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Abstract— We report on an atomic-scale study of trap
generation in the initial/intermediate stages of time-dependent
dielectric breakdown (TDDB) in high-field stressed (100) Si/SiO2
MOSFETs using two powerful analytical techniques: electrically
detected magnetic resonance (EDMR) and near-zero-field
magnetoresistance (NZFMR). We find the dominant EDMR-
sensitive traps generated throughout the majority of the TDDB
process to be silicon dangling bonds at the (100) Si/SiO: interface
(Pyo and Py, centers) for both the spin-dependent recombination
(SDR) and trap-assisted tunneling (SDTAT) processes. We find
this generation to be linked to both changes in the calculated
interface state densities as well as changes in the NZFMR spectra
for recombination events at the interface, indicating a
redistribution of mobile magnetic nuclei which we conclude could
only be due to the redistribution of hydrogen at the interface.
Additionally, we observe the generation of traps known as E'
centers in EDMR measurements at lower experimental
temperatures via SDR measurements at the interface. Our work
strongly suggests the involvement of a rate-limiting step in the
tunneling process between the silicon dangling bonds generated
at the interface and the ones generated throughout the oxide.

Index Terms— EDMR, electrical stressing, interface traps,
MOSFETS, silicon dioxide, SDR, SDTAT.

I. INTRODUCTION

TIME—DEPENDENT dielectric breakdown (TDDB) is one of
the most important reliability problems in solid-state
electronics[1]-[8]. Accelerated reliability tests—such as high
constant-voltage stressing and voltage ramping—are routinely
used to investigate aging of metal-oxide-semiconductor
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(MOS) oxides through statistical analysis of oxide breakdown

conditions. Such tests can provide considerable insight
regarding lifetime prediction. However, without a
fundamental atomic understanding of the phenomena

involved, the extrapolation of accelerated reliability tests is
subject to error. In the work contained herein we hope to
contribute to such fundamental understanding.

A.  Time-Dependent Dielectric Breakdown

Gate oxide failure in Si/SiO, MOSFETs is of great interest
in very large-scale integration (VLSI) due to increasing device
densities and computational demands of modern integrated
circuits. To the extent that there is fundamental physical
understanding of TDDB, it is largely due to the result of
purely ‘electronic’ measurements. This relationship between
the magnitude of applied gate voltage and the mean
breakdown times is well summarized by Berman [1]. As
device structures age, their electrical characteristics will
change as the quality of their gate oxides degrade. The rate at
which this degradation occurs, however, can vary between the
scale of seconds to weeks within a range of just a few volts of
applied gate bias. High-field stressing involves the application
of a gate bias that results in a mean time-to-failure that is
observable on a time-scale that is considered to be
‘reasonable’ for a laboratory measurement.

It is well established that as an MOS oxide is damaged
throughout high-field stressing, charge is trapped near the
device interface and the density of traps increases, resulting in
a decrease in Fowler-Nordheim tunneling currents [8]. As the
density of oxide traps increases, trap-assisted tunneling events
can become more common, resulting in stress-induced leakage
currents (SILC) [4]. But while there is an extensive literature
dealing with the purely electronic aspects of these phenomena
in high-field stressed Si/SiO,, the atomic-scale physical and
chemical phenomena for TDDB in oxides is not yet fully
understood.
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II. MAGNETIC RESONANCE

A. Background on Si/SiO; Reliability Defects

Magnetic resonance [9] is a powerful spectroscopic tool
with unrivaled analytical power for the identification of
atomic-scale defects in semiconductors and insulators. As
early as the 1970s, conventional electron paramagnetic
resonance (EPR) studies began to provide insight into the
chemical nature and performance-limiting effects of intrinsic
defects in SiO, [10], [11]. Since then, a fairly sophisticated
understanding of some aspects of reliability physics and
defects has been developed as increasingly powerful and
sensitive EPR technology have been applied to this system
[12]-[25].

