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Abstract—The influence of gate direct tunneling current
on ultrathin gate oxide MOS (1.1 nm < {5 < 1.5 nm,
L = 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 direct tunneling
(EDT), show only a minor impact on low Vg4 static-logic circuits.
However, 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. Based on the study, the
oxide thicknesses which ensure the International Technological
Roadmap for Semiconductors (ITRS) gate leakage limit are
outlined both for high-performance and low-power devices.

Index Terms—Circuit simulation, CMOS inverters, device simu-
lation, gate direct tunneling, static and dynamic circuits, thin gate
oxide.

. INTRODUCTION

CCORDING 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 exponentially with decreasing oxide thickness [2],
which is of primary concern for CMOS scaling. For conven-
tional CMOS devices, the dominant leakage mechanism is
mainly due to short-channel effects owing to drain-induced
barrier lowering (DIBL). In the ultrathin gate oxide regime,
however, the gate leakage current can contribute 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 direct tunneling (EDT),
dominates off-state drive current, especially in very short
channel devices [3], [4]. 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 ultrathin oxide, sub-100-nm MOS circuits.
Even though many researchers have discussed the effects of
gate leakage current, scaling limitations due to gate tunneling
current from the viewpoint of circuit operation have not been
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Fig. 1. Illustration of gate direct tunneling components of a very short-channel
NMOSFET (I4s. and I,q.) are EDT currents.
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critically addressed. Assessment 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. This article considers
circuit operation stability and oxide scaling limitations for
several typical logic and nonlogic CMQOS circuits using both
device- and circuit-level simulation models.

Il. GATE CURRENT MODELING

A. Edge Direct Tunneling (EDT)

Gate direct tunneling current is produced by the quantum-me-
chanical 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 illustrates
various gate tunneling components in a scaled NMOSFET; the
gate-to-channel current (I.), and the EDT currents (5., and
Iz4o) are shown. In long-channel devices, Iy, and Igq, 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 larger.

Fig. 2 illustrates the band diagrams and electron tunneling di-
rections along the gate-to-channel and gate-to-SDE directions
for a highly doped drain (HDD) NMOSFET. For V, > 0V,
the gate-to-channel tunneling current (,) is the dominant cur-
rent component, since a higher gate oxide voltage (Vo) ap-
pears between the gate and the channel, as shown in Fig. 2(a).
Here, the V;, of an NMOSFET with an n-type polysilicon gate
(i.e., nT-poly/SiO./p-substrate) is approximately —1 V, while
the Vj, along the gate-to-SDE (i.e., nt-poly/ SiO»/nt SDE)
is approximately 0 V. On the contrary, the EDT currents (/g
and Iq,) can become dominant for bias conditions of Vg, <
Ve < 0 V. For the gate-to-SDE case, electrons accumulated in
the nt-poly gate tunnel to the SDE region can lead to an appre-
ciable off-state current. Meanwhile, operating in the depletion
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Fig. 2. Gate bias dependent band diagrams and electron tunneling in the
channel (I,.) and the gate edge (Is. and I.q.). (@ Vi, > 0V (inversion
mode). (b) Vi, < V; < 0V (depletion mode).

mode along the n*-poly/SiO./p-substrate surface, few electrons
are present in the channel that can in turn tunnel into the gate,
as shown in Fig. 2(b).

B. Direct Tunneling Device Smulation

The EDT in the gate-to-SDE region must be treated as atwo-
dimensiona problem in very short channel devices [4], owing
to the laterally finite doping gradient in the SDE region and the
drain electric field effects.

