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Abstract—The influence of gate direct tunneling current on ultra-thin
gate oxide MOS (1.1 nm < ¢, < 1.5nm, Ly =50 — 70 nm) circuits has
been studied based on detailed simulations. For the gate oxide thickness
down to 1.1 nm, gate direct tunneling currents, including the edge di-
rect tunneling, show only a minor impact on low V4 static-logic circuits.
However, some dynamic logic and analog circuits are more significantly
influenced by the off-state leakage current for oxide thickness below 1.5
nm, under low voltage operation.

I. INTRODUCTION

According to the International Technological Roadmap for
Semiconductors (ITRS), gate oxide thicknesses of 1.2—1.5 nm
will be required by 2004 for sub-100 nm CMOS [1]. In this
thin gate oxide regime, direct tunneling current increases ex-
ponentially with decreasing oxide thickness [2][3], which is
of primary concern for CMOS scaling.

For conventional CMOS devices, the dominant leakage
mechanism is mainly due to short channel effects owing to
drain induced barrier lowering (i.e. DIBL). In the ultra-thin
gate oxide regime, however, the gate leakage current can con-
tribute significantly to off-state leakage, which may result in
faulty circuit operation since designers may assume that there
is no appreciable gate current. A recent study has shown that
direct tunneling current appearing between the Source-Drain
Extension (SDE) and the gate overlap, so-called the Edge Di-
rect Tunneling (EDT), dominates off-state drive current, espe-
cially in very short channel devices [4][5]. This results from
the fact that the ratio of 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 appreciable in ultra-thin oxide, sub-
100 nm MOS circuits. Even though many researchers have
discussed the effects of gate leakage current, scaling limi-
tations due to gate tunneling current from the viewpoint of
circuit operation have not been critically addressed. Assess-
ment of circuit immunity against the gate tunneling current,
depending on various device structures and bias conditions, is
of great importance in determining directions for future gate
oxide scaling.

Il. GATE CURRENT MODELING

A. EdgeDirect Tunneling (EDT)

Gate direct tunneling current is produced by the quantum-
mechanical wavefunction of a charged carrier through the gate
oxide potential barrier into the gate, which depends not only
on the device structure but also bias conditions. Fig. 1 illus-
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Fig. 1. Illustration of gate direct tunneling components of a very short-
channel NMOSFET. Igs, and T4, are edge direct tunneling (EDT) cur-
rents.

trates various gate tunneling components in a scaled NMOS-
FET, the gate-to-channel current (I,.) and the EDT currents
(Igs0 and Iyq4,), respectively.

In long channel devices, I,,, and I 4, are less important
than I,. because the gate overlap length is small compared to
the channel length. In very short channel devices, the portion
of the gate overlap compared to the total gate length becomes
a large fraction. For example, the typical gate overlap for a
physical gate length of a 50 nm NMOSFET, estimated by the
two-dimensional process simulation, is around 20 nm which
corresponds to 40 % of the total. To reduce the direct tunnel-
ing current and Miller capacitance, a smaller overlap length
is desirable. However, the overlap cannot be scaled easily in
advanced MOS devices due to difficulties in controlling the
doping profiles. Moreover, even if devices can be scaled suc-
cessfully, too short an overlap region may cause unacceptably
high external resistance in shallow source-drain junctions.