Nishi et al. [10] first used this technique to discover
intrinsic silicon dangling bond defects at the interface of (111)
Si/SiO; known as Py, centers: trivalent silicons back bonded to
three silicon atoms. Later, two separate P, centers were
identified in the more technologically relevant (100) Si/SiO»
system. These centers are known as the Py, and Py; defects
[11]. The Py; and Py, centers are similar but differ in the
details of back-bonding, which leads to different EPR g-
tensors and a difference in symmetry.

Other relevant defects in Si/SiO» are the oxide traps known
as E' centers [12]-[15]. The E' center is also a silicon
dangling bond, however, its central silicon is back bonded to
three oxygens. While these centers are most often
concentrated near the interface, they are not necessarily
limited to any one location within the oxide and have been
previously associated with trap-to-trap tunneling events within
gate oxides [3],[16],[17]. Much of the early EPR investigation
of the reliability of Si/SiO, dealt with radiation damage [12]-
[15],[18], but there were investigations into the electrical
reliability of these films as well. These early studies
demonstrated important roles for the E' centers. Warren et al.
compared the effects of high-field stressing with that of
radiation damage in (111) Si/SiO; films [18]. In their work,
Warren et al. found the generation of large concentrations of
E' centers in their oxides as a result of high electric field
corona biasing, which could be subsequently annihilated via
photo-injection, followed by the formation of a P, center
response [19]. Warren’s results were consistent with the
population of paramagnetic P}, centers being a strong function
of the Fermi level with respect to the interface band-gap (the
P, centers have two levels broadly distributed in the band-gap
of silicon [12], [20], [23]) and the fact that many of the E’
centers are positively charged.

As positive charge enters the oxide at E’ centers and
possibly other sites through stressing, the Si/SiO» interface
Fermi level would move closer to the conduction-band edge.
Conversely, as negative charge enters the oxide during the
ultra-violet irradiation, the photo injection reduces the net
positive charge in the oxide and the Fermi energy moves
closer to mid-gap as the positively charged E" centers are
rendered neutral by electrons. This in turn results in an
increase in the fraction of neutrally charged paramagnetic P,
centers.

A more complex switching behavior of E' centers, also
called border traps, has been well-documented in literature

[13],[24],[25], in large part due to the analytical power
provided by EPR. Further investigation into the effect of
high-field stressing into the more technologically relevant
(100) Si/SiO, was never realized in EPR studies of that time;
however, the generation of near-interface E' [16] and P, [17]
centers were clearly correlated to increasing leakage currents
via the use of irradiation with 10.2 eV vacuum ultra-violet
(VUV) photons.

Later, electrically detected magnetic resonance (EDMR)
studies of defect generation in high-field stressed device
structures provided further insight into TDDB. Stathis et al.
correlated EDMR amplitudes with SILC in thin films (albeit
without the clear identification of a specific defect) [21], while
Ono et al. showed the generation of both Py, and E' centers at
the interface of Si/SiO, MOSFETs via SDR measurements
[22]. Additionally, we have previously shown in SDR
measurements of high-field stressed Si/SiO, MOSFETs that
there is a significant generation of Py, and Py, defects in close
proximity of the device interface [26], [27].

B. Electron Paramagnetic Resonance

In this study, we use electrically detected magnetic resonance
(EDMR) as well as a new technique called near-zero-field
magnetoresistance (NZFMR) to study the degradation of
Si/Si0, MOSFETs due to high electric field stressing. We
pair our results with dc I-V measurements to analyze interface
defect densities at various stress times, and investigate the
relevant defects involved in gate oxide tunneling and
recombination at the Si/SiO; interface. To fully understand the
EDMR and NZFMR results, a brief introduction on EPR may
be useful.

In EPR, a sample containing paramagnetic defects is placed
within a resonant cavity inside a large electromagnet.
Microwave irradiation with frequency v is then supplied to the
cavity, which is typically tuned to an X-band frequency around
9-10 GHz, and an additional pair of modulation coils apply a
small-amplitude, audio-frequency magnetic field across the
sample. As the magnetic field of the electromagnet is swept
through a resonant magnetic field B,, a diode detects
differences in reflected microwave power due to the resonance
induced spin-state transitions within the sample, resulting in
the absorption of the incoming microwave power at resonance.

