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Abstract— Bias temperature instability (BTI) and hot-
carrier degradation (HCD) are among the most important
reliability issues but are typically studied independently
in an idealized setting. However, even though it is well
understood that mixed BTI/HC degradation corresponds to
arealistic scenario, there is only a limited number of studies
available on the impact of mixed stress conditions. In this
first part of the work, we present a thorough experimental
study of the impact of mixed stress conditions on SiON
PMOSFET characteristics, which contain a study at the
single defect level. We focus on the contribution of single
defects to the recoverable component of degradation. From
an electrostatic point of view, recovery after mixed negative
BTI (NBTI)/HC stress is typically attributed to charge carrier
emissions by oxide defects near the source, which have
been charged during stress. However, the experimental
characterization of recovery after different stress conditions
provides strong evidence that even defects located in the
vicinity of the source can remain uncharged after mixed
NBTI/HC stress, and thus do not contribute to the recovery
signal. Consequently, the recoverable component can be
negligibly small after certain stress conditions, which leads
to the conclusion that a simple electrostatic model does
not properly describe the behavior of recovery after mixed
NBTI/HC stress.

Index Terms—Device reliability, hot-carrier degrada-
tion (HCD), mixed-mode stress, negative bias temperature
instability (NBTI), pMOSFET, single oxide defects, time-
dependent defect spectroscopy (TDDS).

I. INTRODUCTION
IAS temperature instability (BTI) and hot-carrier degra-
dation (HCD) affect the performance of metal-oxide—
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Fig. 1. Area of stress conditions. Schematic of the different stress

conditions NBTI, HCD, and mixed NBTI/HC. The area of stress con-
ditions defines the boundaries of the 2-D parameter space (VS”, Vé”)
applied in this paper. Different colors separate the voltage combinations
which trigger different degradation mechanisms, and the color intensity
indicates the increasing impact of the stress on the parameter shifts.

semiconductor field-effect transistors (MOSFETSs) and are,
therefore, important reliability issues that must be properly
understood and modeled [1]-[3]. So far, based on extensive
experimental and theoretical studies of both degradation mech-
anisms [4]-[12], models to describe them independently have
already been introduced. However, in circuits, transistors are
rarely subjected to idealized BTI or HC conditions. Never-
theless, only a limited number of studies are available on
the interplay between BTI and HCD [13]-[17] under mixed
BTI/HC stress conditions schematically illustrated in Fig. 1.
In this first part of the work, we extend our previous through
the experimental study of the impact of mixed negative BTI
(NBTI)/HC stress conditions on SiON pMOSFET character-
istics, which contain the study at the single defect level [16].
We focus on the contribution of single oxide defects to the
recoverable component R of degradation.

It is generally accepted that degradation mechanisms are
attributed to material defects located at the substrate/oxide
interface and defects in the oxide. Both can capture and emit
charge carriers and distort important device characteristics like
the threshold voltage Vi, the linear drain current Ip jin, and
saturation drain current Ip sa. In this context, the temperature-
and/or bias-dependent change of the total amount of elec-
trically active defects by creation, annealing, activation, and
deactivation, as well as the charge exchange events caused by
the defects, is what is commonly described by degradation
mechanisms.
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One example for a degradation mechanism is HCD, which
is typically attributed to an increase of interface defects by
breaking of hydrogen-passivated Si dangling bonds at the
substrate/oxide interface due to charge carriers with suffi-
cient kinetic energy at a high channel electric field [8]-[10],
[18], [19]. The created dangling bonds can capture and emit
charge carriers, whereby the charge trapping kinetics appears
to be properly described by the Shockley—Read—Hall theory.
HCD is typically associated with a contribution to the quasi-
permanent component of degradation [20], [21].

