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Errors 1n Projecting Gate Dielectric Reliability
From Fowler—Nordheim Stress to
Direct-Tunneling Operation

Paul E. Nicollian, Senior Member, IEEE

Abstract—The extrapolation of gate dielectric reliability of de-
vices that are stressed in the Fowler—Nordheim (F-N) tunneling
regime but operate in the direct-tunneling (D-T) region is analyzed
using the time-dependent dielectric-breakdown power law model.
Due to the differences in the slopes of the gate current versus
voltage characteristics between F-N and D-T, the widely estab-
lished practice of directly extrapolating the time to breakdown
from stress to operating conditions is, in general, not rigorously
correct. Reliability projections across a wide voltage space can
have significant errors, and the operating voltage that a technology
can safely sustain may be overestimated.

Index Terms—Breakdown, dielectric, oxide, reliability, SiON,
time-dependent dielectric breakdown (TDDB).

I. INTRODUCTION

T IS WIDELY known that the breakdown of gate dielectrics

used to form the insulating films of MOSFET devices is a
serious reliability concern. Models used to project the time to
breakdown (¢pp) from accelerated stress down to lower voltage
operating conditions have been extensively researched since the
1970s. In modern technologies with ultrathin gate dielectrics,
the time-dependent dielectric-breakdown (TDDB) power law
model [1] is commonly used for reliability assessments, where
tpp and the charge to breakdown (Qpp) follow a power law in
gate voltage (V)

N-
tep =arVa— 5 (1)

N
Qsp =agVe™ . (2)

The power law model arises when the mechanism for the
generation of trap states that lead to breakdown is the vibra-
tional excitation of silicon hydrogen bonds [2]. Since the ex-
ponents N and Ng in (1) and (2) can be greater than 40 [1],
[2], the TDDB power law model results in optimistic lifetimes
compared to exponential models [1]. Accordingly, it should be
carefully examined for any application for which it is utilized.
For polysilicon gate devices with SiOy dielectrics, if the
oxide voltage (Vox) is greater than the approximately 3 V
barrier height (® ) for the Si-SiOs interface, electrons can be
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Fig. 1. Band diagrams for [(a) and (b)] F-N and [(c) and (d)] D-T. For
F-N, when Voxeo > Voxi, X712 < Xp1. For D-T, when Vox4 > Voxs,
X714 = X73. (e) Experimental Jg versus Vg curve for a 3.0 nm film and
(f) the corresponding slope 9 In(J ) /OV showing the effects of the transition
from D-T to F-N.

injected from the cathode into the oxide conduction band via
Fowler—Nordheim (F-N) tunneling through a triangular barrier
[31, [4], as shown in Fig. 1(a) and (b). For F-N, the tunneling
distance (X7) decreases with increasing Vox. However, if the
dielectric thickness (tox) is less than about 4 nm and Vox <
®p, then electrons can direct tunnel through a trapezoidal
barrier [5] from the cathode to the anode without entering the
oxide conduction band, as shown in Fig. 1(c) and (d). Unlike
F-N tunneling, for direct tunneling (D-T), X7 is independent
of Vox and is always equal to tox. For this reason, the slope of
the current—voltage curve will be higher for F-N compared to
D-T, as shown in Fig. 1(e) and (f). For oxides where nitrogen
has been incorporated to form SiON, ® 5 can be less than 3 V
[6], [7]. Accordingly, TDDB stress of ultrathin SiON films may
occur in the F-N region. In this letter, we will show that the
higher F-N slope can lead to erroneous reliability projections
if accelerated testing is performed in the F-N regime and the
device operates in the D-T region. Consequently, the widely
used approach of directly extrapolating tgp to operating con-
ditions [1], [8], [9] is, in general, not valid. We show a simple
correction method to obtain accurate lifetimes.

II. RESULTS

Traps are generated in the oxide bulk and at its contact
interfaces when a voltage is applied across the gate dielectric of
a MOS device and a current passes through the film [10]. The
buildup of these traps leads to the breakdown of the dielectric.
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Fig. 2. Ratio of Nj/Nr versus V. Nj/Nr becomes strongly Vi de-
pendent and of nonnegligible magnitude when devices are stressed in the
F-N regime. The EOTs of the devices in this plot range from 1.0 to 3.2 nm.