For the simple case of an electron which otherwise does not
interact with its environment, this resonant response is due to
the spin-flipping of an otherwise isolated electron. This
resonance condition is

hv = g.pgB,. (D

In this expression, g is the Bohr magneton, h is Planck’s
constant, and g, is a constant called the Lande g-factor. Here,
the EPR response will be given by a line centered at the
resonant field B,, which will depend on the experimental
microwave frequency v. However, the electrons residing in
defect sites such as E' and P, centers do interact with their
surroundings and thus the resonance conditions are affected by
perturbations based on the defect’s atomic structure and
surroundings. These perturbations give EPR its analytical



TDMR-2022-03-0056-SS-IIRW

power. For the defects of relevance to this study, the
perturbations can be expressed in the spin Hamiltonian

?{=ﬂ33'g'S+EiAi—'II—'S. (2)

In this expression, g is an orientation dependent value,
typically expressed as a second rank tensor which describes
the effects of spin orbit coupling. The term § denotes the
electron spin. The product A;I; describes electron-nuclear
hyperfine interactions, where 4; is a second rank tensor and I;
represents the spin on the ith nucleus. Conventional EPR has
a sensitivity of about 10'? total defects [28]. Since there are
far fewer than 10'° total defects in any even remotely
technologically relevant MOS transistors, there was a need for
significant improvements in sensitivity to tackle device
reliability issues involving various stressing mechanisms in
individual devices.

C. Electrically Detected Magnetic Resonance

As mentioned, the sensitivity limitations of conventional EPR
limits its analytical power in defect identification in modern
Si/Si0, MOSFETs. This problem, however, can be addressed
through a much more sensitive EPR detection technique called
electrically detected magnetic resonance (EDMR). EDMR is,
arguably, the most powerful method for identifying the
chemical and physical nature of electrical defects in
semiconductor devices. EDMR utilizes the same physical
principles as conventional EPR in that the defect identification
takes place through observation of the effects of spin-orbit
coupling and electron-nuclear hyperfine interactions on the
magnetic resonance spectra of the defects involved. However,
EDMR differs from EPR in its detection scheme; it directly
measures spin-dependent phenomena via changes in device
current or voltage. EDMR is roughly ten million times more
sensitive than conventional EPR; it can detect 1000 or fewer
defects in a device structure under study. This increase in
sensitivity makes it a powerful tool to explore reliability issues
of individual fully processed transistors. A schematic diagram
of a high-field EDMR spectrometer is shown in Fig. 1.

We utilize EDMR via two different biasing schemes and
spin-dependent detection methods. The first method, spin-
dependent trap-assisted tunneling (SDTAT) [29], involves the
detection of spin-dependent current through the gate oxide
directly. The mechanism of trap-to-trap tunneling or variable
range hopping (VRH) [30] involves tunneling events which
will depend on the difference in the traps’ energies and their
physical separation. The possibility of a trap to trap tunneling
transition is additionally dependent on the spin states of the
tunneling electron and defect site. If both sites involved in the
tunneling event are occupied by an unpaired electron, the
electron spin states matter. The Pauli exclusion principle will
prevent tunneling if both electrons have the same spin
quantum number. It is best to envision this process in terms of
a pair of electron spins. If both spin quantum numbers are the
same, we refer to the pair as a triplet. For the opposite spin
cases, we refer to the system as a singlet.
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Fig. 1. Schematic diagram of a high-field electrically detected magnetic
resonance (EDMR) spectrometer.
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Fig. 2. Schematic diagram of the spin-dependent trap-assisted tunneling
(SDTAT) process in an n-channel MOSFET operating in accumulation.
Suppose that the pair of spins are in the triplet state at defect A and B. In this
case, tunneling is forbidden. At resonance, the spin at defect site B can flip,
rendering the tunneling event possible.
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Due to the presence of an oscillating microwave field in
EDMR, when the magnetic field reaches the resonant
condition for the triplet defect sites, the electron spin of one
site can ‘flip,” creating a singlet pair which will allow the
electron tunneling event. This event will change the leakage
current, and the identity of relevant tunneling sites can be
deduced from the microwave frequency and magnetic field at
resonance. A schematic of the SDTAT process is shown in
Fig. 2.