In order to model the EDT behavior, MEDICI [5] was used.
For conduction band electron tunneling, the net direct tunneling
current iscal culated for the conduction band electrons, using the
independent electron approximation given by [6]

47rqm1kBT
o=

Ey, (Frn1i—Fea—E)/ksT 4 q
x / TC(E)In [e +
0

o(Brns—Ecs—E)/ksT 3 | dE (1)

where Er,1, F.1, and m; arethe electron quasi-fermi level, the
conduction bandedge, and the electron effective tunneling mass
inthesilicon region, respectively. Er,3 and E.; arethe electron
quasi-fermi level and the conduction band in the polysilicon re-
gion, respectively. The endpoint for integration is determined
by the barrier height in the silicon region E3,. TC(E) isthetun-
neling coefficient of an electron with kinetic energy of theinci-
dent electron (£) that describes the probability that an electron
with a certain energy can tunnel through the oxide.
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Fig. 3. Simulated gate currents by using MEDICI. (a) Simulated gate currents
for along-channel (L, = 100 xm) NMOSFET, compared with measured data
(Vas = 0 V). (b) Smulated I, I, and Iy (= Iyo + Lsso + Igao) for an
NMOSFET witht,x = 1.5 nmand L, = 50 nm (Vy, = 0 V).
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Fig. 4. Simulated Iy (= Tye + g0 + Isao) for different £, s ranging from
11tol8nmtmand L, =50nm. (& Va, =0V.(b) Vas = 1 V.

To validate the direct tunneling model, gate currents
were simulated and compared to the experimental data of
long-channel NMOSFETSs (i.e, W/L = 100 ym/100 ym
and ¢, = 1.3 and 1.5 nm). Though agreement is not perfect,
simulated gate currents from MEDICI show reasonable cor-
respondence to the measurements, as reflected in Fig. 3(a).
Devicesimulationswere also performed for avery short channel
NMOSFET with 50 nm gate length; Fig. 3(b) illustrates re-
sulting 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
(Igsos Igdo) is higher than the gate-to-channel current () for
gate biases of —1.5V < V; < 0V, implying that the EDT
is the dominant leakage source for the off-state current in the
low-voltage range of operation for MOS circuits. Fig. 4 shows
the total simulated gate current (I = Igc + Igso + Igao) fOr
different gate oxide thicknesses, ranging from 1.1 to 1.8 nm
(Vas = 0 and 1 V); gate current increases exponentially as the
gate oxide thicknesses are scaled down.

I1l. CIRCUIT APPLICATION

In order to evaluate circuit performance by considering
gate direct tunneling effects, a macro-circuit model has been
constructed in the circuit simulator HSPICE [7]. Gate direct
tunneling 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
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Fig.6. Vou modeling considering gate tunneling currents of a CMOS inverter.

terminal voltage, as shown in Fig. 5. The partitioning of ,.
into I and I, is modeled by using variable resistances K.,
and R.q, respectively, in each part of the channel. R, and
R.q are the channel resistance corresponding to 0.5L,, where
Ree = Vio/Is and Req = Vea/lea. Is and I.q are channel
currents of each region; they have been obtained by adjusting
the BSIM3-model parameters to fit the current-voltage (I-V)
curves generated from device simulation. The macro-circuit
model has been applied to several MOS circuits—CMOS
inverter, dynamic AND gate, and sample and hold (S/H).

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 contri-
butions. Estimated gate current paths during the operation are
shown schematically in Fig. 6.

When the input is low and the gate tunneling current is sig-
nificant, V. (i.e., Vog) will not reach V, due to the leakage
current that flows from the output node. Here, direct tunneling
current components can be modeled as resistors and Vo is ap-
proximated by the voltage divider

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

where R, is the on-state channel resistance of the PMOS, and
Rgqn and Ryq, are gate-to-drain resistances of the N- and
P-MOSFET, respectively, modeling gate direct tunneling ef-
fects. The resistor values are approximately Rgq,, ~ Vaa/Igd,p
and Rga, =~ Vaa/lgan. As an example, if the ratio of Ry,
(or Rga p) to R, is 100, then Vou will drop by 2% from the
Vaa level.

o)

VOH ~ Vdd X
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Fig. 7. Domino CMOS AND-2 gate.

Vor. is again approximated using a voltage divider

R,
Ry, + (Rga,n|| Rga,p)

where R,, is the on-state channel resistance of the NMOS. As
a result, when tunneling current is significant Vo, will not fall
to the GND level and the V¢ swing (GND < Vo < Vaa) is
reduced for very leaky, thin gate oxide CMOS inverters.

