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Abstract: To accurately study positive bias temperature insta-
bility (PBTT) in nanoscale SiON nMOS transistors we make use of
the time-dependent defect spectroscopy (TDDS) and examine the
device performance degradation at the single-defect level. Con-
trary to what is visible in large-area devices, our investigations
clearly reveal charge trapping at both electron and hole traps
contribute to the overall drift of the threshold voltage in these
devices. Even though only electron trapping is typically con-
sidered for PBTI we observe that hole traps account for around
20% of the total threshold voltage drift. To evaluate the impact
of single-defects on the device performance we characterize the
charge trapping kinetics of a number of defects, which can be ex-
plained employing a two-state defect model. In our approach we
consider charge trapping due to defect/channel and defect/poly-
gate interactions for the defects. From the extracted trap levels
and trap depths we conclude that hole traps reside in the mid-
dle of the insulator while electron traps are located closer to the
SiON/Si interface. Finally, the extracted trap parameters are fully
consistent with defect candidates from DFT calculations.
Introduction: A large number of single-defect studies have been
performed considering NBTT in devices employing in SION or SiOg
as gate insulator!™® so far. However only little attention has been
paid to PBTT in nMOS devices. Since in pMOS devices the active
defect density is approximately 10 times larger than in nMOS,©
BTI is typically considered more important for pMOS transistors.
Nevertheless, for CMOS applications BTT of both device types is
of significant importance, and the understanding of the physical
origin of charge trapping in these devices is vital for further opti-
mization of devices and circuits. Critical questions in this regard
are the magnitude of the trap density, the impact of a defect on the
overall device performance, and also the trap distribution and the
trap levels. The most accurate way to answer these questions is
by performing a detailed single-defect study employing nanoscale
nMOS devices to provide the missing information.
Experimental: In contrast to large-area devices, the recovery
in nanoscale transistors after PBTI stress proceeds in a discrete
manner, see Figure 1. The recovery traces are typically given in
terms of an equivalent shift of the threshold voltage AViy, which
is obtained by mapping the measured drain current using an ini-
tial Ip(Va). To achieve highest measurement resolution for sin-
gle charge transitions of AVi, < 1mV for the investigated SiION
nMOS devices (W=90nm, L=70nm) we use our optimized defect
probing instrument.!* This enables us to observe a number of
electron emission events (Figure 1 (left)), but quite remarkably
also a significant number of hole traps with steps in the opposite
(positive) direction, see Figure 1 (middle). In contrast, no electron
emission events are visible in the recovery traces measured from
pMOS devices of similar geometry, see Figure 1 (right). While the
lack of observable electron trapping in pMOS devices may be due
to the higher noise level, the presence of electron and hole trap-
ping in nMOS devices signifies an important difference between
NBTI and PBTI.
Defect Distribution Function: To study the relative contri-
bution of electron and hole trapping to AViy, the complementary
cumulative distribution function (CCDF) of the absolute value
of the step heights of 79 nMOS transistors of the same technol-
ogy is evaluated, see Figure 2. The shown CCDF shows a weak
bi-modal behavior, which can be separated into two (nearly) uni-
modal distributions, which can be attributed to hole and electron
traps. Considering the trap density, a remarkable number of 106
defects (38%) are identified as hole traps among a total number
266 traps. The absolute contribution of hole traps to AV;y is an-
alyzed in Figure 3, and we observe that hole trapping decreases
the total AV, by about 22% for the bias and temperature con-
ditions used here. This finding suggests that hole trapping plays
an important role in the context of PBTI.

Of further interest is that the significantly smaller step heights
for hole traps compared to electron traps observed from the
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CCDFs, give rise to the assumption that hole traps might be
located at a distance to the channel while electron traps reside
closer to the channel. To settle this question the charge trapping
kinetics of a number of hole and electron traps is evaluated next.
Single Defects: In order to study the charge capture and emis-
sion times, as well as their bias and temperature dependence, of
single-defects we employ the TDDS.? To extract the charge emis-
sion time, stress (Vps=0V, Vo=V§) and recovery (Vps=0.1V,
Ve=V4) cycles are repeatedly applied, and the recovery behavior
is measured. During one measurement series typically 100 traces
are recorded at the same bias and temperature. Afterwards the
discrete steps of the AViytransients are extracted, and the emis-
sion time is calculated as the average of all single emission events
of a certain defect, see Figure 4. In one of the DUTs we identified
three electron traps with negative step heights (Figure 5), and an-
other device we observed two hole traps with a positive step height
(Figure 6). For electron and hole traps we observed that with in-
creasing device temperature, the clusters move towards shorter
emission times. This observation confirms previous findings that
both electron and hole trapping are temperature-activated pro-
cesses.? 912