Another spin-dependent mechanism used in this study is
spin-dependent recombination (SDR) [31], [32]. The Pauli
exclusion principle can also be applied to recombination
events within a semiconductor system. For example, if a
certain deep-level defect is coupled to a nearby conduction
electron with the same spin quantum numbers, recombination
involving this pair of electrons at the defect site will be
forbidden. However, at the resonant condition for the defect,
the spin of the deep-level defect can ‘flip,” allowing a
recombination event between the conduction electron and
deep-level defect. Such events result in a measurable change
in the recombination current. The detection of SDR in
MOSFETs can be observed with various biasing schemes [32].

The biasing scheme used for the SDR measurements in this
study is the Fitzgerald-Grove gated diode method, commonly
referred to as the dc I-V technique [34]. In the dc I-V
approach, the body is held at virtual ground and the
source/drain to body diodes are slightly forward biased to
inject minority carriers into the channel, while the gate voltage
is swept from accumulation to inversion. At a gate voltage at
which the interface quasi-Fermi levels are symmetric about
the Si interface intrinsic energy, the source/drain to body
current will reach a maximum value, corresponding to a
maximum recombination of traps at the interface. This peak in
the current is given by the expression:

1 aq|Vy|
Alpery = Eqnio—vthDitAQ|Vf| €xp (T:T)a )

where D, is the density of traps per unit area near the middle
of the silicon band gap at the Si/SiO; interface as a function of
the source/drain forward bias Vg, m; corresponds to the

intrinsic carrier concentration, ¢ is the geometric mean of the
capture cross section for holes and electrons, 4 is the gate
area, and 17, is the thermal velocity. The values of g, kg, and
T correspond to the elementary charge, Boltzmann’s constant,
and absolute temperature, respectively.

Biasing a MOSFET at voltages corresponding to the peak
dc I-V current provides a particularly convenient EDMR
biasing scheme which can result in a significant SDR response
that is exclusively sensitive to defects at or near the device
interface. It also allows for the calculation and correlation of
EDMR defect amplitudes with calculated defect densities. A
schematic for this biasing scheme is shown in Fig. 3.

D. Near-Zero-Field Magnetoresistance

In addition to EDMR, we have another tool at our disposal for
the detection of spin-dependent mechanisms called near-zero-
field magnetoresistance (NZFMR) [35]-[38]. NZFMR can
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Fig. 3. Schematic diagram of an (a) n-channel MOSFET biased with dc I-V
and (b) the resultant body current vs. gate voltage characteristics.
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Fig. 4. Schematic diagram of a near-zero-field magnetoresistance (NZFMR)
spectrometer.

detect both the SDR and SDTAT phenomena described in the
previous section, albeit due to different physical mechanisms.
An NZFMR spectrometer is essentially an EDMR
spectrometer, except for two things: no microwave source is
required and only a small magnetic field is utilized. A
schematic of a typical NZFMR spectrometer is shown in Fig.
4.

In our NZFMR measurements, we utilize the mixing of
singlet and triplet states of pairs of electrons at near-zero
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fields. Due to the absence of a substantial external magnetic
field, there is no longer a g-value to be gleaned from the
spectra; however, the NZFMR spectra provide atomic-scale
information on both hyperfine interactions within the system
and the kinetic processes involved in both SDR and SDTAT.
NZFMR has been successfully modeled through the use of the
stochastic quantum Liouville equation (SLE) [35], and this
technique has been recently used to extract hyperfine
constants in device systems [35].

