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ABSTRACT

Random telegraph noise (RTN) has recently become an important
issue in advanced circuit performance. It has also recently been used
as a tool for gate dielectric defect profiling. In this work, we show
that the widely accepted model thought to govern RTN behavior
cannot be used to describe our experimental observations. The basis
of this model (charge exchange between inversion layer and bulk
oxide defects via tunneling) is inconsistent with our RTN
observations on advanced SiON nMOSFETs with 1.4 nm physical
gate oxide thickness. Alternatively, we show that RTN is
qualitatively consistent with the capture and emission of inversion
charge by interface states. Our results suggest that a large body of the
low-frequency noise literature very likely needs to be re-interpreted.

INTRODUCTION

Random telegraph noise (RTN) is a phenomenon in which
MOSFET drain current (Ip) exhibits random discrete fluctuations or
switching events as a function of time [1-3]. These fluctuations have
been shown to be significant in highly scaled devices in which the
channel length and width are reduced [3, 4]. There are also
indications that the relative RTN amplitude increases as the gate-
overdrive is reduced and can become quite large in the sub-threshold
regime [5]. RTN fluctuations are particularly worrisome for memory
devices such as SRAM and Flash where large RTN has already
aroused reliability concerns [4, 6, 7].

It has been experimentally and theoretically shown that extrinsic
(defect related) 1/f noise is actually a superposition of RTN events
[3]. Thus, the physical origin of both RTN and low-frequency 1/f
noise is the likely the same [3]. Over the last half century, numerous
papers in the literature model MOSFET RTN and extrinsic 1/f noise
as a charge exchange between defects in the gate dielectric and the
inversion layer (channel) via a tunneling mechanism [8-10]. Such
models are so well established that RTN, as well as 1/f noise, have
been used by many groups as a depth profiling tool to measure
defects in the gate dielectric [11-15]. Recently, 1/f noise trap
profiling has been used in combination with frequency-dependent
charge-pumping to suggest that electrical stress can generate defects
in high-k dielectric layers of advanced gate stacks [14]. Such work
has added fire to a controversy with far-reaching implications on the
reliability of advanced high-k/metal gate technology. In this paper,
we present experimental evidence which strongly indicates that the
prevailing RTN and consequent 1/f models cannot be correct.

In this study we examine RTN behavior of highly-scaled
transistors from the sub-threshold to super-threshold regime. We
examine the effect of measurement bandwidth on RTN by making
repeated measurements on the same device with several different
amplifier rise-times. These measurements reveal very large RTN
fluctuations which enable highly reliable characteristic time constant
extraction. The highly-scaled geometry of the devices used in this
study coupled with our extracted time constants provide a very
unique set of observations which allow for a clear demonstration that
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the prevailing RTN model (inversion layer charge tunneling to bulk
defects) cannot be correct.

EXPERIMENTAL

We utilize 0.085 um x 0.055 pm SiON nMOSFET devices with a
physical dielectric thickness of 1.4 nm. The RTN measurement
apparatus is schematically illustrated in figure 1. The source and gate
electrodes are biased using battery-powered variable voltage sources,
while the substrate electrode is grounded for all measurements. All
measurements were performed at room temperature with the source
electrode fixed at -50 mV. The drain current is monitored by using a
low-noise current amplifier with selectable bandwidth. The amplifier
output is directly captured using a digital storage oscilloscope with a
large memory depth (20 x 10° Samples). A common limitation for
RTN measurements is the conflicting need to measure switching
events of various durations with sufficient statistics. With our
experimental set-up, we are able to measure a relatively large
bandwidth (300 Hz to 30 kHz) while maintaining adequate statistics
for the slower switching events.

Digital
Storage
O-scope

Fig 1: Schematic diagram of the experimental set-up used in this study.