Results: In the following we evaluate the trap depth and trap
levels of our defects. Previous reports have demonstrated that
there is a direct correlation between the slope of the CCDF of
step heights and the trap depth (n o« z1).>® However, from
TDDS experiments it has been observed that defects can change
their contribution to the threshold voltage shift when the device
electrostatics at which the recovery is recorded changes.”!* As
such, the step height alone is not a reliable indicator for the trap
depth. To achieve an accurate estimate for the trap position in-
side the band diagram we evaluate the charge trapping kinetics
of three hole traps (Figure 7) and nine electron traps (Figure 7)
by employing a two-state defect model.!>1® The estimated trap
positions and trap levels for the analyzed traps are collected in the
band diagram in Figure 9. A necessary condition for a defect to
contribute to AViy, is that the defect must be energetically located
in the active region for charge trapping, which is observed for all
single-defects. While the positions of the electron traps are found
to be closer to the channel, the hole traps tend to reside in the
middle of the insulator. Note that, in accordance to the defect
model, the spatial position is mainly determined by the gate bias
dependence of the charge capture time. The observation that hole
traps with smaller step heights are found distributed at a distance
from the channel is fully consistent with the average step height
extracted from the CCDF of step heights.

Finally it is worth mentioning, that the trap levels of our study
are in good agreement with DFT calculations suggesting that the
oxygen vacancy is a potential trap candidate for electron trap-
ping, 1920
Conclusions: By studying PBTI at the single-defect level in
SiON nMOS devices we have observed charge trapping of electron
traps in addition to a sizable number hole traps. Furthermore,
we observe a bi-modal step height distribution which can be sepa-
rated into two nearly uni-modal distributions, one corresponding
to hole traps and the second one to electron traps. Our study
clearly reveals that about 40% of the observed defects are hole
traps, with are responsible for about 20% of the overall device
degradation. The presence of electron and hole traps is a signifi-
cant difference to the NBTI case. To extract trap parameters we
study the charge trapping kinetics of a number of hole traps and
electron traps, which we explain using a two-state model. The ob-
tained trap parameters indicate that hole traps reside more likely
in the middle of the insulator, while electron traps are more likely
located near the channel. Finally, the calculated trap positions
and trap levels lie inside the active energy region for charge trap-
ping of the band diagram of the nMOS transistor, and are fully
consistent with trap levels for electron and hole traps extracted
from DFT calculations.
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Figure 1: Selected recovery traces of several planar n-channel MOSFETS recorded after PBTI stress clearly show electron emission events (blue)
with negative steps (left) and also hole emission events (red) with positive steps (mid). For comparison, the recovery traces of planar p-channel
MOSFETS of comparable geometry (right) show many more steps and noise, which is due to the higher trap density compared to their n-channel
counterparts. Note that the discrete steps originating from noise and RTN are not marked in the traces.
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Figure 2: The step height distribution of
planar n-channel MOSFETs. The distribu-
tion function of all steps appears to be bi-
modal. The bi-modal distribution can be sep-
arated into two (nearly) exponential distribu-
tions attributed respectively to hole and elec-
tron traps.
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Figure 3: The average recovery behavior for
nMOS transistors is calculated from the re-
covery traces (light grey) which are used to
create the CCDF, see Figure 2. The ma-
jor contribution to the threshold voltage shift
originates from electron traps, but there is a
sizable reduction of about 20% due to hole
trapping to PBTI.
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Figure 4: By repeatedly applying stress and
monitoring the recovery behavior afterwards,
the charge transistion events of a single defect
can be recorded. These steps are extracted
and binned into a histogram, called the spec-
tral map. The charge emission time is given
by the mean time of all emission events at a
given bias and temperature.
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Figure 5: The spectral maps for one device at two different temper-
atures demonstrate the temperature dependence of several properties
of particular defects represented by the clusters. For this device three
electron traps with negative step heights can be observed.
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Figure 7: All measured charge emission and
capture times from hole traps (symbols). The
charge transition times are fitted using a two-
state trapping model (lines).
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Figure 8: Charge capture emission (open
symbols) and capture times from electron
traps (filled symbols). The measured behav-
ior can be nicely described by the two state
model over a wide bias range.
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Figure 6: Similarly to the electron traps, the two hole traps #h1l and
#h2 with positive step heights move towards lower emission times with
increasing temperature. Defect #hl is shifted out of the measurement
window when the device temperature is increased by 70 °C.
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Figure 9: The band diagram shows the trap
positions and trap levels extracted for single
electron and hole traps. All identified traps
are located in the active energy region for
charge trapping (green), confirming the accu-
racy of our study.
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