III. EXPERIMENTAL

The devices used in this study were Si/SiO, n-channel
MOSFET structures with 7.5 nm thick gate oxides fabricated
through a standard industrial process. The MOS structures
were sets of 126 individual MOSFETs, each with 15 pm x 1
um channel dimensions. The devices were chained together to
yield strong EDMR and NZFMR signals. High-field stressing
was performed at a constant gate bias of -9.0 V for all of the
MOSFETs used in this study, corresponding to an average
electric field of 12 MV/cm. Between these high-field stressing
treatments, devices were electrically characterized via dc I-V
measurements prior to being placed into an EDMR/NZFMR
spectrometer. Both the stress and dc I-V electrical
measurements were made with a Hewlett-Packard 4145A
Semiconductor Parameter Analyzer.

To account for any source/drain to body effects throughout
stressing and SDTAT, the source, drain, and body terminals of
the MOSFETs were shorted together and virtually grounded.
The X-band SDTAT measurements were made with a home-
built spectrometer which consisted of a 4 inch Varian
electromagnet modified for EDMR, a Stanford Research
Systems SR 570 low-noise current to voltage preamplifier, and
a modified Resonance Instruments Model 8625 X-band
microwave bridge. The modulation amplitude and frequency
used in these experiments were 0.4 mT and 1 kHz,
respectively. The gate bias used for these measurements was -
5V, corresponding to an average gate oxide electrical field of
6.6 MV/cm. Additionally, an adaptive signal averaging
filtering algorithm was wused to help resolve these
measurements [37] due to the low magnitude of leakage
current observed within these devices at the gate biasing
conditions below the electric breakdown field.

The X-band SDR measurements were made with a similar
apparatus which was additionally outfitted with a four
terminal biasing box for source/drain, body, and gate control
necessary for dc I-V EDMR measurements. Additionally, a
Bruker ER 4111 VT IBM Instruments Variable Temperature
Unit was utilized in the low-temperature dc -V EDMR
measurements. Temperatures other than room temperature
have sometimes been utilized to increase the sensitivity of
EDMR measurements to certain defects. The reasoning for
this can be complicated; factors can include increasing the
spin-lattice relaxation times as well as changes in times
involved in electronic transport and/or dwelling times
involved in electrical transport [29]. For example, Ono et al.
[22] has previously demonstrated that temperature conditions
played a significant role in the detection sensitivity of different
traps in Si/SiO; in SDR using another EDMR technique called
spin-dependent charge-pumping. To maximize the signal-to-

noise ratio of these measurements, modulation amplitudes of
0.6 mT were used during the variable temperature study.

Once a temperature was found in which all the spectral
features appeared, the dc I-V measurements were repeated at a
lower modulation amplitude of 0.2 mT, corresponding to the
smallest linewidth of the EDMR response (the E' center). All
EDMR measurements in this study were made with the
magnetic field perpendicular to the (100) interface.

The NZFMR measurements were made on another custom-
built low-field spectrometer operating from +20 mT. Similar
to the EDMR measurements, a Stanford preamplifier and
modulation frequency of 1 kHz was used throughout all
measurements, and a custom-built biasing box was used to
maintain the dc I-V conditions for maximum recombination at
a source/drain diode bias of -0.33 V. The modulation
amplitudes used in the SDTAT and dc I-V NZFMR
measurements were 0.4 mT and 0.1 mT, respectively.

IV. RESULTS

A representative example of the leakage current vs. time
characteristics throughout the -9 V constant bias high-field
stressing for the device used in the X-band SDTAT
experiments is shown in Fig. 5, with discontinuities
corresponding to the interludes involved in subsequent
SDTAT measurements. The MOSFETs would, on average,
break down shortly after the one-hour mark at this electric
field (12 MV/cm). The SDTAT results for these devices are
shown in Fig. 6, with signals corresponding to a zero-crossing
of g=2.0050. The SDTAT EDMR measurements on the
unstressed devices were below our detection limit.  The
calculated dc I-V interface trap densities for the various stress
conditions vs. EDMR currents are shown in Fig. 7 (these
values correspond to the density of states near mid-gap). The
SDR spectrum for a high-field stressed device is shown in Fig.
8. Fig. 8 (a) shows the change in the SDR spectra at
temperatures ranging from 135-300 K, whereas Fig. 8 (b)

20 min
=40 min
60 min

350 1

w
o
o

Leakage Current (nA)
] [\
(=] ()]
o o

\

2000
Stress time (sec)
Fig.5. Leakage current characteristics for the Si/SiO, MOSFETS stressed at a

constant gate bias of — 9 V, corresponding to an average electric field of 12
MV/em.