Fig. 2 illustrates the band diagrams and electron tunnel-
ing directions along the gate-to-channel and gate-to-SDE di-
rections for a highly doped drain (HDD) NMOSFET. For
Vy > 0V, the gate-to-channel tunneling current (Z,.) is the
dominant current component, since higher gate oxide voltage
(Voe) appears between the gate and the channel, as shown in
Fig. 2(a). Namely, the V¢, of an NMOSFET with an n-type
polysilicon gate (i.e. n*-poly/SiO,/p-substrate) is approxi-
mately -1 V, while the Vy; along the gate-to-SDE (i.e. nt-
poly/SiOs/nt SDE) is approximately 0 V. On the contrary,
assuming that the overlap length is comparable to the channel
length, the EDT currents (g5, and I44,) Ccan become domi-
nant for bias conditions of V;, < V;, < 0 V. For the gate-to-
SDE case, electrons accumulated in the nt-poly gate tunnel
to the SDE region can lead to an appreciable off-state cur-
rent. Meanwhile, operating in the depletion mode along the
n*-poly/SiO./p-substrate surface, few electrons are present in
the channel that could in turn tunnel into the gate, as shown in
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Fig. 2. Gate bias dependent band diagrams and electron tunneling in the
channel (74.) and the gate edge (Igso and Iyg,). (8) V4 > 0V (inversion
mode). (b) V¢, < Vg4 < 0V (depletion mode).

Fig. 2(b).

B. Direct Tunneling Device Smulation

The edge direct tunneling in the gate-to-SDE region must
be treated as a two-dimensional problem in very short chan-
nel devices [5], owing to the laterally finite doping gradient in
the SDE region and the drain electric field effects. The com-
pact direct tunneling current model for circuit simulation has
shown good agreement with experimental data for long chan-
nel devices [6]; however, it cannot accurately represent the di-
rect tunneling current for highly non-uniform SDE and chan-
nel regions in sub-100 nm MOSFETS. The exact gate direct
tunneling should be modeled based on solution of the two-
dimensional Schrodinger equation, coupled with the semicon-
ductor transport equations.

In order to model the edge direct tunneling behavior,
MEDICI [7] was used. The electron direct tunneling is cal-
culated for two sources: conduction band electron tunneling
(CBET) and valence band electron tunneling (VBET). CBET
is the tunneling of electrons from the conduction band of the
silicon substrate to the polysilicon, while VBET is the elec-
tron tunneling from the valence band of the silicon substrate
due to generation of free holes.

To validate the direct tunneling model, gate currents were
simulated and compared to the experimental data of long
channel NMOSFETS (i.e. W/L = 100 pm/100 pgm and t,, =
1.3 and 1.5 nm). Though agreement is not perfect, simulated
gate currents from MEDICI show reasonable correspondence
to the measurements, as reflected in Fig. 3.

Device simulations were also performed for a very-short
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Fig. 3. Simulated gate currents from MEDICI and comparison with the mea-
sured data for a long channel (L4 = 100 xm) NMOSFET.
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Fig. 4. Simulated Igc, Igso and Igg (= Igc+IgsotIgq,) for an NMOSFET
with to, = 1.5 nmand Ly = 50 nm.

channel NMOSFET with 50 nm gate length; Fig. 4 illustrates
resulting gate currents for an NMOSFET with ¢,, = 1.5 nm.
The source and drain are tied to ground and the gate bias is
forced from negative to positive values. Note that the EDT
current (Iys,, I4a0) is higher than the gate-to-channel current
(Ig4c) for gate biases of -1.5 V < V,; < 0V, implying that
the EDT is the dominant leakage source for the off-state cur-
rent in the low voltage range of operation for MOS circuits.
Fig. 5 shows the total simulated gate current (I = Iyc + Igs0
+ I44,) for different gate oxide thicknesses, ranging from 1.1
— 1.8 nm; gate current increases exponentially as the gate ox-
ide thicknesses are scaled down.

In order to observe the transient behavior of thin oxide
MOSFETs with significant gate tunneling current, mixed
mode circuit-device simulation is performed for a single off-
state transistor with a loading capacitor initially chargedto 2.5
V. The discharge of the output node connected to the NMOS
drain is determined by the off-state current (Iorr), which is
the sum of the direct tunneling leakage (Ipr) and the DIBL
leakage (Iprpr) currents, as illustrated in Fig. 6(a). The gate
length and the oxide thickness are 70 nm and 1.3 nm, respec-
tively. Even though the NMOS is in the off-state, it acts more
like a resistor due to the off-state current of the transistor,
therefore V,,,+ decays over time, as shown in Fig. 6(b). With
the direct tunneling model, V,,; drops more sharply than the
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Fig. 5. Simulated Igg (= Igc+Igso+Igq,) for different to4’s ranging 1.1 -
1.8 nmand Ly =50 nm.
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Fig. 6. Transient simulation by using MEDICI for a single off-state NMOS
transistor with to; = 1.3 nm, Ly = 70 nm and W = 10um. (a) discharge
through a single off-transistor, Vy4¢ (t = 0) = 2.5 V. (b) comparison of
Vout s between with and without the direct tunneling model.