RESULTS AND DISCUSSION

Figure 2(a) illustrates representative RTN Alp/Ip fluctuations as a
function of time for the sub-threshold case when the amplifier
bandwidth is greatest (30 kHz). The observed Alp/Ip is quite large
and represents a convenient “test case” to critically examine the RTN
phenomenon. The most commonly used parameters to describe RTN
behavior are the characteristic times spent in each of the two current
states [1, 2]. With reference to figure 2(a), the low current state
occurs when an electron has been captured by a defect (which
restricts current), and the high current state occurs when the electron
has been emitted and the defect state is empty (no current
restriction). Consequently, the characteristic time spent in the high
current state corresponds to the capture time (Tcaprure), and the
characteristic time spent in the low current state corresponds to the
emission time (Temission)- We extract both Teypuure ad Temission from each
RTN measurement by fitting the time distribution to an exponential
of the form: A exp[-t/t] [16]. The Tcypure distribution corresponding to
figure 2(a) is shown in figure 2(b). The exponential fit illustrated in
figure 2(b) is quite good and is representative of all our time constant
extractions. We note that many researchers extract Teapure aNd Temission
by simply dividing the total time spent in a given state by the number
of switching events [7]. In theory, this averaging approach is

105



Campbell et al.

100
a) 90 V-V, =-150 mV
80 Amp. Bandwidth = 30 kHz
®
- Mt R
(4 b L3S J I
S P
= 40 IR
=" 30] IR I
< 207 ! ] i ] ..
10 Tl b
g
000 005 010 015  0.20
Time [s]
[ Data

b)

Exponential Fit
V-V, =150 mV
T ~9 ms

‘capture

R?=0.991

# of Counts

10 20 30 40 50
Time [ms]

60

Fig 2: Representative RTN drain current (Ip) fluctuations as a function of time
(a) for -150 mV gate overdrive. Note the very large percentage fluctuation.
The corresponding representative distribution of time spent in the high state is
illustrated in (b). The characteristic time constant (Tpwe in this case) is
extracted by fitting the time distribution to an exponential. This plot (b) is
representative of the good fits we obtained for our measurements. The
amplifier bandwidth for this measurement is 30 kHz.

incorrect. However, we empirically note a relatively good correlation
between the “averaged” and exponential time constants (not shown).
This somewhat surprising correlation is due, in large part, to the fact
that most of the observable RTN fluctuations in this work have
characteristic times longer than 1 ms, and we rarely observe long
duration events. Thus, the impact of sampling bias (omitting the very
high and low ends of the distribution) on pure averaging is very
minor.

Figures 3(a) and (b) illustrate Alp/Ip as a function of time for gate
voltages in the sub-threshold (Vg-Vry = -150 mV) and the super-
threshold (Vg-Vry = 425 mV) regimes, respectively. It is clear from
figure 3 that the frequency and duration of the RTN fluctuations are
dependent on gate overdrive. The gate overdrive dependence is also
illustrated by examining the corresponding characteristic time
constants. Figures 4(a) and (b) illustrate the extracted Teypwre and
Temission @S @ function of gate overdrive for several different amplifier
bandwidths (300 Hz, 3 kHz, and 30 kHz). We note that the extracted
time constants are strongly dependent on the gate overdrive. We also
note that the amplifier bandwidth plays a relatively small role in the
extracted Teapuure aNd Temission values with the bandwidth limitation
resulting in an error of only a factor of two. One would expect, for
the case of very short Teypuure and/0T Temissions the error will be greater.
However, as illustrated in figures 4(a) and (b), such cases only
happen at high gate-overdrive where the RTN signal becomes too
small to detect. Thus, for these measurements, our 30 kHz bandwidth
is clearly sufficient. The extracted Teapture aNd Temission Values of figure
4, coupled with the ultra-thin gate dielectric in our devices, provide a
critical data set to examine the origin of RTN behavior.
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Fig 3: (a) and (b) illustrate the RTN fluctuations as a function of time for -150
mV and +25 mV gate overdrive, respectively. Note the large change in
spectrum duration and frequency with gate overdrive. The amplifier
bandwidth for this measurement is 30 kHz.