-
(4]
o

100

0 1000 3000



TDMR-2022-03-0056-SS-IIRW

';.‘ 0.25
s (a)
@
p 0.2
=
2
gmﬁ
<
g o1
w
B
—@ 0.05
T - \
328 328.5 329 3295
Magnetic Field (mT)
| "
| unsiressed
0.04 ( b) : — 20 min
| i 40 min
0.03 | | 60 min
|
|

EDMR Amplitude (arb.)
_CJ
S
-
=
//‘
~
-

3265 327 3275 328 3285 329 3205 330 3305
Magnetic Field (mT)

Fig.6. Comparisons of the (a) integrated SDTAT EDMR amplitudes as well as
(b) EDMR spectra for the high-field stressed Si/SiO, MOSFETs. The zero-
crossings in (b) show that the dominating defect are P, centers (g = 2.005).

shows a much more defined and longer-averaged spectra with
clear evidence of multiple defect signals. NZFMR dc -V
measurements for a Si/SiO, MOSFET at various stress times
is shown in Fig. 10. NZFMR SDTAT spectra at various gate
biases for a device stressed for an hour at -9 V are shown in
Fig. 11.

V. DISCUSSION

The I-V characteristics in Fig. 5 show clear evidence of
charge trapping events throughout the case of the -9 V stress.
At this gate voltage, the mean breakdown time of these
MOSFETs was approximately an hour, so the data points
selected evenly throughout the devices lifetime were a
representative selection for the traps generated throughout the
majority of the TDDB process. Even after the high-field
stressing, the gate-oxide current at -5 V remained on the order
of & 107!% A. Even at these small currents, an SDTAT
response with a zero-crossing of g = 2.0050 increases
throughout the device lifetime. SDTAT relies on the
observation of trap-to-trap tunneling and variable range
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Fig. 7. Comparison of EDMR current change and the interface trap density at
various stress times for both the SDTAT (top) and SDR (bottom)
measurements.

hopping events, meaning the growth of this signal clearly
indicates the detection of newly formed traps during stressing.
This is no surprise given the many theories involving trap
generation throughout TDDB garnered from spectroscopic
[16]-[21] and electrical measurements [1]-[4]. The identity of
the traps observed, however, is surprising. With the magnetic
field perpendicular to the (100) interface plane, the observed
signal is dominated by interface silicon dangling bonds known
as P}, centers: the (100) interface Py center (g = 2.0059) at
this field orientation) and a possible Py, center (g = 2.0032 at
this orientation) contribution [10], [11]. The EDMR amplitude
vs. stress-time results shown in Fig. 7 strongly indicate the
amplitude of this response is almost entirely due to the
increase in interface trap density, as the results of SDR shown
both in this study and elsewhere [23]. As is the case with
SDR measurements, the EDMR amplitudes track with
interface trap density. There is, however, no clear evidence of
a response from the oxide defects known as E' centers.
Previous EPR experiments on high-field stressing of
Si/SiO, have demonstrated a significant generation of E’
centers throughout bulk films [17]-[19]. While these studies
were not detecting these defects electrically, and high-voltage
stressing used corona-biasing, one would expect that the
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defects that formed would be similar to those in an SDTAT
experiment of high-field stressed Si/SiO». One could argue
that, due to the known rapid formation of interface dangling
bonds throughout high-field stressing as well as the mediocre
signal-to-noise ratios of the SDTAT measurements, the
response from the E’ oxide dangling bond is simply being
smothered. However, in an oxide as thick as 7.5 nm, there
should be multiple hopping events on the tunneling path
across the oxide so an E' response should still be expected in
the SDTAT measurement.