By contrast, the recoverable component of mixed BTI/HC
degradation is mainly associated with the recoverable com-
ponent of NBTI, which is attributed to structural defects in
the insulator typically studied with no voltage applied to
drain. Such defects are able to capture and emit single charge
carriers at certain characteristic capture and emission times
7. and 7 [6]. Whether a defect is active or not is predetermined
by its energy level within the band gap of the insulator com-
pared to the Fermi level. If the energy level is shifted above
the Fermi level by applying a stress gate bias (V" typically
above nominal operating conditions), the defect can eventually
capture a hole and if shifted below the Fermi level by applying
a recovery gate bias (V5° typically around Vi), it may emit
the hole. Such charge transfer transitions have been accurately
described by nonradiative multiphonon processes [22]-[25].
The process of emitting charge carriers under recovery con-
ditions by previously charged oxide defects is what is typi-
cally understood as the recoverable component. Oxide defects
can also become electrically inactive by transitions to inac-
tive or precursor states caused by the interaction with hydro-
gen [26]-[28]. Such defect creation, annealing, activation, and
deactivation processes can lead to either a contribution to the
permanent degradation or to a temporary electrical inactivity,
also called volatility. A volatile defect seemingly disappears
and neither contributes to degradation nor to recovery.

Experimentally, R can be measured, for example,
by an extraction of the threshold voltage shift AVy,,
using the extended measure-stress-measure (eMSM) tech-
nique [29], [30], which consists basically of three steps:
after the initial characterization of the unstressed device,
a stress bias is applied for a certain stress time fyy, and
finally, a recovery bias is applied for a certain recovery time
trec. Due to the switching between the stress and recov-
ery conditions, reliable data are available with a measure-
ment delay of around 3 ms on our equipment. Therefore,
the recovery is defined as R = |AVi(frec 5 ms)—
AVip (trec = tigdM)|-

In large-area devices with dimensions in the micrometer
regime, only the average behavior of individual defects can be
measured. This is because single capture and emission events
cannot be resolved due to the small impact of one carrier
exchange event on AVy, resulting from the comparably large
gate capacitance. By contrast, in nanoscale MOSFETSs, which
contain only a handful of active traps and have a small area,
such events cause unique measurable AVy, steps on the order
of several tenths of millivolts [31], [32].

Based on the previous results [15], one would expect
a reduction of R after mixed NBTI/HC stress conditions

(VA" < 0 V) compared to R after homogeneous NBTI stress
conditions (drain bias V3" = 0 V). From an electrostatic
perspective, the absolute value of the channel potential at
the drain side increases with increasing absolute value of the
drain bias. To first order, this results in a constant oxide field
Ex overall lateral positions at homogeneous NBTT stress and
a linearly decreasing |Eox| from source to drain as soon as
V" < 0 V [15]. By contrast, Eqx would remain unaffected
at the source side. This lateral dependence of E,x at mixed
NBTI/HC stress has a considerable impact on the capture
events of defects because the position of the defect energy
level relative to the Fermi level changes with E.x. Many
drain-side defects, for example, which are able to capture a
charge carrier at homogenous NBTI stress will very likely
not be able to capture a charge carrier at mixed NBTI/HC
stress because their energy level is no longer shifted above the
Fermi level. Quite similarly, it might be argued that source-side
defects, on the other hand, will most probably capture charge
carriers independently of V3. Based on these considerations,
one might conclude that recovery after mixed NBTI/HC stress
is mainly attributed to the emission events of defects near the
source but not of defects near the drain. However, as will
be shown in the following, no full agreement between the
experimental data and such a simple electrostatic model can
be obtained because even source-side defects, which are fully
charged after an equivalent (same V") homogeneous NBTI
stress, can remain neutral after mixed NBTI/HC stress.

1. EXPERIMENTAL

We measured 2.2-nm SiON pMOSFETs of a 130-nm com-
mercial technology with two different dimensions: large area
(W =10 mm, L = 120 nm, or L = 130 nm) and nanoscale
pMOSFETs (W = 160 nm and L = 120 nm), both with
Vbop = —1.5 V and Vi, = —465 mV. Source and bulk/well
were connected to ground for all measurements. For the
AVy, extraction during the recovery sequences listed in the
following, the drain current at a constant voltage (typically
near the threshold voltage) was recorded and subsequently
converted to AVy, using the initial Ip—Vg characteristics [6],
[29], [30], [33]. The experimental setup has a resolution of
around a few femtoamperes which translates, depending on
the region of the Ip—Vg curve, to an accuracy of AVy, below
1 mV. This can also be seen in [33], where reliable data with
a step height of = 0.5 mV could be extracted.

A. Large-Area Devices

We used the eMSM technique [29] for the measurements on
large-area devices. The preliminary data illustrated in Fig. 2
were recorded using the following sequences.

