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Abstract—Variations in the number and characteristics of
charges or traps contributing to transistor degradation lead to a
distribution of device “ages” at any given time. This issue is well
understood in the study of time dependent dielectric breakdown,
but is just beginning to be thoroughly addressed under bias temperature instability (BTI) and hot carrier injection (HCI) stress.
In this paper, we present a measurement system that facilitates
efficient statistical aging measurements involving the latter two
mechanisms in an array of ring oscillators. Microsecond measurements for minimal BTI recovery, as well as frequency shift
measurement resolution ranging down to the error floor of 0.07%
are achieved with three beat frequency detection systems working
in tandem. Measurement results from a 65 nm test chip show that
fresh frequency and the stress-induced shift are uncorrelated, both
the mean and standard deviation of that shift increase with stress,
and the standard deviation/mean ratio decreases with stress time.
Index Terms—Aging, bias temperature instability, circuit reliability, digital measurements, hot carriers.

I. INTRODUCTION
RANSISTOR aging is the product of a finite number of
trapped charges or broken bonds in aggressively scaled
modern devices, so it is no longer sufficient to rely on a small
set of stress tests to predict the behavior of up to billions of devices over the lifetime of a circuit. Statistical fluctuations in the
number and spatial distribution of defects contributing to transistor degradation lead to a range of effective device “ages”
at any given time [1]–[13]. This issue is well understood in
the study of time dependent dielectric breakdown (TDDB), but
has yet to be fully addressed under bias temperature instability
(BTI) and hot carrier injection (HCI) stress. The circuit conditions leading to those degradation processes are illustrated in
Fig. 1.
NBTI (Negative Bias Temperature Instability) in PMOS
is characterized by a positive shift in the absolute value of
(threshold voltage), which occurs when a device is
the
biased in strong inversion with a small, or no lateral electric
). The
shift is generally attributed
field (i.e.,
to hole trapping in the dielectric bulk, and/or to the breaking
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Fig. 1. (a) A standard inverter-based ROSC. (b) Associated voltage and cur) and HCI
rent waveforms demonstrating the combination of BTI (
) stress that devices undergo when the ROSC is oscillating.
(

