ψs > 2φf ) ψs becomes

ψs,strong = 2φf + V (7)

whereV denotes the electron quasi-Fermi potential, ranging

from VSB at the source toVDB at the drain side. For cal-

culation of the surface potential, considering the QM effects,

the intrinsic carrier concentration (ni), is evaluated by intro-

ducing a bandgap broadening mechanism which is approxi-

mated using van Dort’s bandgap broadening approach. Fig-

ure 6 shows calculated gate currents from the compact model,

compared with those from a Schrödinger equation solver us-

ing the Green’s function method, NEMO [2].

4 Impact of Gate Current On Circuits

A recent study has shown that direct tunneling current ap-

pearing between the Source-Drain Extension (SDE) and the

gate overlap, the so-called Edge Direct Tunneling (EDT) ef-

fect, dominates off-state drive current, especially in very short

channel devices. This results from the factor that the ratioof

the gate overlap to the total channel length becomes large in

the short channel device compared to that of the long channel

device. Thus, the gate current effect is expected to become ap-

preciable in ultra-thin oxide, sub-100 nm channel length MOS

circuits. In order to evaluate circuit performance by consider-

ing gate direct tunneling effects, a two-lump (macro) circuit

model has been constructed in the circuit simulator, HSPICE.

The macro-circuit model has been applied to the sample and

hold (S/H) circuit, which is formed by a sampling CMOS

switch followed by a hold capacitor, as shown in Figure 7(a).

When the clock (Phi) is high, Vout follows Vin; when Phi

goes low,Vout will ideally remain at a constant level. How-

ever,Vout will not hold this sampled value if leakage paths

exist. This tunneling current-induced decay inVout during

the hold period can be modeled using the RC circuit shown in

Figure 7(a).Vout decays as a function of time as,

Vout(t) = Vout(t0) e
−

t−t0
Rgd,nCout ≈ Vdde

−

Igd,n (t−t0)

VddCout (8)

Figure 7(b) shows simulation results of a S/H switch for three

gate oxide thicknesses. During the holding period, the out-

put node does not maintain the sampled value due to gate

leakage current, and degradation becomes increasingly severe

as the oxide thickness is scaled down. For circuits that re-

quire charge-conservation or charge-bootstrapping, including

the S/H circuit, significant performance degradation can be

expected fortox < 1.5 nm, even considering low voltage op-

eration. A dual-gate oxide process or use of high-κ dielectric

will be necessary on these circuits to continue device scaling.
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5 Gate Tunneling in Double-Gate SOI

Fully-depleted, Symmetrical Double-Gate (SDG) nMOS-

FET with two n-type poly-gates has an undesirable, negative

threshold voltage [3]. To overcome an undesirable, negative

threshold voltage in Symmetrical DG NMOS with two n+

poly-gates, Symmetrical DG with Ground-Plane (SGP) have

been proposed as means to adjust threshold voltage by using

different back-gate bias. Schematic and band diagram rep-

resentations for a SGP NMOS device are shown in Figure 8.

Consider a one-dimensional device geometry, ignoring source

and drain effects. As shown from the band diagram, a poten-

tial difference exists between the two gates forVFG > VT .

Thus, electrons can tunnel through the gate structures, result-

ing in substantial gate current.

Figure 9 shows single- and double-barrier structures with

incident electrons, in which the oxide layers act as potential

barriers. Current transmission coefficients are denoted asTB

andT2B for the single- and double-barrier, respectively.TB

is increases exponentially as the energy increase [4],

TB '

4(E − Ec1)(Ec2 − E)

(Ec2 − Ec1)
2 e−2γd (9)

T2B is written as [4],

T2B '

[

1 +
4RB

TB
2 sin

2(k1L− θ)

]

−1

(10)

whereγ =
√

2m∗(Ec2−E)
~2 , (m∗ = 0.07m0), k1 '

√

2m∗(E−Ec1)
~2

(m∗ is the effective mass),RB is the current reflection co-

efficient (TB + RB = 1) andθ is the phase. Eq. (10) im-

plies thatT2B can reach unity when the second term is zero;

resonance can occur based on the relationship between the

electron wavelength and the quantum-well width (L) in the

double-barrier. Notice the strong resonance and unity trans-

mission coefficient ofT2B at critical energy levels; an elec-

tron with low energy has low probability of tunneling through

a barrier in the single-barrier (TB'0), while it can tunnel

through barriers without attenuation for a double-barrier(T2B'1)

as a consequence of quantum-mechanical interference.

In the simulation model it is assumed thatTsi = 5 – 40

nm, tox = 1.5 nm,Np−Si = 1.0×1018 cm−3 andNn−poly

= 2.0×1020 cm−3. Figure 10 compares simulated gate tun-

neling currents between double-gate SOI (Tsi = 5 nm) and

single-gate (bulk) MOS. The gate current for the double-gate

structure is higher than that for the single-gate MOS due to

resonant tunneling in the double-barrier. As a result, thisgate

tunneling for the DG has a negative-differential resistance like

that of resonant-tunneling diodes (RTD) at the gate bias∼1.4

V, which has recently received considerable attention for pos-

sible circuit applications [5][6].

6 Summary

Gate tunneling effects including Edge-Direct Tunneling should

be considered in highly scaled MOS circuits. Compact mod-

els useful as a guideline in design of large-area MOS capaci-

tors to avoid the capacitance roll-off, along with a gate current

model for circuit simulation are proposed. Gate tunneling cur-

rent for a DG SOI can be significant compared to a bulk MOS,

owing to resonant tunneling.
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Figure 1: Measured gate capacitance curves for thin

gate oxide (tox = 1.5, 1.8, and 2.1 nm) N-MOSFETs.
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Figure 2: Current and potential distributions for a long

channel MOS capacitor in the presence of gate tunneling

current. Note the reduced MOS capacitor for highly leaky

gate dielectrics, because of the decreased gate-to-channel

bias (VGC) near the center of the channel.
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Figure 3: Current and Potential distributions in a large,
leaky MOS capacitor, obtained from Eqs.(1)-(3), com-
pared with numerical simulation using MEDICI. tox=1

nm, ρs=1.15K Ω/sq., I0=1.33x10-4A/um2 and a=0.16,

(a) current I(x) for L=50um, (b) potential Vc(x) for
L=50um, (c) average voltage drop, Vc(L) with respect to
gate lengths (L).
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Figure 4: Simulated gate-to-channel capacitance

(CGC) curves by using MEDICI for different gate

lengths. Note the less capacitance roll-off for the

shorter gate lengths. tox=1 nm and IG=177 A/cm2.
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Figure 5: Design of highly-leaky, thin-oxide

MOS capacitor.  (a) long-channel structure is not

desirable for capacitor,  (b) multi-fingered gate

structure to reduce capacitance roll-off.
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Figure 8: Cross-section of a Symmetrical DG with Ground-
Plane (SGP) and corresponding band diagram for VFG > VT.

tox = 1.5 nm, Tsi = 5-40 nm, Np-Si = 1.0x1018cm-3 and Nn-

poly = 2.0x1020 cm-3 are assumed for simulation.
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Figure 10: Simulated gate tunneling current using NEMO
for a SGP DG structure with different silicon layer thick-
nesses (Tsi).

(a)

(b)

Hold Hold
Sample Sample

JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.4, NO. 1, MARCH, 2004                                                                                   31 

  

 