The dc I-V measurements in Fig. 8 show the spectra due to
defects responsible from recombination events near the
Si/Si0; interface. At first glance, the room-temperature (300
K) measurements shown in Fig. 8 (a) clearly show a similar
response to the SDTAT in Fig. 6 with the Py and Py, center
dominating the spectra. As the temperature is lowered, a new
signal emerges at a g=2.000; a response that could only be due
to increased sensitivity to the E' oxide dangling bond (g =
2.0007) [14]-[15]. The results in Fig. 8 (b) show a better
resolved picture of the defect centers generated by high-field
stressing due to the use of a lower modulation amplitude,
clearly indicating Py, Py, and E” contributions.

It is generally thought that oxide traps generated throughout
high-field stressing are broadly distributed and are responsible
for increases in trap-to-trap tunneling events observed in
stress-induced leakage currents [5]. However, the dc I-V
measurement is only sensitive to near mid-gap defects close to
the interface. Assuming these oxide traps are spatially
distributed more broadly than in the case of gamma
irradiation, then the generation of an observable E' response is
a very strong argument that E' defects are generated in the
oxide. So, why is this response not clear in the SDTAT
measurement?

One theory, initially proposed by Frantz et al. [35] in their
SDTAT study of Si/SiO, capacitor structures, is that the
Si/SiO» interface to oxide tunneling response acts as a rate-
limiting step in the tunneling process. Given the difficulty of
observing E' defect spectra in Si/SiO, SDTAT in the past, this
theory seems to be consistent with the results observed in this
study. For example, Moxim et al. [36] previously studied
gamma irradiated (100) Si/SiO; transistors, a process which
surely resulted in a significant generation of E' traps [25],
[31]. However, even in those SDTAT measurements, the
dominating spectral features were still the Py, and Py, centers.
It is clear that there must be some fundamental physical reason
why these states are not detected in spin-dependent tunneling
measurements. As illustrated in Fig. 9, a plausible explanation
could be that tunneling between oxide E" defects and interface
Py, centers is the rate limiting step in the tunneling process. If
the interface to oxide tunneling process limits the SDTAT, it is
likely that these oxide-oxide tunneling events could still be
detectable in SDTAT in structures with much larger areas or
smaller gate thicknesses, and thus a much larger SDTAT
sensitivity.

The dc I-V NZFMR results in Fig. 10 provide further
insight into the effects of high-field stressing at the Si/SiO,
interface. As shown by Moxim et al. [37], NZFMR can, much
like EDMR, be used to monitor the formation of traps
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Fig. 8. (a) High modulation amplitude SDR traces of a MOSFET stressed for -

9V for 20 minutes at various decreasing temperature conditions and (b)

higher resolution low amplitude modulated SDR EDMR results at 200 K for a

pre-stress (bottom) and post-stressed (top) Si/SiO, MOSFET with an

additional E’ center (g = 2.000) response at the interface.
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Fig. 9. (a) Atomic-scale schematic for the proposed rate-limiting tunneling

event between an E’ oxide defect and an interface dangling bond (P and Py,;)
at the (100) interface.
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throughout high-field stressing via analysis of NZFMR
amplitudes. Additionally, the line shapes of these NZFMR
traces have been previously modeled using the stochastic
quantum Liouville equation (SLE) [34], [35] via the
consideration of electron-nuclei hyperfine coupling constants
and kinetics involved with recombination and tunneling
processes. By normalizing the amplitudes of these NZFMR
responses, one can analyze either changes in these rates
involved in electrical processes or changes in the hyperfine
interactions in equivalent electrical processes. The dc I-V
measurements shown in Fig. 10 deal with identical devices
with identical biasing conditions; one would not expect any
changes in recombination kinetics between these
measurements. Instead, any observed changes in this line
shape will be entirely due to changes in hyperfine interactions
with mobile magnetic nuclei near the interface.