of Si-H bonds at the gate dielectric interface by holes in the
inversion layer, which generates positively charged interface
traps. When a stressed device is turned off, it immediately
enters the “recovery” phase, where trapped holes are released,
and/or the freed hydrogen species diffuse back towards the
substrate/dielectric interface to anneal the broken Si-H bonds,
. Positive bias
thereby reducing the absolute value of the
temperature instability (PBTI) in NMOS transistors was not
critical in silicon dioxide dielectrics (such as those used in the
current test circuit implementation), but is now contributing to
the aging of high-k gate stacks [2].
HCI has become less prominent with the reduction of operating voltages, but remains a serious concern due to the large
local electric fields in scaled devices. Hot carriers (i.e., those
with high kinetic energy) accelerated toward the drain by a lateral electric field across the channel lead to secondary carriers
generated through impact ionization. Either the primary or secondary carriers can gain enough energy to be injected into the
gate stack. This creates traps at the silicon substrate/gate dielectric interface, as well as dielectric bulk traps, and hence degrades
.
device characteristics such as the
The number of defects contributing to aging is reduced in
smaller transistors, making the relative impact of the creation or
destruction of each of them more significant. Much like variations caused by random dopant fluctuations, aging-induced variation scales inversely with gate area [1], [2]. In addition to variations in the number of defects, the size of the step they each
), is also
cause in the measured parameter of interest (e.g.,
randomly distributed. That step size was reported to be dependent on each charge’s position relative to the others [3]. Recent
work has shown that a single trapping/detrapping event in a preshift of more than 30 mV
existing oxide trap can lead to a
in scaled PMOS devices with high-k gate dielectrics, and these
step heights are exponentially distributed [4]. Several authors
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have stated that the widely distributed time constants of the defects involved in BTI stress contribute to the variation [4]–[7].
Most of the research in this area has focused on device-level
measurements, and efforts to model the impact of the spread
in aging characteristics on analog applications or SRAM stability. Little has been done to investigate the effects of varied
aging characteristics in digital logic. In this paper we present a
measurement system that facilitates statistical aging measurements involving HCI and BTI in ring oscillators (ROSCs), although more emphasis will be placed on the latter. The distribution of frequencies is monitored by three Silicon Odometer
beat frequency detection systems working in parallel [15]–[17].
This system avoids errors caused by neglecting unwanted BTI
recovery with measurement times of down to 1 s. Frequency
shift measurement resolution ranging down to the error floor of
0.07% is achieved along with those quick measurements, which
is typically not possible in standard test setups. Hofmann et
al. recently described a product-level aging monitoring system
where measurement times of 80 s were achieved with 0.2%
resolution [18]. However, no details were given about how frequencies were recorded in this single-ended system. We previously compared standard on-chip frequency measurement systems, showing that the two main benefits of the Odometer are
its differential nature, and the fact that its resolution is set by the
difference between two frequencies rather than the ROSC under
test frequency itself [16].
II. PRIOR WORK IN STATISTICAL AGING CHARACTERIZATION
It has long been understood that TDDB is governed in part by
a statistical component related to the density of defects required
to form a conducting path through the gate dielectric [19]. Until
recently BTI and HCI have not been found to display significant spreads in their degradation characteristics. However, this
has quickly changed as device widths and lengths scale down to
the dimensions that gate thicknesses achieved long ago. Rauch
demonstrated that identical PMOS devices stressed under the
same conditions will experience different amounts of degradation, and that this variance increases with stress time [8]. He also
observed that the mismatch shifts in paired PMOS were not correlated to the initial mismatch values.
La Rosa et al. investigated the impact of variations in NBTI
on SRAM cells [9]. Rauch then summarized both his mismatch
work and this SRAM study in a 2007 paper before moving on
to define the shape of the aging-induced threshold shift distributions [3]. He stated that NBTI degradation is the net result of two
Poisson processes: the creation and destruction of charges. The
difference between two Poissons is called a Skellam distribution, and measured results were shown to closely fit this model.
Both the mean and variance of the threshold shift (
and
, respectively) were found to increase with stress
time, but
decreases.
Huard et al. also investigated the impact of NBTI variation
on SRAM arrays [10]. The authors found that
is linearly proportional to
, and that data from large sample
sets fit Skellam distributions. Huard and Rauch claimed that the
non-normality of the
distribution is smoothed out to a degree in large SRAM arrays when it is convolved with the fresh
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Fig. 2. Top level system diagram. The reference ROSCs each have 15 trimming
capacitors controlled by the scan chain. We were limited to 80 ROSC cells in
the array due to silicon area constraints, but this design could be expanded to
include many more cells.

Gaussian
distribution. Fischer et al. built a dense test structure in 65 nm technology to mimic the stress that PMOS devices undergo in a standard 6T SRAM array [11]. They found
that while
and distributions are Gaussian before and after
stress, the
is not Gaussian. However, the authors observed
that the Skellam underestimated the high tail of their
distribution, and speculated that the discrepancy with Huard’s work
may be due to different measurement techniques. Kaczer et al.
presented an analytical model for the NBTI
distribution
based on the finding that the charging and discharging of individual oxide defects during stress and recovery result in exponentially distributed
shifts (linking it to RTN), and the often
used argument that the number of charged defects per device is
Poisson-distributed [4].
Kang et al. presented a statistical NBTI model based on the
Reaction Diffusion (RD) framework [12]. The authors claim
that
increases with stress time, having a power law exponent that is half of that followed by the mean. Pae et al. presented BTI variation measurements from 90 nm, 65 nm, and
high-k, metal gate 45 nm technologies [2]. Their data indicates
that the initial threshold voltage spread is not correlated to the
BTI-induced variability, and
increases with stress time
following power law behavior. Finally, Wang et al. developed a
statistical methodology to predict circuit performance under the
influence of process variations and NBTI [20]. The authors state
that the standard deviation in logic speed decreases with stress
time, following a power law exponent of 1/6 regardless of the
amount or type of variations (local or global). This is contrary to
other studies of variation in NBTI summarized in this section, as
well as our own measurement results, which will be presented
in Section IV-C.
III. STATISTICAL ODOMETER SYSTEM DESIGN
Our system consists of a 10 8 array of cells containing
ROSCs to be stressed, a finite state machine (FSM), a scan
chain, and three Silicon Odometers with their reference ROSCs
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Fig. 3. ROSC cell design. The thin oxide logic stages under test are colored black, and all other transistors are thick oxide I/O devices (indicated by double lines).