The next few paragraphs compare and contrast the expected RTN
behavior (assuming the most common model of inversion layer
tunneling to bulk dielectric defects [8-10]) with our observations. We
clearly show that this commonly accepted RTN scenario cannot be
correct. Figure 5 schematically illustrates the expected time constant
relations (assuming the commonly accepted RTN model) for
different defect locations. Depending on the distance between the
inversion layer and the bulk defect, the de-trapping process can
proceed in one of two ways: (1) the electron can tunnel back to the
inversion layer, or (2) the electron can tunnel out of the dielectric to
the gate electrode. If the bulk defect is located close to the interface,
scenario (1) would be favored, while scenario (2) would be favored if
the trap is located closer to the gate electrode. In the middle region of
the dielectric, de-trapping involves a combination of both scenarios.

For bulk defects dominated by scenario (1):

The trapping and de-trapping time constants should be
approximately equivalent. This is because tunneling can only
happen at energy levels within a narrow range of the Fermi level.
Consequently, there should be roughly equal densities of
occupied and unoccupied states in the channel which can
participate in the tunneling process. This situation dictates that
the probability of tunneling into the defect equals the probability
of tunneling out of the defect (Fermi’s golden rule). Thus, in this
case, the observed RTN should have an equal distribution of high
and low levels. This distribution (Teapure = Temission) 1S NEver
experimentally observed (Figures 4(a) and 4(b)).

For bulk defects dominated by scenario (2):
The de-trapping probability should be much higher than the
trapping probability. This is because the defect’s proximity to the
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Fig 4: Extracted capture (a) and emission (b) time constant as a function of
gate overdrive for several amplifier bandwidths. Notice that the relative
values of the extracted time constants are much larger than those predicted by
the commonly accepted RTN model.

gate electrode presents a much smaller tunneling barrier for
electrons to tunnel out to the gate. Consequently, the defect
should remain empty most of the time. Thus, in this case, the
observed RTN should spend most of the time in the high current
state. This situation (Teapure >>  Temission) 1S also mnever
experimentally observed (Figures 4(a) and 4(b)).

For bulk defects where both scenarios (1) and (2) contribute:

One would still expect the de-trapping probability to be greater
than the trapping probability. This is because the trapped electron
now has two de-trapping pathways (back to the inversion layer or
on to the gate electrode). Thus, in this case, the observed RTN
should also spend more time in the high current state than the low
current state. This situation (Teapre > Temission) 1S also never
experimentally observed (Figures 4(a) and 4(b)).

With reference to the above tunneling scenarios, if RTN is due to
tunneling processes to and from bulk dielectric defects, Tepission MUSt
always be less than or equal to Teupure (for any defect location). It is
also clear that the maximum T.pision Must be associated with the
defects near the midpoint of the gate dielectric layer. We can
estimate this maximum Temission Dy assuming that Teapure = Temission at
this point. Ty for bulk defects at the midpoint can be calculated
using the tunneling front model [17]. Figure 6 illustrates the
tunneling front calculations for an SiO, dielectric at various dielectric
fields [18]. (While tunneling in our SiON dielectric is slightly
different than the modeled SiO, dielectric, the error introduced is
minimal.) The capture time for defects located at the midpoint of the
dielectric (1.4 nm / 2 = 0.7 nm) is < 10 s (see figure 6). In this
calculation, we use a characteristic tunneling time constant, Ty, of 6.6
x 10 s [19]. Note that many researchers choose 1y = 1071 s for the
tunneling front calculation [10]. This larger t, value is actually based
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Fig 5: Schematic diagram illustrating the possible RTN reaction pathways
(assuming the common RTN model [8-10]) through the dielectric for different
defect locations.
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Fig 6: The calculated tunneling times [18] and distances for electrons
tunneling through SiO,. The calculations are realized using a tunneling front
model [17] with SiO, effective mass = 0.5 mo and T, = 6.6 x 10 s.

on speculation [20] while the 6.6 x 10 s was measured
experimentally and supported by theoretical calculation [19]. Even if
we allow for this ~3 orders of magnitude error in 1, the capture time
for defects located 0.7 nm into the dielectric changes to < 10 s.
Therefore, in our RTN measurements we should expect our Tepission
values to be less than 10 s under all possible conditions.

