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ABSTRACT

Simulation and modeling of gate tunneling current for
thin-oxide MOSFETs and Double-Gate SOl s are discussed.
Guidelinesfor design of leaky MOS capacitors are proposed.
Resonant gate tunneling currentin DG SOI issimulated, based
on quantum-mechanical models, and shown to be an issue of
growing concern.
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1 Introduction

As MOSFET dimensions are scaled below the 100 nm
regime with gate oxides thinner than 2.0 nm, exponentially
higher gate tunneling current occurs, leading to loss of inver-
sion charge, gate capacitance and transconductance. More-
over, thisgate current causes significant off-state |eakage cur-
rent, which may result in faulty circuit operation, since de-
signers may assume that thereis no appreciable gate current.
Circuit models are needed in design for scaled CMOS, since
designers must now consider the impact of gate tunneling
current on devices and circuits.

2 Design for Leaky MOS Capacitor

Measured C' — V' for oxides thinner than 2.0 nm have
shown a sharp decrease of capacitance both in the inversion
and accumulation regions [1], as reflected in Figure 1. This
capacitance attenuation was found to increase with increas-
ing gate area and thinning gate oxide thickness. This be-
comes problematic in the design of large-area MOS capaci-
tors, as gate capacitance is less than the expected value due
to the gate tunneling current associated with the channel re-
sistance.

Consider along channel M OS capacitor with highly-leaky
gate dielectrics when the bias is in the inversion condition.
As shown in Figure 2, the current (I(z)) aong the channel
direction is not uniform in the presence of the gate tunneling
current (I, (z)); it has a peak near the source (z = 0) and
decreases towards the center of the channel (z = L/2). This
results from the channel resistance across the long channel,
which in turn raises the channel potential (Ve (z)) at the po-
sition near z = L /2. Since gate tunneling current decreases
exponentially with decreasing gate bias, we can assume that

I(z) (Alpm?) isexponentially reduced from the source along
the channel direction given by:

I(z) =I(z = 0)e ** = [pe “"(~0.5Ige ") (1)
where ‘a’ is a decay length, which depends on the dopant
concentration. Now V¢ () can be represented as:

Vo(z) = %Ioef‘”:dx = j—{;/[o[l —e ] (2
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where p; isthe channel sheet resistance. The effective gate-
to-channel bias (V) isminimized at the center of the chan-
nel dueto apeak V¢ (), leading to areduced M OS capacitor.
The average voltage drop along the channel for the the gate
length (L) is expressed as,
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The modeled I(x), Vo (x) and V(L) are shown in Figure
3, compared with device simulation results using MEDICI,
when tox=1 nm, p, = 1.15K /0, I, = 1.33x10~* A/um?
and a = 0.16. The capacitance roll-off can be reduced by
using shorter gate lengths, owing to the reduced channel re-
sistance, as shown in Figure 4. Thus, selective use of the
thicker oxidein the dual-gate oxide process or use of amulti-
fingered gate structure (instead of along channel gate struc-
ture) ismoredesirablein the design of thin-oxide, large MOS
capacitors, as shown in Figure 5. However, parasitic gate
overlap capacitance becomes dominant when the length is
too short. Therefore, selection of capacitor geometry re-
quires consideration of gate tunneling current, channel re-
sistance and position of well contacts for proper design of
thin-oxide M OS capacitors.

3 GateCurrent for Circuit Simulation

Thisdirect tunneling current model is expressed as[2],

—B(1—(1-Voa/®)3/?)

Vou /tox (4)

Jpr = C(Voz/toz)Ze

where the pre-exponent C' and slope B are givenin [2]: In
order to apply this equation to the calculation of gate tunnel-
ing current, it is necessary to relate the oxide voltage (V)
to the applied voltage (Vs s), since V,,. depends on Vs as
well as the surface potential () asfollows:

Voz = VGS - VFB - ws (5)



The surface potential intheweak inversionregion (0 < ¢, <
2¢¢) can be approximated as.
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(6)
where + is the body factor. In the strong inversion region
(s > 2¢y) 15 becomes

ws,strong - 2¢f +V (7)

where V' denotes the electron quasi-Fermi potential, which
ranges from Vgp at the sourceto Vpp at the drain side. For
calculation of the surface potential, considering the QM ef-
fects, the intrinsic carrier concentration (n;), is evaluated by
introducing a bandgap broadening mechanism which is ap-
proximated using van Dort’s approach [3]. Figure 6 shows
calculated gate currents from the compact model, compared
with those from a Schrodinger equation solver using Green's
function method, NEMO [4].