(Fig. 2). We were limited to 80 ROSC cells due to the available
silicon area, but this design could be expanded. During tests the
whole array of ROSCs, or any one rectangular group of them,
are stressed in parallel and selected one-by-one for measurements. Alternatively, all of the ROSCs under test can be put into
a recovery state (i.e., 0 V supply), along with any cells that are
not selected. During stress, the ROSC loops are opened so that
their frequencies can be controlled by an on-chip voltage controlled oscillator (VCO). When each oscillator is selected for a
measurement with the MEASSTRESS signal from the controlling software, its supply is set to the standard digital level of
1.2 V, the loop is closed, and its frequency shift is measured by
the three Odometer systems. Reference ROSCs are put into a
0 V no-stress state in between measurements, and their supply
is set at 1.2 V during those brief events so they should not age
appreciably. Even if short periods under the nominal supply are
sufficient to cause any aging, the effect on our results is cancelled out by the differential measurement setup.
A. Ring Oscillator Cell Design
Each ROSC cell contains its own supply switch that sets the
local virtual supply (CSUPPLY) at the stress level (VSTRESS),
1.2 V (VCC), or 0 V as appropriate (Fig. 3). The ROSC cells
also include selection logic to switch a cell into measurement
mode if its
and
signals are both high, by closing
the loop and then connecting one tapped output node to the bitline after the virtual supply has had time to settle to VCC. This
timing is indicated in Fig. 3 by the order of the meas (“measure”) and stress signals. The former go high during measurement periods, and the latter are driven high during stress or recovery. First, meas[1]/stress[1] turn off the input stages and the
VSTRESS switch. Next meas[2] turns the VCC switch on, and
finally meas[3]/stress[2] close the loop and connect it to the
bitline.
When a cell is sent back to stress, or recovery if the RECOVER signal is high, this ordering is roughly reversed. The
ROSC is first disconnected from the bitline to prevent any unwanted stress in other parts of the array. At nearly the same time,
the ROSC is opened, the VCC switch is turned off, and the input
path from the VCO is turned on. Finally, the VSTRESS or GND
supply switch is closed to start stress or recovery, respectively.
Several tri-state inverters and pull-down transistors are placed
between the VCO input and the ROSC, as well as the ROSC and

Fig. 4. Waveforms illustrating the basic operation of a ROSC cell. In this simulation, only two cells are included in order to demonstrate the functionality as
cell[0] goes into and out of stress periods.