case without considering the direct tunneling model. Defining
an equivalent time constant (1) as, 7 = V44Cioea/lorr =
VadCioada/(IpT + IDIBIL) Provides a useful estimate. Over-
estimating 7~ will be predictable without considering the Ipr
term.

I1l. CIRCUIT APPLICATION

In order to evaluate circuit performance by considering gate
direct tunneling effects, a macro-circuit model has been con-
structed in the circuit simulator, HSPICE [9]. Gate direct tun-
neling currents, obtained from the device simulation for the
gate oxide thicknesses of 1.1, 1.3 and 1.5 nm, are described
using voltage-dependent current sources as a function of the
terminal voltage, as shown in Fig. 7. The partitioning of I .
into Iys and I,q is modeled by using variable resistances,
R, and R.q4, respectively, in each part of the channel. R,
and R.4 are the channel resistance corresponding to 0.5L .y,
where Ry = Ves/I.s and Req = Veq/Icq. I.s and I.4 are
channel currents of each region; they have been obtained by
adjusting the BSIM3-model parameters to fit the 1-V curves
generated from device simulation.

The macro-circuit model has been applied to several MOS
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Fig. 7. A macro-circuit model for direct tunneling current combined circuit
simulation.
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Fig. 8. Vogm and Vo modeling considering gate tunneling currents of a
CMOS inverter. (a) V;, = logic-low =0 V. (b) V;,, = high-high = V4.

circuits — CMOS inverter, dynamic AND gate, sample and
hold (S/H) and bootstrapping circuits.

A. Satic CMOS Inverter

For the CMOS inverter application we assumed the amount
of hole direct tunneling of the PMOSFET is the same as that
of the NMOSFET. The magnitude of the channel current is as-
sumed to be identical, regardless of the gate oxide thickness,
in order to focus on the circuit performance difference based
on the oxide thickness dependent gate tunneling current con-
tributions. Estimated gate current paths during the operation
are shown schematically in Fig. 8.

When the input is low and the gate tunneling current is sig-
nificant, V5. (i.e. Vog) will not reach V4 due to the leakage
current that flows from the output node, as shown in Fig. 8(a).
Here, direct tunneling current components can be modeled as



resistors and Vo g is approximated by the voltage divider:

Rgd,p| |Rgd,n
Rp + (Ryd,p| |Rgd,n)

Vor = Vaa x @)
where, R, is the on-state channel resistance of the PMOS.
R4, and Rgyq,, are gate-to-drain resistances of the N- and
PMOSFET, respectively, modeling gate direct tunneling ef-
fects. The resistor values are approximately Ryq , =~ Vyallgq,p
and R4 = Vyallga,n. As an example, if the ratio of Ryq,,
(or Ryq,p) to Ry is 100, then Vo i will drop by 2 % from the
Vaq level.

As shown in Fig. 8(b), Vor, is again approximated using a
voltage divider:

Rn

VOL ~ Vdd X
R, + (Rgd,n”Rgd,p)

()

where, R,, is the on-state channel resistance of the NMOS.

As a result, when tunneling current is significant Vor, will
not fall to the GND level and the V,,,,; swing (GND < Vs <
Vaa) is reduced for very leaky, thin gate oxide CMOS invert-
ers.