1) Measure: Ip—Vg characteristics in the linear (Vp =

—0.1 V) regime.

2) Stress: Application of a gate and drain stress: V3" =
-1.5V, vy*=10,-0.5,—1,—1.5,—-2,—-2.5,-2.8] V
for a certain stress time fy = 5 ks.

3) Measure: AVy, for a recovery time tec = 10 ks under
recovery conditions (typically V¢ = —0.1 V and
VES = V).
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Fig. 2. Recovery after mixed NBTI/HC stress. Seven cycles of 5-ks
stress/10-ks recovery at a constant Vg" and increasing |VS"| were
performed. Recovery traces show the reduction of R with increasing
|Vs”| (top). Comparison of R and the electrostatic model (bottom).
A discrepancy between Ry easured @nd Rmodel €an be seen, especially
for VS" < —2 V. R can be negligibly small (less than 1 mV in 10 ks of
recovery) after mixed NBTI/HC stress.

For the systematic analysis of the degradation and recovery
after different stress conditions, 58 devices were measured
using the following sequences.

1) Measure: Ip—Vg characteristics in the linear (Vp =

—0.1 V) and saturation regime (Vp = Vpp).

2) Stress: Application of a gate and drain stress
voltage ~ combination  per  device—(V}", V"
within the range of stress conditions shown
in Fig. 1+ V& = [-15,-2,-25] V, VJ' =
[0,—0.5,—1,—1.5,—2,—2.5,—2.8] V for a certain
stress time £ = [2% 1072, 11.1, 1.11 x 10°] s.

3) Measure: AVy, for a recovery time tec = 3 ks under

recovery conditions (typically V¢ = —0.1 V and
VES = V).

4) Measure: Ip—Vg characteristics in the linear and satu-
ration regimes.

From these measurements, we extracted the following.

1) Threshold Voltage Shift Directly After Stress: AVt‘I?S =
[AVip(tree = 5 ms)|.

2) AVi, during recovery.

3) Alp jin and Alp g extracted from the Ip—V character-
istics.

4) Recovery R = |AVip(tree = 5 ms) — AVip(tree = trrélgxﬂ
(shown in Section II-B).

B. Nanoscale Devices

In addition to the large-area devices, we use nanoscale
devices to study the behavior of individual defects in
greater detail. We used the time-dependent defect spec-
troscopy (TDDS) framework [6], [30] for the full characteri-
zation of nine single defects (listed in Table I) in four devices
using the following sequences.

1) Measure: Ip—Vg characteristics.

TABLE |
RELATIVE LATERAL DEFECT POSITION AND CLASSIFICATION DUE TO
CAPTURE BEHAVIOR. BY EXPLOITING THE RECOVERY DRAIN BIAS
DEPENDENCE OF THE STEP HEIGHTS FOR CONSTANT GATE
RECOVERY VOLTAGE VZEC, THE LATERAL POSITION X7/L (0 AT
SOURCE, 1 AT DRAIN) WAS EXTRACTED [16]. THE UNCERTAINTY OF
Xr/L1s ABOUT 20%. DEFECTS A3, B3, AND C2 SHOWED A VERY
COMPLEX BEHAVIOR (E.G., SIMILAR T¢ AND STEP HEIGHT AS OTHER
DEFECTS AT CERTAIN BIAS CONDITIONS AND, THEREFORE, NOT
CLEARLY DISTINGUISHABLE) AND WERE NOT CHARACTERIZED FULLY.
THE DEFECTS ARE ASSIGNED TO THREE TYPES ACCORDING TO
THEIR CAPTURE BEHAVIOR DURING MIXED NBTI/HC STRESS WHICH
IS EXPLAINED BASED ON FIG. 6: GREEN (OCCUPANCY DECREASES
FOR V5™ < 0 V), MAGENTA (OCCUPANCY SHOWS A LOCAL MINIMUM
AT VSTR = —0.8V, A LOCAL MAXIMUM AT VSTF‘ =—1.5V AND
DECREASES TO ZERO FOR V§™ < —1.5 V), AND BLUE (OCCUPANGCY
Is CONSTANT FOR THE WHOLE V5™ RANGE)

| Transistor | Def. Nr. | Def. Name | Xr/L | Type ‘

2) Stress: Application of a (VS", V") combination within
the region of stress conditions shown in Fig. | for a
certain fgr.