Again considering an example, assuming that Vyq = 2.5V,
losn = 0.50 mA/pm, Iy, = 0.25 mA/um, and Igq, =
Isan =5.0x 107 A/um (i.e., W, = 2W,, = 20 um), based
on the simulations for ¢, = 1.1 nm and L, = 50 nm, then
Rga n/ R, OF Req /R, is about 100. In this case, the estimated
Von and Vo, values are Vo = 2.42 V and Vor, = 0.08 V,
respectively, from (2) and (3), or a total reduced logic swing of
160 mV.

When Vg = 2.5V, simulated Vo and Vor values
using the macro-circuit model are 2.45 V and 0.04 V for
tex = 1.1 nm, respectively. The full logic-high (Viy4) and
logic-low (GND) levels are achieved for ¢., = 1.3 and 1.5 nm.
The average power consumption is 0.75, 0.16, and 0.09 mwW
for t.x = 1.1, 1.3, and 1.5 nm, respectively.

When V34 = 1.5V, the output node of the inverter swings
between full logic-high and logic-low (i.e., only 0.1% of Vou
reduction even for ¢, = 1.1 nm). The power consumption for
Vaa = 1.5 V is exponentially reduced compared to the case
for Vaq = 2.5V, due to the exponential decrease in gate cur-
rent; a reduction of 20-100 times is realized, compared to the
Vaa = 2.5V case. According to the ITRS, Vyq of 1.0-1.5V is
required for 70-nm CMOS technology. For the low V4, gate di-
rect tunneling current effects on static-logic circuits will be less
serious for oxide thicknesses down to 1.1 nm.

@)

VOL ~ Vdd X

B. Dynamic AND Gate

Consider the domino CMOS AND-2 gate shown in Fig. 7.
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 (Cy) is charged
up to its logic-high level of Vyy through the PMQOS transistor.
In the next phase, C'K switches logic-high and the evaluation
begins. If the input V4 switches from low to high during the
evaluation phase, charge stored on C; will be shared with
C3, and the node voltage Vx drops after the charge-sharing.
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Fig. 8. Simulated waveforms of the domino AND-2 gate. (a) Clock and input
signals. (b) Output waveforms for Vyq = 2.5 V.

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 Vy4/2 during the first
evaluation period. As a result, V,,,; will inadvertently switch to
a logic-high, resulting in a logic error.

Fig. 8 shows the simulated input and output waveforms of a
domino AND-2 gate for Vyq = 2.5. When ¢, = 1.1 nm and
Vaa = 2.5V, Vx drops to about 1.2 V during the evaluation
phase due to gate tunneling current effects. As a result, Vi
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resistance before V., switches to logic-high (+ = 0.20-0.23 us). (b) Charge
sharing of C with C;5 after the V4 switches to logic-high (¢ > 0.23 ps).

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. 9. 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., V.4 remains
logic-low until ¢ = 0.23 us), charge stored in C; flows to
ground through the tunneling resistance (Rgq ), as illustrated
in Fig. 9(a). During the discharge process the V- level drops as
a function of time according to the following:

Vx(t) — VX(tO)e*(t*to)/Rgd,nCl ~ Vdde*(fgd,n(t*to))/VddCl

(4)
where to = 0.20 us in the case. With a tunneling current of
Igan =4x107C A, Vx drops to 1.60 V from its initial voltage
of Vaa = 2.5 V during 0.03 ps (¢t = 0.20-0.23 us), according
to (4). When V4 switches to logic-high at ¢ = 0.23 us, direct
tunneling current is reduced due to a smaller voltage difference
between Vx and V.. Thus, instead of the discharge process,
charge sharing begins; charge in C; is shared with C5, as shown
in Fig. 9(b). The final Vx after the charge sharing is approxi-
mated as follows:

Vx (t =0.23 ps)

VXz
14 &

: ©)

When Vx (t = 0.23 us) = 1.60 V, C; = 0.15 pF and
Cs = 0.04 pF, Vx after charge sharing estimated by (4) is about
1.26 V, which corresponds to ~ V4/2 level. Hence, V,.,; may
erroneously switch during the evaluation phases, as shown in
the simulation results of Fig. 8(b). Even though these spurious
results can be reduced by lowering Va4, the dynamic logic cir-
cuit may have potential problems due to gate tunneling-induced
off-state current during the precharge-and-evaluation phases of
operation.