The number of generated traps N (@) increases as a power law
function of fluence [11]

N(Q) =bQ™. 3)

At breakdown, N(Q) = Npp and Q = Qpp. Rearrangement
of (3) yields

Qep = (Npp/b)"/™. 4)
The trap generation rate (Pg) is calculated as
Pg = 0N(Q)/0Q = mbQp". (5)

Solving (4) for b and inserting it into (5) and rearranging terms
yields

QBp = mNBp/Pg. (6)

The relationship between tgp and Qpp is through the current
density (J¢g)

tgp = Qp/JG- (7

The only V-dependent term for QQpp is Pg, whereas tpp
is Vo dependent through Py and Jg. The power law model
exponents N7, Ng, and N; defined for time, fluence, and
current, respectively, are

Nr = —9(Intgp)/0In(Ve) ®)
Ng = —9(InQ@pp)/0In(Ve) ©)
N;=0(InJg)/0In(Vg). (10)

Inserting (8)—(10) into (7) yields
Nr =Ng+ Njy. an

For (11) to be valid, In(tpp) versus In(V¢) must be a straight
line. However, N is not a constant slope due to the transition
from F-N to D-T at Vox = ®p5. Moreover, Jg is not a power
law in Vg [3]-[5] as required in (10). For these reasons, strictly
speaking, tpp is not a power law in Vi, so the direct application
of (1) is not rigorously correct.

The ratio N; /Ny for the first breakdown event is shown in
Fig. 2 for NMOS devices with plasma-nitrided oxide films, with
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Fig. 3. TDDB power law model exponent (y1-axis) and prefactor (y2-axis)
versus V. The model parameters in (1) become Vi dependent when the
voltage dependence of tunneling has been accounted for. The EOT is 3.0 nm,
and the devices were stressed in the F-N regime.
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Fig. 4. (a) Ratio of t;3D /tep for corrected to uncorrected TDDB model
parameters versus V. The lifetime at operating conditions is overly optimistic
by several orders of magnitude for F-N stress and D-T operation. (b) Change
in safe operating voltage AVypax for uncorrected models relative to corrected
models. The EOT is 3.0 nm, and the devices were stressed in the F-N regime.
For this case, the maximum safe operating voltage can be overestimated by up
to 250 mV for F-N stress and D-T operation.

25 different equivalent oxide thicknesses (EOTs) ranging from
1.0 to 3.2 nm. This variation of EOT enables the evaluation of
N;/Nr over a large voltage range. The contribution from the
current slope term N ; approaches 50% of Ny for F-N stress,
whereas it only comprises 10% of Np in the D-T region. This
artifact is eliminated by extrapolating Qpp from stress to lower
voltages using (2). After Qpp is converted to tgp using (7),
ar and Nr are recalculated iteratively from least squares fits
using (1). This eliminates the erroneously high values of these
parameters resulting from the N ; term.

The TDDB power law model parameters corrected for N
are shown in Fig. 3 for 3.0 nm EOT films stressed in the
F-N regime. Scaling from 3.7 V stress to 1.8 V operation,
Np decreases from 58 to 38, while ar drops by 9 orders of
magnitude. The effect on ¢gp is shown in Fig. 4(a), where
tpp is the lifetime extrapolated directly from (1) and tjp, is
the lifetime from corrected parameters. For the thicker films
that were subjected to F-N stress, lifetimes for uncorrected
models can be overly optimistic by several orders of magnitude,
whereas there is little impact on devices that were stressed in the
D-T region. For a five-fit average failure rate requirement, the
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maximum safe operating voltage for the 3.0 nm films that were
subjected to F-N stress can be overestimated by nearly 250 mV,
as shown in Fig. 4(b). In obtaining this result, we have assumed
that N is independent of V. The cooperation between vibra-
tional and electronic excitation modes of the silicon—hydrogen
bond, which can result in N being lower at accelerated stress
compared to operating conditions [2], has not been factored in
because this potential gain may be offset by detrimental effects
of the nitrogen profile such as nonuniformity [9].

Whereas correcting for the differences in the voltage de-
pendences of F-N and D-T in SiON films results in lower
projected lifetimes at operating conditions, transport can have
the opposite effect on the reliability of high-% stacks. In the
Si09 /ZrO system, accounting for Jg results in higher pro-
jected lifetimes for substrate injection due to the ZrO, layer
becoming a tunneling barrier at low voltages [12]. This is a
different effect than we report in this letter, as it will occur
whether transport in the SiO5 portion of the SiO5/ZrOs stack
is D-T or F-N. Accordingly, the effect of .Jo on TDDB must be
separately evaluated for any gate stack of interest.

III. CONCLUSION

For devices that are stressed in the F-N tunneling regime but
operate in the D-T region, dielectric reliability predictions are
unrealistically optimistic if projections using only the time to
breakdown are applied. This artifact arises from the differences
in the slopes of the current—voltage characteristics between
F-N and D-T. This problem is circumvented by invoking Qpp
in projecting breakdown from stress to operating conditions.
Accordingly, the widely used approach of extrapolating di-
electric reliability directly from established time to breakdown
models is, in general, not correct.
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