3) Measure: AVy, at V5° and drain recovery voltage Vi°
combination for frec.

4) Repeat 2) and 3) 100 times in order to capture the
statistics.

The recovery traces contain the typical steps due to charge
exchange events between the channel and the oxide caused
by single oxide defects. Each defect causes exponentially
distributed steps with a particular step height at a particular
mean value of 7. By assigning the unique steps to a defect
according to [6], [30], and [34], we extracted the following
parameters for each defect:

1) Emission time 7.(Vg, Vp).

2) Capture time 7.(Vg, Vp).

3) Occupancy (Vg, Vp).

4) Lateral defect position X7.

[1l. RESULTS AND DISCUSSION

Our measurements on large-area pMOSFETS in Fig. 2 show
that R significantly reduces with increasing V5" at constant
V. For example, it can be seen that the recovery after V3" =
—2.8 V (red trace) is less than 1 mV in 10 ks. Furthermore,

the measurement data are compared to a simulation using an
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Fig. 3. Recovery of large-area devices after tg;, = 1.11 ks. The three top
panels show the recovery traces after stress conditions with different Vé”
as well as different VS". The bottom panels show the threshold voltage

shift after stress (A Vtﬁs = |AV, (tec = 5 ms)|) on the left-hand side
and the recovery (R = |AV4, (frec = 5 ms) —AV;y, (frec = 1.11 ks)|) on
the right-hand side for different Vé“ with respect to VS”. It can be seen
that with increasing Vé", the interplay between NBTI and HCD leads to

the formation of a minimum in AVAS at VS = —0.5 V. Such a behavior
has already been discussed in [1 STand 1 4?. Furthermore, as also shown
in Fig. 2, R reduces with increasing |V|§”|.

electrostatic model as introduced previously and in [15]. For a
small |V|, the electrostatic model describes the behavior of
R after NBTI rather well. However, Fig. 2 (bottom) reveals a
discrepancy between the experimental and modeled data after
mixed NBTI/HC stress at high |V;'|. Although a reduction
of R is expected due to the lateral dependence of E,
the simple electrostatic model fails at high [V3"|. The fact that
R can be even negligibly small (also shown in [14]) already
suggests that defects located in the vicinity of the source
remain uncharged after stress, and thus do not contribute to
the recovery signal. From this, we conclude that a simple
electrostatic model cannot accurately describe the behavior of
R after mixed NBTI/HC stress properly.

A. Impact of Mixed NBTI/HC Stress on Large-Area
PMOSFET Parameters

In order to analyze the origin of the discrepancy between
Rmeasured and Rmodel shown in Fig. 2, we studied the interplay
between NBTI and HCD. The analysis of A Vtﬁs and R (Fig. 3)
illustrates that a local degradation minimum forms which
is more pronounced for higher gate bias conditions. As an
example, for zg = 1.11 ks, the drift minimum forms around
VT = —0.5V for all Vg giress conditions. Such a degradation
minimum has already been reported and discussed in [13] and
[14]. This behavior was explained by competing processes
contributing to the degradation: while sweeping VJ" from
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1074
<

01073

10_6 — unstressed Vp=-1.5V ’ i r0.45 e

— Vp=-0.0V Vp=-2.0V £

Vom0V — V=25V 1040 =

10-7] Vp=-1.0V — VvV =-2.8V +0.35 ©

-0.1 -0.5 -1.0 -1.5 -0.6 -0.8 -1.0
Vg VI Vg [V]
Fig. 4. Degradation of the drain current and the transconductance.

The left panel shows full [p—Vg curves after increasing V3" for Vé” =
—1.5 V. The top right panels shows the degradation trends of /p in the
subthreshold regime (Vg = —0.5V, Vp = —0.1 V) and in the linear
regime (Vg = —1.5V, Vp = —0.1 V) of the curve. As can be seen,
Ip shows a substantially different degradation behavior for both regimes
of the Ip—Vg curve. The bottom right panel illustrates the degradation
of the transconductance. Nonuniform NBTI stress tends to lower (with
a little parallel shift) the maximum transconductance, while starting from
Vp = —2.5V (which corresponds to the HC stress regime), the maximum
transconductance degradation is mainly determined by a larger parallel
shift.