C. Sample and Hold (SH) Circuit

The S/H circuit is an important analog building block in data-
converter systems used to acquire analog signals and to store the



CHOI et al.: IMPACT OF GATE DIRECT TUNNELING CURRENT ON CIRCUIT PERFORMANCE

sample

hold

@)

Voltage (V)

0 0.2 0.4 0.6 0.8 1
time (usec)

®)

Fig. 10. CMOS SH circuit and simulated waveforms for different t.xs.
(@ CMOS S/H circuit schematic and RC circuit model during hold period.
(b) Waveforms for Vyq = 1.5 V.

value for some length of time. A simple S/H circuit is formed
by a sampling CMOS switch followed by a hold capacitor, as
shown in Fig. 10(a). When the clock (Phi) ishigh, V., follows
Vin; when Phi goes low, V. will ideally remain at a constant
level. However, V,: will not hold this sampled valueif leakage
pathsexist. Thistunneling current-induced decay in V,,; during
the hold period can be modeled using the RC circuit shown in
Fig. 10(a). Asfor the previous dynamic AND gate, V,,,,; decays
as afunction of time, again using the expression given in (4).

Fig. 10(b) shows 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
oxidethicknessis scaled down. Thisimpliesthat 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.

D. Impact of Alternative Gate Dielectrics

Alternateinsulating material swith adiel ectric constant larger
than that of SIO, are under evaluation to replace the conven-
tional SiO, gate stack. Using such gate dielectrics, deviceswith
lower gate-leakage current can be achieved as a result of the
increased film thickness resulting from the increased dielectric
constant of nitride-based layers (epitrige ~ 7.8). Device simu-
lation for an aternative gate dielectric of SizN., assuming adi-
electric constant of k = 2e,x and thickness of 2.6 NM (tox eq =
1.3 nm), shows about five orders of magnitude lower gate cur-
rent compared to the pure oxide device with the same equival ent
oxidethickness of ¢, = 1.3 nm. Secondary effects such as sur-
face roughness and interface traps are not considered.

Voltage bootstrapping is used to overcome threshold voltage
drops in digital circuits. Fig. 11(a) shows a schematic of the
bootstrapping circuit, including the bootstrap MOS capacitor;
the voltage Vx isincreased during the Vi, switching event. Asa
result, the threshold voltage drop can be compensated for at the
output node V.
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Fig. 11. Voltage bootstrapping circuit and simulation results. (a) Circuit
schematic and its equivalent circuit when V;,, switches to 0 V. (b) Simulated
waveforms with an aternative gate dielectric (SisN4) and pure oxides
(Vaa = 2.5 V). (c) Simulated waveforms for Vaq = 1.5 V.

When V;,, switches to logic-low, V,,; and Vx are approxi-
mated as follows [8]:

Vour = Vx — Vin m2

(6)
where

C(boot

Vx & (Vad = Vi) + Vad o —.
X ( dd tl,]\l?)) ddCs+Cboot

)
(Vaa—Vin,m3) istheinitial condition of Vx and the second term
of (7) representstheincreasein Vx after the Vi, switchesto O V.
However, this Vx expression should be modified to account for
the gate tunneling current. First, theinitial Vx isreduced dueto
the discharge via the gate leakage resistor (i.e., 1y c1,)
7(t/Rg,chboot)' (8)
In addition, the second term of (7) ismodified dueto the gate-to-
drain resistance effects of M1

(Vaa — Vin,mz) — (Vaa — Vin,m3)e

. C(boot
CS + Cboot '
9

C(boot

Vi —
ad CS + Cboot

R
. <Vdd ed, M1 )

Ry + RBga,mn

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

Fig. 11(b) illustrates the simulated input and output wave-
formsof the bootstrapping circuit. For ¢, = 1.1 and 1.3 nm, the
final V,,,; does not reach V4 because of the gate leakage resis-
torsin both the MOS capacitor (Ch,.0t ) @nd thedriving transistor
(M1) (i.e, Rgcp and Rgq pr1). In contrast, a full Vyq output
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TABLE |
ITRS LoGIC TECHNOLOGY ROADMAP (2000 EDITION) [1] AND THICKNESSES
TO ENSURE THE ROADMAP REQUIREMENT CONSIDERING THE EDGE DIRECT
TUNNELING LEAKAGE (DIELECTRICS WITH Kk = 2€,x ARE ASSUMED
FOR 2005-2011 NODE)

