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Abstract — Modifications arc made to Fowler-Nordhcim tunncl-
ing currcnt analysis 10 accuratcly modcl the measured conduction
characteristics of insulator layers thinner than 6 nm. The most
significant is dircct tunneling for which a closed form cxpression is
introduced. Polysilicon depletion and clectron wave interference arc
also considered. 4 nm is found to be a practical limit for SiO; scaling
duc to dircet tinncling leakage almost independent of power supply
voltage.

Introduction

Thc success of silicon dioxide as a gate insulator in MIS struc-
lurc§ is partly due 1o its rather wide forbidden band and high cnergy
barriers at clectrode  interfaces. Conscquently  silicon  dioxide
approaches the ideal case of clectrode limited conduction, i.c.
Fowler-Nordheim (FN) tunncling, in contrast to films of silicon
qilridc or tamalum pentoxide which arc characterized by bulk-
limited mechanisms, such as Frenkel-Poole cmission. Exccllent
agreement with N Theory for oxide films in excess of 6 nm cstab-
lishes this claim. For thinncr oxide films, FN tunncling is no longer
adequate for accurate modeling of oxide lcakage currents. Yet, leak-
age current may limit the scaling of MOSFET gatc oxide, not to
mention the EEPROM twnneling oxidc.

Polysilicon Gate Depletion
] Tcsl capacitors of varying arca and oxide thickncss were stu-
(’I‘C(L Thickness measurcd by CV and cllipsometry showed unifor-
mity across cach waferof £1 A, The standard FN expression
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cannot fit the measured J-V in Fig. 1 il onc takes E,y as Vy/xo, cven
wllcn B is trcated as a fitling parameter. Good (it was obiaincd by
}nc]yding polysilicon depletion [1] even though the polysilicon was
in-situ doped with phosphorus as opposed o implanted with arscnic.
EoxXox = Vo = Vg = Voaly 3)
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where Vi, = m until Vyay, is pinned at 1.12 V duc to the
saturation of band bending in strong inversion. Of course, (3) must
be modified for other polarities and doping types. [2]

Direct Tunneling Model

Fig. 2 illustrates the difference betweeen direct and FN tunnel-
ing. Although dircct tunncling has been anatyzed with Airy func-
tions and numcrical intcgration before [3], we have derived a closed
form expression with the usc of the WKB and other approximations.
The current density is unchanged (rom (1) for Ve, > ¢y, and increased
by the following factor for V,, < ¢,
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Fig. 3 shows that the sccmingly insignificant change from triangular
to trapezoidal barricr caused a dramatic change in J-V slope and can
increasc the leakage current by orders of magnitude below 3.5 V.

Fig. 4 shows the good fit between the closed form model and the
data.
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Electron Wave Interference

Fig. S illustrates the physical basis for this model. The tunncl-
ing clectron sees the FN triangular potential, but upon emission into
the oxide conduction band, it cstablishcs a partial standing wave
between reflection-inducing  potential discontinuitics. The WKB
transmissivity becomes modificd by a multiplying factor
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R accounts for both wave reflection at the oxide silicon interface and
wavc attcnuation, phcnomenologically modcled by an oxide mean
free path, A= L5am. A previous scattering model [4] reported
Aeen = 3.2 nm, suggesting, however, that this bulk valuc may degrade
near the oxide interface. Fig. 6 compares data with this model. Fig.
7 presents an excellent fit between this model, varying only x. for
the range 3 to 6 nm. The subtle change in shape of the mcasurcd
characteristic between the 4.1 and 4.3 nm oxidcs can be attributed to
interfercnce. This interference undulation in quantitative agreement
with thcory may thercfore be used to monitor diclectric thickness
uniformity and intcrface flatness o within at Icast 0.2 nm.

The abscnce of quantum interference in the FN regime for
large xo, can be explained as increased carricr scattering in the oxide
so that resonant wavcs arc atienuated and single pass theory suffices.
Morcover, while under the barricr, ¢.g. in direct tunncling, clectrons
do not demonstrate the interference cffect because the clectron wave
number is imaginary.

Voltage Limit due to Oxide Leakage

The high clectric fields present in scaled devices mandate vol-
tage scaling, in order to ensure oxide reliability. Presently, TDDB
lifctimes dictate maximum operating voltage[5]: subscquently, this
may be limited by gate lcakage. Defining Vi, as the voltage neces-
sary to induce a 0.1pA/p? gate leakage curren, icads to the thickness
dependent voltage scaling requirement given in Fig. 8. The exceed-
ingly rapid drop of acccptable voltage below 4 nm suggests that 4
nm is a practical limit for oxide scaling in ULSI applications. Furth-
ermore, Fig. 8 cstablishes the convergence of the intrinsic TDDB and
gate leakage critcria and raiscs the possibility that gate leakage will
sct the ultimate limit to oxide scaling at 4 nm.
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Fig. 1. Tlustrates the necessity of including poly depletion
correction in ultra-thin gate diclectrics.
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Fig. 2. (a) Fowler-Nordheim tunneling is associated with triangular
barrier. (b) Direct tunneling is associated with a trapezoidal barrier,

i.e. when Vo, < ¢y,
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flg. 3. A closcd form tunncling cxpression for direct tunnel-
ing agrees well with data and more cxact theory.
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Fig. 4. Closcd-form Tunneling Expression correctly shows
the large direct tunncling icakage current below 3.5 V.
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Fig. 6. Establishcs improvement of the resonance model over
closed-form expression for x,, = 4.3nm
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Fig. 7. Fit using numcrical inlcgration of resonance tcrm,
varying only the oxide thickness.
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Fig. 8. Maximum acceptable voltages from standpoint of
intrinsic TDDB and Gate Leakage. TDDB Data is extrapo-
lated to ultra-thin region, where its validity awaits further
study.
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