the bitline, in order to prevent any coupling when those connection paths are shut off. The RESET signal asynchronously sends
the whole array into recovery mode.
Basic cell operation is illustrated in Fig. 4. Only two cells are
included in this simulation to demonstrate the functionality of
one of them as it enters and leaves stress mode. The external
MEASSTRESS signal controls the internal ROW_CLK signal,
which starts and then stops each measurement with two consecutive pulses, as will be explained in Section III-C. The delay
between CSUPPLY dropping to VCC and meas[3] closing the
loop ( 7 ns under nominal conditions) prevents unstable oscillations. Ten inverters in each ROSC are constructed with 1.2 V
thin oxide logic devices under test (DUTs). These stages will
age during stress experiments while the rest of the gates, composed of 2.5 V thick oxide I/O transistors, do not exhibit any
noticeable degradation. However, the thick oxide control stages
contribute to the full loop delay, which must be accounted for
when calculating the stressed stages’ delay shift due to aging.
Therefore, in addition to the full loop that is selected with
the meas[3] signal, we added a replica control path selected
with ctrl which is asserted at the appropriate time if the scan
bit test_ctrl is high. The delay of the replica path is roughly
equivalent to that of the control logic in the full loop. So by
first measuring the control loop frequency, and then that of the
full loop during automated circuit calibration, we can calculate
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Fig. 5. Concept behind the beat frequency detection system. (1) is valid before stress, and the
term arises from the fact that the slower stressed ROSC
change
will take one less period to cycle back to the same point in the reference ROSC period while both are oscillating. After stress, only the count and
(2). We can calculate the stressed ROSC frequency shift with these two equations as shown in (3).

the percentage of the fresh full loop delay accounted for by the
DUTs (i.e.,
). Extracted simulations showed the
real delay of the DUT stages to be only 0.55% longer than the
calculated value. During experiments the total frequency shift of
each stressed full loop is divided by the percentage of the fresh
delay taken by the DUTs, in order to calculate the degradation
in those thin oxide stages. All DUT stages have identical loads
and layouts due to the use of dummy cells.
B. Multiple Silicon Odometer Beat Frequency Detection Setup
The Silicon Odometer measures frequency changes in the
stressed ROSCs with the concept illustrated in Fig. 5. During
the short measurement periods, a phase comparator uses a fresh
reference ROSC to sample the output of an identical stressed
ROSC. The output signal of this phase comparator exhibits the
beat frequency:
. A counter is used to measure the beat frequency by counting the number of reference
ROSC periods during one period of the phase comparator output
signal. This count is recorded after each stress period to calculate the shift down in
. The Odometer measures frequency
changes with resolution and measurement times theoretically
ranging down to
and
s respectively [15], [16].
This differential system provides high-resolution frequency
shift measurements when the frequencies of the ROSC under
test and reference are close. That is because the beat frequency
of two input signals that are very close in frequency is low as
shown in the
equation above, meaning we will count more
periods of the reference ROSC during one beat period, and a
small change in
then causes a larger change in the count.
This leads to longer stress interruptions because more periods
of the constant
equates to more measurement time, but there
is still a clear resolution versus measurement time benefit compared with simple ROSC period counters (see [16]). A small initial difference between
and
is ensured with trimming
capacitors, and in past Odometer test circuits each capacitor on
both oscillators has been individually controlled with scan chain
bits. However, in the present circuit where many ROSCs are
stressed in parallel and selected one-by-one for measurements,
controlling the capacitors in each stressed oscillator would be

time and area consuming. Therefore, we instead hardwired nine
of fifteen capacitors “on” in each of those ROSCs, while individually controlling all fifteen in the three references.
The Odometers associated with those references all record
counts corresponding to the beat frequency for each ROSC measurement. During post-processing, the highest-resolution degradation characteristic is selected from that set of three for each
oscillator that was stressed. Fig. 6(a) presents an example distribution of 80 fresh full loop frequencies, along with the range
covered by the three reference ROSCs under all trimming conditions. Turning on each trimming capacitor slowed a reference
ROSC by roughly 900 kHz, or 0.57% of the mean fresh full loop
frequency under nominal operating conditions. During calibration, the reference ROSCs are trimmed to positions within the
fresh array distribution such that we maximize the resolution of
the group of degradation characteristics gathered from each full
stress experiment.
Fig. 6(b) shows a group of three degradation characteristics
gathered by the references from one ROSC under test. Starting
measurements with the reference and test ROSC frequencies
close together, but the latter slightly slower, leads to a high resolution measurement with a monotonic decrease in the output
counts [16]. The odometer output count is equal to the number
of reference ROSC periods (
) counted throughout one period of the beat frequency, during which time one less cycle is
observed in the stressed ROSC (
). Therefore, according to (1) from Fig. 5 with
, reference
ROSC 3 started out 2.44% faster than the ROSC under test in
the current example (i.e.,
).
The resulting low resolution is apparent from the highly quantized outputs of the corresponding Odometer. However, reference 2 was initially only 0.513% faster than the ROSC under
test, so we can select this high resolution result for our analysis
instead. Finally, note that we can also use measurement results
from a reference ROSC that starts out slower than the ROSC
under test, so the output count will increase with stress [16].
Therefore, we can more easily cover the distribution of fresh
frequencies in our array with only three appropriately trimmed
references.
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Fig. 6. (a) Example of fresh full loop frequency distribution for 80 cell array, with the corresponding reference ROSC trimming range. (b) Measured results from
all three odometers for one ROSC under test. The ROSC under test started out slower than all references in this case.