4 Impact of Gate Current On Circuits

A recent study has shown that direct tunneling current
appearing between the Source-Drain Extension (SDE) and
the gate overlap, the so-called Edge Direct Tunneling (EDT)
effect, dominates off-state drive current, especialy in very
short channel devices. Thisresultsfrom thefact that theratio
of the gate overlap to the total channel length becomes large
in short channel devices compared to that of the long channel
device. Thus, the gate current effect is expected to become
appreciable in ultra-thin oxide, sub-100 nm channel length
MOS circuits. In order to evaluate circuit performance by
considering gate direct tunneling effects, atwo-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 sam-
pling CMOS switch followed by a hold capacitor, as shown
in Figure 7(a). When the clock (Phi) is high, 1/, follows
Vin; When Phi goes low, V,,; idedly remains at a constant
level. However, V,,,; will not hold this sampled valueif leak-
age pathsexist. Thistunneling current-induced decay in V.
during the hold period can be modeled using the RC circuit
shown in Figure 7(a). V,,,; decays as afunction of time as,

t—tg Tgd,n (t—to)

Vout(t) = Vout(tO) e RoanCout ny Vaae  VaaCout (8)
Figure 7(b) shows simulation results of aS/H switch for three
gate oxidethicknesses. During the holding period, the output
node does not maintain the sampled value dueto gate leakage

current, and degradation becomes increasingly severe as the
oxide thicknessis scaled down.

5 GateTunneling in Double-Gate SOI

To overcome an undesirable, negative threshold voltage
in Symmetricadl DG NMOS with two n* poly-gates, Sym-
metrical DG with Ground-Plane (SGP) has been proposed as

means to adjust threshold voltage by using different back-
gate bias. Schematic and band diagram representations 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 potential dif-
ference exists between the two gates for Ve > V. Thus,
electrons can tunnel through the gate structures, resulting in
substantial gate currents.

Figure 9 shows single- and double-barrier structureswith
incident electrons, in which the oxide layers act as potential
barriers. Current transmission coefficients are denoted as T’
and T, for the single- and double-barrier, respectively. Tz
isincreases exponentialy as the energy increases, while T> g
iswritten as[5],

—1

Top ~ [1 + 4R'23 sin® (k1L — 9)} 9)
Ty
wherek; ~ /22 E=Ee1) (1, jsthe effectivemass), R is
h

the current reflection coefficient (T's + Rp = 1) and 8 isthe
phase. Eq. (9) impliesthat 7> can reach unity when the sec-
ond term is zero; resonance can occur based on the relation-
ship between the electron wavelength and the quantum-well
width (L) in the double-barrier.

In the smulation moddl it is assumed that T; = 5 — 40
nm, ¢, = 1.5 nm, N,_g; = 1.0x10'"8 cm=3 and Ny—pory
= 2.0x10%° cm~3. Figure 10 compares simulated gate tun-
neling currents between double-gate SOI (T; = 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. Asaresult, 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 possible circuit applications.

6 Summary

Gate tunneling effects including Edge-Direct Tunneling
should be considered in scaled MOS circuits. Compact mod-
elsare proposed that provideguidelinesin thedesign of large-
area M OS capacitorsto avoid the capacitanceroll-off. A gate
current model for circuit smulation is also proposed. Gate
tunneling current for DG SOI can be significant compared to
abulk MOS, owing to resonant tunneling effects.
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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.

$¢|G=|S+|D

o
-
|
N
I 4

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 (V) near the center of the channel.
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Figure 3: Current and Potential distributions in a large,
leaky MOS capacitor, obtained from Egs.(1)-(3), com-
pared with numerical simulation using MEDICI. tox=1
nm, pg=1.15K Q/sq., [p=1.33x10"*A/um? 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
(Cge) curves by using MEDICI for different gate
lengths. Note the less capacitance roll-off for the

shorter gate lengths. tox=1 nm and [5=177 Alem?.
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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 6: Gate currents calulated from the compact
model, compared with those from a Green’s function
solver, NEMO [4].
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Figure 7: CMOS sample and hold (S/H) circuit and sim-
ulated waveforms. (a) S/H circuit, (b) circuit simulation
results with gate tunneling effects. Note the reduced Vout
during the Hold Period for the thinner tox due to higher

gate leakage current.
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Figure 8: Cross-section of a Symmetrical DG with Ground-
Plane (SGP) and corresponding band diagram for Vg > V1.

tox = 1.5 nm, Tsi = 5-40 nm, N, g; = 1.0x10"¥cm™ and N,

poly = 2.0x10?° cm™ are assumed for simulation.
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Figure 9: Current transmission coefficients for single- and
double-barrier structures [5]. (a) single- and double-barrier
with incident electrons (b) current transmission coefficients
(Tg and T,p) versus the electron energy, note the higher T,g

than Tp.
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Figure 10: Simulated gate tunneling current using NEMO
for a SGP DG structure with different silicon layer thick-
nesses (Tsi).
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Figure 11: Simulated gate tunneling currents for double-
gate (barrier) (tox = 1.5 nm and Tsi= 5 nm) and single-
gate MOS (tox = 1.5 nm). Note the resonant tunneling
current for double-gate structure due to the quantized
energy states in the Si layer (quantum well).

1 »
d+L 2d+L position