Both of these characteristic tunneling times are much faster than
our observed RTN results (figures 4(a) and (b)). If the inversion layer
tunneling to bulk defect model was correct, the 10 us (30 kHz)
minimum rise time of our current amplifier would prevent us from
observing any RTN from our sample.

As further evidence that the inversion layer to bulk defect
tunneling model is incorrect, we note that the observed RTN
dependence on gate-overdrive is only possible if there is a
continuous distribution of traps in space as well as in energy in the
dielectric layer. This assumption conflicts greatly with the typical
understanding of gate dielectric defects. The body of evidence
discussed thus far collectively compels us to conclude that the
commonly accepted model for RTN behavior and the subsequent
analysis must be incorrect.

On the other hand, our experimentally observed tcaplure=10'3s to
107 s and Temigsion=10""s to 10™'s trends are qualitatively consistent
with an RTN mechanism involving the capture and emission of
inversion layer charge by interface states. The observation that the
drain current spends much more time in the low state than high state
indicates that the defects are much more likely to be filled rather than
empty. This is what one would expect for interface states in
inversion.

The capture rate for interface states should be proportional to the
inversion charge density. At weak inversion, the inversion charge
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Fig 7: Teapture/Temission @8 a function of gate overdrive. This gate overdrive
dependence clearly illustrates that Temission increases much faster than Teapure
with increasing gate overdrive. This scenario would be expected in the case of
an RTN mechanism dominated by interface state charge capture and
emission.

density is low, which dictates longer capture times. At strong
inversion, the inversion charge density is high, dictating very short
capture times. This gate-overdrive dependence is in agreement with
our observations in figure 4(a). One would also expect that the
emission rate for interface states should decrease with gate-
overdrive. As inversion charge density increases, available empty
states lie at higher energy and the emission probability decreases
(longer Temission)- This gate-overdrive dependence is in agreement
with our observations in figure 4(b). This correspondence is further
illustrated by realizing that increasing gate-overdrive should result in
an exponential decrease in Teapure and the simultaneous exponential
increase in Temision- 1€ ratio between the two characteristic times
should remain an exponential function of gate-overdrive. This is
indeed the case as shown in figure 7.

One might argue on the basis of high frequency charge pumping
measurements that interface state charge capture should occur much
faster than our observed time constants [18]. However, charge
pumping requires that the device be swept from deep accumulation
to deep inversion. The situation is quite different in RTN
measurements where the inversion charge densities are substantially
less and the system is much closer to steady-state. This explanation
for the observed Teapture/Temission gate overdrive dependence is much
more natural than the one required for the tunneling to bulk dielectric
defects model. Thus, this serves as another indication that the
observed RTN is consistent with an interface state capture and
emission process.

CONCLUSION

In this study we have examined the origin of RTN fluctuations by
extracting the characteristic capture and emission time constants
(Teapture @Nd Tenission) s a function of gate overdrive. A comparison of
our extracted Teapure aNd Temission Values with the expected inversion
layer to bulk defect tunneling times yields very large discrepancies.
However, our Tepure and Temission Observations are qualitatively
consistent with an RTN process involving the capture and emission
of inversion layer charge by interface states. These observations very
strongly call into question much of the RTN and consequent 1/f
analysis which profiles bulk dielectric defects. Thus, it is quite
possible that current understanding of bulk dielectric defect
generation and subsequent reliability (especially in high-k bi-layer
dielectrics [13-15]) is incorrect.
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QUESTIONS AND ANSWERS

Q: Elastic tunneling was in your motivation, what changes to low-
frequency noise/random telegraph noise would you expect with in-
elastic tunneling? Would inelastic tunneling explain your results?

A. We cannot rule out the possibility that inelastic tunneling could
play a major role in our observations. The whole point of this paper is
that we can unambiguously rule out the presence of elastic tunneling.
(This point invalidates much of the recent low-frequency noise defect
profiling work.) However, the exact physics governing our observa-
tions are difficult to unambiguously determine. Our observations are
qualitatively consistent with interface state capture and emission. Al-
though, an inelastic tunneling process or even an interface state miti-
gated tunneling process could also be dominant.
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