Fig. 7. Row selection logic (“Row Periph” from Fig. 2). Two flops are included for each row so that as soon as a measurement is finished on
without starting a measurement there until the system is ready.
bit can move to

C. Test Interface and Procedure
Calibration and measurements are automated through a
simple digital interface. During calibration we record the fresh
control and full loop frequencies from each ROSC in the array
by reading those values with an oscilloscope. The error in this
step is minimized by averaging thirty results for each loop
during the automated measurement routine. Next, we sweep
through the trimming range in the three reference ROSCs,
again averaging the measured frequency results from thirty
samples. After that point, the optimal trimming configurations
are selected in order to cover the distribution of frequencies of
the ROSCs to be tested.
A RESET signal is asserted before stress conditions are set
which prevents any cells from being selected, and puts them all
into recovery mode. During experiments, ROSC cells are cycled
through without the need to send or decode cell addresses, in
order to simplify the logic and attain faster measurement times.
The first cell is selected with an initialization sequence, and MEASSTRESS is asserted each time that the controlling software is
ready for a new measurement. The row selection signal is incremented with each measurement, and the column selection shifts
after all of the cells in a column have been selected. Any cells

, the selection

not selected for stress are kept in a 0 V no-stress state by asserting the RECOVER signal appropriately.
The logic used to store the row selection signal had to minimize the time when a ROSC is taken out of stress in order to prevent unwanted BTI recovery. Although this Odometer provides
measurement times of down to 1 s, we still have to account
for the time it takes to scan out the results. Therefore, two DFFs
were used for each row, as shown in Fig. 7. SELECT_BIT_IN is
clocked into the first
with ROW_CLK during initialization. The next ROW_CLK pulse starts a measurement on row[0]
by moving the select bit to the
on the first rising edge
of MEASSTRESS. That selection bit is then sent to the
in row[1] by another pulse of ROW_CLK on the falling edge of
MEASSTRESS, and is held there while the results are scanned
out. The next assertion of MEASSTRESS from the controlling
software starts a measurement on row[1], and this process is repeated through the rows and columns as necessary.
IV. STATISTICAL ODOMETER TEST CHIP MEASUREMENTS
A 369 493 m test circuit was implemented in 65 nm bulk
CMOS. Fig. 8 presents a die photo and the test chip characteristics. Measurements were automated with LabVIEW™ software through a National Instruments data acquisition board. The

KEANE et al.: AN ARRAY-BASED ODOMETER SYSTEM FOR STATISTICALLY SIGNIFICANT CIRCUIT AGING CHARACTERIZATION

2379

Fig. 8. Die photo and summary of the test chip characteristics.