0Vto,eg, -3V, AVtﬁs first reduces due to the inhomoge-
neous oxide field which decreases at the drain side, and thus
fewer defects, particularly in the vicinity of the drain, are able
to contribute to the total degradation by capturing a charge
carrier. However, from a certain VB" on—which depends
on Vg, swess—this effect is compensated by the contribution
of HC-induced damage to AVtﬁs, which again leads to an
increase of A Vtﬁs. Simultaneously, the recoverable component
R decreases due to the more permanent damage created by
HCD (see [21]). This tendency has also been shown in Fig. 2.

The rather intricate interplay between NBTI and HCD can
also be seen in the degradation trend of the drain current.
The analysis presented in Fig. 4 shows a complex degradation
behavior for the full Ip—Vg curve: the curve changes differ-
ently in the linear compared to the subthreshold regime. While
in the subthreshold regime (where also AVy, is extracted),
Ip shows a trend similar to AVtﬁs, with a minimum around
—0.5 V, the linear drain current behaves differently. The
Ip—Vg curve in the linear regime does not only shift along the
Vi-axis during stress with increasing |V;'| but also changes
its curvature. In addition, we extracted the degradation of the
maximum transconductance (see Fig. 4). Nonuniform NBTI
stress mainly lowers G, (with a little parallel shift), while
starting from Vp = —2.5 V (which corresponds to the HC
stress regime), the maximum transconductance degradation is
mainly determined by a larger parallel shift.

The results presented in Figs. 3 and 4 show a strong
interaction of both degradation regimes. Particularly, the trends
presented and discussed in Fig. 4 suggest a nontrivial per-
turbation of the device characteristics if both, oxide and
amphoteric interface defects, are present. However, no detailed
information about the specific nature of the above-mentioned
trends, particularly for the dramatic reduction of R, can be
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data and simulation at high |V;| shown in Fig. 2. As will
be shown in the second part of this paper, to explain such
a complex behavior like the distortion of the characteristics
of source-side defects, also nonequilibrium carrier transport
processes induced by the high |V;3"| have to be taken into
account on the top of the inhomogeneous E,x. In particular,
it will be shown that if nonequilibrium conditions are consid-
ered by taking into account impact ionization via a solution of
the Boltzmann transport equation, a good agreement between
the modeled and measured data is obtained.

IV. CONCLUSION

We studied the impact of mixed NBTI/HC stress conditions
on SiON pMOSFET characteristics and present experimental
results with a focus on the recoverable component of AVi,
degradation. We found that the recoverable component (R)
of large-area devices after increasing mixed-mode stress con-
ditions can clearly deviate from the behavior expected in a
simple electrostatic model, which always tends to overestimate
R. This is strong evidence that fewer defects contribute to
recovery than it would be expected by only taking into account
a nonuniform lateral oxide field. In addition, we also analyzed
how the maximum degradation after stress evolves for increas-
ing drain bias stress. Our data suggest a nontrivial perturbation
of device characteristics which cannot be explained by treating
NBTI and HC-induced damage independently.

Although measurements of large-area devices can shed light
on the processes that are responsible for this discrepancy, such
as impact ionization and generation of secondary carriers,
no quantitative information can be extracted. Thus, in order
to provide the missing details, we studied the behavior of
single oxide defects stressed under mixed-mode conditions as
well. The measurement data show that even source-side defects
can remain neutral after mixed NBTI/HC stress and do not
contribute to recovery although they are fully charged after
an equivalent homogeneous NBTTI stress. Such a behavior can
be explained by nonequilibrium processes, beyond the simple
electrostatic approach, which also affects the source side at
high |V;|. Furthermore, we found that the characteristic
times 7. and 7. are distorted under nonequilibrium conditions
and, as a result, if a defect captures a charge carrier, it can

emit it immediately afterward, still under stress conditions.
Consequently, the defect is found to be neutral after mixed
NBTI/HC stress. As will be shown in the second part of
this paper, this feature can be modeled by replacing the
conventional equilibrium distribution function in the charge
trapping model with a thorough carrier transport treatment that
also considers secondary majority carriers in the channel.
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