Again considering an example, assuming that Vg = 2.5V,
Isn = 0.50 mA/um, I, , = 0.25 mA/pm and Iyq, = Iga n
=5.0x 1075 A/um (i.e. W, = 2W,, = 20 pm), based on the
simulations for t,, = 1.1 nmand L, =50 nm, then Ry4 /R,
or Ryq,,/ R,y is about 100. In this case, the estimated Vo and
Vor valuesare Vo =2.42V and Vp, =0.08 V, respectively,
from Egs. (1) and (2), or a total reduced logic swing of 160
mV.

Fig. 9 shows simulated input/output waveforms and power
consumptions for a CMOS inverter using the macro-circuit
model parameterized with ¢, = 1.1, 1.3, and 1.5 nm. The out-
put capacitance is assumed the value when fanout is 4 (FO4).
For Vgg = 2.5V and ¢,, = 1.1 nm, simulated Vog and Vo,
are 2.45V and 0.04 V, respectively. The full logic-high (V44)
and logic-low (GND) levels are achieved for ¢,, = 1.3 and
1.5 nm. The DC power consumption of the CMOS inverter at
Vaq = 2.5 V can be substantial for ¢,, = 1.1 nm, as shown in
Fig. 9(b); the average power consumption is 0.75, 0.16, and
0.09 mw for t,, = 1.1, 1.3, and 1.5 nm, respectively. The
power consumption of 0.75 mW for ¢,, = 1.1 nm, is about 10
times larger than the case when the gate tunneling current is
negligible — 0.08 mW baseline.

For V44 = 1.5V, the output node of the inverter swings be-
tween full logic-high and logic-low (i.e. only 0.1 % of Vog
reduction even for t,, = 1.1 nm). Since the channel current
becomes much higher than the gate tunneling current, gate
tunneling current effects can be minimized when using lower
voltage static-logic circuits. The power consumption for Vg4
= 1.5V is exponentially reduced compared to the case for V4
= 2.5V, due to the exponential decrease in gate current; basi-
cally a reduction of 20 ~ 100 times is realized, compared to
the V343 = 2.5V case. According to the ITRS roadmap, V4 of
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Fig. 9. CMOS inverter simulation results including gate direct tunneling for
three gate oxide thicknesses, Vgq = 2.5V (Coyt = 0.08 pF (FO4) and L,
= Ly =50 nm). (a) input and output waveforms. (b) power consumptions.

1.0 - 1.5V is required for 70 nm CMOS technology. For the
low Vg4, gate direct tunneling current effects on static-logic
circuits will be less serious for oxide thicknesses down to 1.1
nm.

B. Dynamic AND Gate

Consider the domino CMOS AND-2 gate shown in Fig. 10.
The circuit operation relies on first precharging the output
node capacitance and subsequently, evaluating the output
level according to the applied inputs, V4 and V. These op-
erations are scheduled by a single clock signal, C K, which
drives one NMOS and one PMOS transistor in each dynamic
stage. Assume all inputs are low initially and the intermediate
node voltage across C» has an initial value of 0 V. During the
precharge phase, the output node capacitance (C1) is charged
up to its logic-high level of V4 through the PMOS transistor.
In the next phase, CK switches logic-high and the evalua-
tion begins. If the input V4 switches from low to high during
the evaluation phase, charge stored on C; will be shared with
C-, and the node voltage Vx drops after the charge-sharing.
If Vx is less than Vy4/2, the output of the inverter V,,,; er-
roneously switches to logic-high during the evaluation phase.
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Fig. 10. Domino CMOS AND-2 gate.

When gate tunneling current becomes significant, Vx may be
less than the logic-high level during the precharge phase, so
that Vx can even drop to less than V4/2 during the first eval-
uation period. As a result, V,,; will inadvertently switch to a
logic-high, resulting in a logic error.

Fig. 11 shows the simulated input and output waveforms of
a domino AND-2 gate for V34 = 2.5. When t,, = 1.1 nm and
Via = 2.5V, Vx drops to about 1.2 V during the evaluation
phase due to gate tunneling current effects. As a result, Vi,
erroneously switches during the first evaluation period and a
glitch appears prior to the second evaluation phase.