There are only two potential magnetic nuclei at the Si/SiO,
interface: the #Si nuclei (4.7% abundance) and hydrogen
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Fig. 10. Comparisons of the integrated NZFR dc I-V response in Si/SiO,
MOSFETS at -9 V for 30 seconds, 5 minutes, 30 minutes. The changes in the
central response are due to changes in the hyperfine interactions near the
interface due to the duration of the high-field stress, indicating a redistribution
of hydrogen throughout the stress process.

nuclei (100% abundance). Of these two nuclei, only the
hydrogen nuclei could be mobile during high-field stressing.
The importance of hydrogen motion has been argued to be
important throughout the TDDB process [5]-[7]. These results
provide direct evidence that NZFMR can track hydrogen
redistribution at and around the Si/SiO; interface.

Fig. 11 shows another trend that can be detected in
NZFMR: the effect of gate bias on an Si/SiO> MOSFET which
has been significantly high-field stressed at -9 V for an hour.
In this case, most of the relevant defect generation occurs
rapidly at the early stages of high-field stressing [8], [23]. The
comparatively low voltage (-2 to -5 V) SDTAT measurements
used in generating the spectra in Fig. 11 are not expected to
meaningfully alter the defect concentrations on the scale of the
measurement time. Instead, they show dramatic changes in the
line shapes that indicate significant changes in the tunneling
rates involved in the SDTAT process. Unfortunately, the
formation of percolation paths throughout the TDDB process
can both serve to change tunneling rates and as well as
hyperfine interactions, making quantitative analysis of the
NZFMR SDTAT spectra difficult. Nevertheless, it is clear
that these spectra contain information about the defects
involved in the trap-assisted tunneling process.

While both trends in Fig. 10 and Fig. 11 are modellable via
the SLE, the practical execution of fitting these trends are
currently limited by the complexity of the defect forming
process defects in high-field stressing of (100) Si/SiO,. To
further study these effects, it would be useful to repeat these
experiments on (111) Si/SiO; interfaces, for which only one
Py, variant exists [10]. Simplifying the system would help to
glean meaningful information about the kinetics of trap-to-trap
tunneling and ascertain the role of hydrogen in the TDDB
process.
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Fig. 11. Comparisons of NZFMR SDTAT in Si/SiO, MOSFETs stressed at —
9 V for 60 minutes at various gate biases. The significant change in linewidths
(5-16 mT) is due in part from band-bending in the MOS kinetics of the trap-
assisted tunneling process.

VI. CONCLUSION

We investigated the role of the atomic-scale traps involved in
TDDB in (100) Si/SiO» MOSFETs and found EDMR
evidence of significant trap generation throughout high-field
stressing. Specifically, we find that the (100) Si/SiO, silicon
dangling bonds, i.e., the Py; and Py centers, to be the
dominant trap in both the SDTAT and SDR EDMR spectra.
We find the amplitudes of the spin-dependent current for both
defects to be consistent with the calculated interface densities
throughout the early and intermediate stages of TDDB.

Additionally, we find a temperature-dependent EDMR
response of near-interface oxide dangling bonds known as E’
centers in our SDR measurements generated by high-field
stressing. We conclude that while E' centers are undoubtedly
being generated throughout high-field stressing, there must be
a significant enough difference between the rates of oxide
trap-to-oxide trap tunneling events and interface-to-oxide
tunneling events. We propose that interface-to-oxide tunneling
events act as the rate-limiting step. We recommend additional
investigation via both larger area devices or different gate
oxide thicknesses, as well as investigation into the variation of
these traps’ energy levels via external stimuli and/or
temperature.

Furthermore, we present data on NZFMR—a relatively
new technique that can be used on packaged devices—that
indicate the measurement may provide valuable information
about TDDB mechanisms. Most notably, our data shows that
the measurement could be used to monitor the motion of
hydrogen at the Si/SiO; interface throughout high-field
stressing; we suggest that this trend would more easily be
understood in the simpler system of (111) Si/SiO,. We also
find significant differences in the NZFMR spectra of SDTAT
as a function of gate bias; these differences could be used to
better understand the kinetics and role of different traps in
both trap-to-trap tunneling throughout the TDDB process.
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