Year 1999 2001 2004 2005 2008 2011

1 | MPU gate length(nm) 120 100 70 65 45 30

2 | Logic Vyy (V) 1.5-1.8 | 1.2-1.5|09-12 | 0.9-1.2 | 0.6-0.9 | 0.5-0.6

3 | to equivalent (nm) 1.9-25]|1.5-19 | 1.2-1.5 | 1.0-1.5 | 0.8-1.2 | 0.6-0.8

4 | Ijate limit (A/pm) 007p | 0.10p | O.16p 0.2p 0.4p 0.8p
for low-power device

5 | Igate limit (A/um) T0p 100p 160p 200p 400p 800p
for high-performance

6 | Simulated Jyq (A/um) || 150p 2.5n 19n 2p 65p 4.1n
for low-power device

7 | Simulated Jpge (A/pm) || 450p 9.5n 50n 6p 240p 6n
for high-performance

8 | top (nm) to ensure ~2.6 ~2.4 ~2.0 ~1.1 ~1.0 ~0.9
low-power Jgase limit

9 | to (nm) to ensure ~2.2 ~1.9 ~1.7 ~1.0 ~0.8 ~0.7
hi-perform Jgqse limit

voltage can be achieved by adopting a SizN. gate dielectric due
to the substantial reduction in leakage current. Note that the
equivalent oxide thickness of tg;,x, = 2.6 NM iS tox = 1.3 nm.
Alternative gate dielectrics will be necessary to replace leaky
gate oxides in MOS circuits, especially where charge conserva-
tion or charge bootstrapping techniques are required.

IV. DISCUSSION

It is instructive to estimate how the gate direct tunneling cur-
rent (i.e., EDT current) will affect oxide scaling in the tech-
nology roadmap. A comparison has been made between the
Igate limit of the ITRS and the device simulation results. 7.
simulation for the low-power device was performed with a com-
bination of the lower value of the V4 range and the thinner
oxide of the equivalent ¢, range to produce a maximum gate
current value; the higher value of the V4 range and the thinner
oxide of the equivalent ¢, range were used for the high-perfor-
mance case. As a result, the maximum I, limit of the tech-
nology roadmap across the 1999-2004 nodes is far below the
simulated I, s shown in Table 1. In particular, the simulated
Iga:e Tor the low-power device is three to five orders of magni-
tude higher than the required limit. Namely, the maximum /.
limits in Table I—Rows 4 and 5 are too strict for the oxide thick-
ness range in the technology roadmap. The simulated Iy be-
yond the 65-nm node (2005) is rather close to the roadmap re-
quirement owing to the use of a nitride-based dielectric with
K = 2eqy, but dielectrics with x > 2., will be necessary be-
yond the 45-nm node technology, especially for the low-power
device. In order to satisfy the roadmap requirements for the
low-power device, the use of oxides thicker than the equivalent
tox range of the roadmap is desirable. For example, an oxide
thickness about 2.0 nm is required to ensure the I, limit for
the 70-nm technology node (2004), as shown in Table I—Row
8. In conclusion, the oxide scaling suggested by the roadmap
may be little aggressive, especially for the low-power devices.
In order to ensure the I, limit of the technology roadmap, an
early use of high » dielectric materials or a more conservative
oxide scaling (Table —Rows 8 and 9) is necessary.
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V. CONCLUSIONS

CMOS circuit robustness in the presence of gate tunneling
currents has been studied using circuit simulation, combined
with a macro-circuit model of gate tunneling current and ana-
lytic estimation of the effects. CMOS static inverters at Vyq =
1.5 V show acceptable noise margins with low-power consump-
tion 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 evaluation phases. For cir-
cuits 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-« dielectric
will be necessary on these circuits to continue device scaling.
Based on the simulation studies, the oxide thicknesses to ensure
the off-state gate leakage requirement of the ITRS roadmap are
outlined.
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