These phenomena can be simply modeled as RC circuits,
as shown in Fig. 12. Initially, Vx has a value of V4 during
the precharge phase. When the evaluation begins at ¢ = 0.2
us by switching of the C'K signal to logic-high (i.e. V4 re-
mains logic-low until t = 0.23 us), charge stored in C flows to
ground through the tunneling resistance (R,4,), as illustrated
in Fig. 12(a). During the discharge process the Vx level drops
as a function of time according to the following:

t—tg _Tgam (t=tg)

Vx (t) =Vx (to) e F9dnC1l Ve V4aC1 3

where, o = 0.20 us in the case.

With a tunneling current of Igq , = 4x 10~% A, Vx dropsto
1.60 V from its initial voltage of V44 = 2.5 V during 0.03 us
(t =0.20-0.23 us), according to Eq. (3).

When V4 switches to logic-high at ¢ = 0.23 us, direct tun-
neling current is reduced due to a smaller voltage difference
between Vx and V4. Thus, instead of the discharge process,
charge sharing begins; charge in C; is shared with Cs, as
shown in Fig. 12(b). The final Vx after the charge sharing
is approximated as follows:

Vx (t = 0.23us)
14+ Cy/Cy

When Vx (¢t = 0.23us) = 1.60 V, C; = 0.15 pF and C>
= 0.04 pF, Vx after charge sharing estimated by Eg. (3) is

VX ~ (4)
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Fig. 11. Simulated waveforms of the domino AND-2 gate. (a) clock and
input signals. (b) output waveforms for V4 = 2.5 V.

about 1.26 V, which corresponds to ~ Vy4/2 level. Hence,
Ve May erroneously switch during the evaluation phases, as
shown in the simulation results of Fig. 11(b). Even though
these spurious results can be reduced by lowering V44, the
dynamic logic circuit may have potential problems due to gate
tunneling-induced off-state current during the precharge-and-
evaluation phases of operation.

C. Sampleand Hold Circuit

The sample and hold (S/H) circuit is an important analog
building block in data-converter systems used to acquire ana-
log signals and to store the value for some length of time. A
simple S/H circuit is formed by a sampling CMOS switch fol-
lowed by a hold capacitor, as shown in Fig. 13(a). When the
clock (Phi) is high, V,,,; follows V;,,; when Phi goes low, V.,
will ideally remain at a constant level. However, V,,,; will not
hold this sampled value if leakage paths exist. This tunnel-
ing current-induced decay in V,,; during the hold period can
be modeled using the RC circuit shown in Fig. 13(a). As for
the previous dynamic AND gate, V,,,; decays as a function of
time, again using the expression given in Eq. (3).
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Fig. 13. CMOS sample and hold circuit and simulated waveforms for differ-
ent toe’s. (@) CMOS S/H circuit schematic and RC circuit model during
hold period. (b) waveforms for V;4 = 2.5 V. (c) waveforms for V34 = 1.5
V.

Fig. 13(b) and (c) show simulation results of a S/H switch
for three gate oxide thicknesses. During the holding period,
the output node does not maintain the sampled value due to
gate leakage current, and degradation becomes increasingly
severe as the oxide thickness is scaled down. These gate tun-
neling effects appear even at low V34, as shown in Fig. 13(c),
implying that the S/H circuit has poor robustness in the face
of gate leakage current, limiting its operation to oxide scaling
only to the 1.5 nm regime.
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Fig. 14. Simulated gate tunneling current of L4 = 50 nm NMOSFET with an
alternative gate dielectric of SigNy, k = 2¢0, and thickness is 2.6 nm.

D. Impact of Alternative Gate Dielectrics

Alternate insulating materials with a dielectric constant
larger than that of SiO, are under evaluation to replace the
conventional SiO, gate stack, thereby overcoming the tun-
neling problems cited above; remote-plasma nitrided oxide
(RPNO) [10], JVD-SizNy4 and nitride/oxide (N/O) [11] are all
possible replacement materials. Using such gate dielectrics,
devices with lower gate-leakage current can be achieved as
a result of the increased film thickness resulting from the in-
creased dielectric constant of nitride-based layers (€pitride ~
7.8).

Fig. 14 illustrates simulated gate tunneling current for an
Ly, = 50 nm NMOSFET with alternative gate dielectric of
SizN4 shown as a solid line, assuming a dielectric constant of
K = 26,5 and thickness of 2.6 nm (toz,eq = 1.3 nm). Much
lower gate current is produced by using the SisN, device,
compared to the pure oxide device with the same equivalent
oxide thickness of t,, = 1.3 nm. Secondary effects such as
surface roughness and interface traps are not considered.

\oltage bootstrapping is used to overcome threshold volt-
age drops in digital circuits. Fig. 15(a) shows a schematic
of the bootstrapping circuit, including the bootstrap MOS ca-
pacitor; the voltage Vx is increased during the V7, switching
event. As a result, the threshold voltage drop can be compen-
sated for the output node, V.

When V;,, switches to logic-low, V,,; and Vx are approxi-
mated as follows [12]:

Vout ® Vx — Vi, m2 )

where

Cboot

Vx = (Vyg — V4 +Vig=——"o—
x ~ (Vaq th,M3) ddCs+Cboot

(6)
(Vaa-Vin,m3) is the initial condition of Vx and the second
term of Eq. (6) represents the increase in Vx after the V;,
switches to 0 V. However, this Vx expression should be mod-
ified to account for the gate tunneling current. First, the initial
Vx is reduced due to the discharge via the gate leakage resis-
tor (i.e. Ry, cboot), SUCh that
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Fig. 15. \oltage bootstrapping circuit and simulation results. (a) circuit
schematic and its equivalent circuit when V;,, switches to 0 V. (b) sim-
ulated waveforms with an alternative gate dielectric (SigN4) and pure
oxides.

(Vdd - V;Sh,MS) — (Vdd — V;gh’Mg) e Fg,cbootChoot (7)

In addition, the second term of Eq. (6) is modified due to
the gate-to-drain resistance effects of M1 such that,

Rya,nn1 ) ~ Choot
Ruy2 + Ryggm1 ) Cs + Choot
(8)

Thus, both Vx and V,,,; will be reduced in the presence of
substantial gate tunneling current.

Fig. 15(b) illustrates the simulated input and output wave-
forms of the bootstrapping circuit. For ¢,, = 1.1 and 1.3
nm, the final V,,; does not reach V;; because of the leakage
in both the MOS capacitor (Cy,ot) and the driving transistor
(M1). In contrast, a full V4 output voltage can be achieved by
adopting a SigN,4 gate dielectric due to the substantial reduc-
tion in leakage current. Note that the equivalent oxide thick-
ness of tgi;n, = 2.6 Nm is ¢,; = 1.3 nm. Alternative gate

Vaia 71— — (Vdd

dielectrics will be necessary to replace leaky gate oxides in
MOS circuits, especially where charge conservation or charge
bootstrapping techniques are required.

IV. CONCLUSIONS

CMOS circuit robustness in the presence of gate tunnel-
ing currents has been studied using circuit simulation, com-
bined with a macro-circuit model of gate tunneling current
and analytic estimation of the effects. CMOS static invert-
ers at V34 = 1.5 V show acceptable noise margins with low
power consumption for the oxide thicknesses down to 1.1
nm, while dynamic AND gates have a potential weakness in
the presence of gate current during the precharge and eval-
uation phases. For circuits that require charge-conservation
or charge-bootstrapping, including the S/H circuit, significant
performance degradation can be expected for ¢,, < 1.5 nm,
even considering low voltage operation. A dual-gate oxide
process or use of high-x dielectric will be necessary on these
circuits to continue device scaling.
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