DUTs were 200 nm/60 nm NMOS and 300 nm/60 nm PMOS
transistors in the inverter stages of the stressed ROSCs. While
much of the data from previous work outlined in Section II was
gathered from single device measurements, our system stresses
half of the NMOS and half of the PMOS in each ROSC under
test at any given time, which represents real stress conditions in
many digital circuits.
PBTI in the NMOS is not significant when high-k dielectrics
are not used, so this means that only half of the PMOS devices
and none of the NMOS undergo substantial BTI aging in between transitions in this system. However, when the ROSC begins oscillating in closed-loop mode during measurements, both
the degraded and the relatively unstressed paths are exercised.
Under AC stress all PMOS are stressed for half of the time between transitions, and HCI degradation occurs in both types of
transistors during the switching events. In either case since the
drive current, and therefore the frequency, is now linearly proportional to
, we can compare our results to the trends found
in the studies of
degradation [18], [21].
Measurement times were set to 2.5 s unless noted otherwise, which allowed most beat frequency counts to complete
correctly. As discussed in a previous publication, the initial two
counts reported by the Odometer are unpredictable because they
begin at random mid-points in the beat frequency period [16].
Therefore, we record the last three count results that are latched
before the measurement period is stopped, and use the final
count which can be verified to be correct during calibration.
If the time required to latch these first three counts is greater
than the chosen measurement time due to a long beat frequency
period (i.e., high Odometer output count), or long reference
and stressed ROSC periods, then the desired results cannot be
recorded. Shorter measurements were possible, but in that case
the higher count results which did not have time to complete
were discarded, and the next-highest resolution output was selected for post-processing. In addition to allowing more beat frequency counts to complete, we maintained 2.5 s interrupts because measurement results showed that the difference between
the frequency degradation measured with this value and 1 s
was negligible in our system (see Section IV-B).

A. Measurement Error Characterization
Fig. 9 illustrates frequency measurement results from 0 V,
no-stress experiments, so ideally there should be no shift (i.e.,
the normalized frequency should remain at 1.0). The characteristics of forty ROSCs are displayed, and are representative of
results seen from the entire arrays measured on multiple chips.
Fig. 9(a) was directly recorded by a 100 MHz, 1.25 GS/s oscilloscope, after the frequencies were divided down by 1024 on-chip.
We see a worst case error of 0.18%, and a drift in the measured values due to some slight change in operating conditions.
Fig. 9(b) shows a smaller worst case error of 0.07% in the frequency calculated by the Silicon Odometer, along with the fact
that this differential system eliminates the effects of variations
common to the reference ROSC and that under test. Similar
error floors were found for these systems during repeated tests,
setting the lower bound on the range of frequency shifts that they
can accurately measure. Finally, note that the automated oscilloscope readings required over 500 ms, while the Odometer measurements take
s. This combination of high resolution and
fast measurements is critical when measuring BTI stress, where
we must avoid recovery when stress conditions are temporarily
removed for readings.
B. Impact of Measurement Time on Bti Results
Fig. 10 presents ROSC frequency degradation results from
DC stress conditions using a range of measurement times.
Fig. 11 summarizes the findings from those measurements and
illustrates the impact of interruption times on BTI measurements. Long stress interruptions, during which we record our
measurements, take up a significant portion of the total experiment time at early measurement points. This means a large
percentage of the time is spent in recovery state, which pulls
down the early results and leads to a steeper degradation slope,
as seen in Fig. 11(a). Several previous publications have clearly
demonstrated this phenomenon [22]–[26]. Fig. 11(b) shows the
power law exponents that were fit to the data from different
measurement times. As times get into the millisecond range,
the average exponent approaches 0.165, which has commonly
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Fig. 9. Error (i.e., deviation from 1.0) in (a) oscilloscope and (b) faster Odometer measurements from 40 ROSCs during no-stress experiments.

Fig. 11. (a) Steeper slopes for longer stress interruptions due to recovery.
(b) Power law exponent versus measurement time. Measurement times (i.e.,
stress interruptions) of roughly 25 s or less are sufficient to prevent measureable unwanted recovery in this system.

Fig. 10. Frequency degradation curves gathered at 2.0 V, 20 , DC conditions
with a range of stress interruption times for measurements. Each plot shows
results from 20–30 ROSCs, and the increasing average power law exponent is
specified.

been cited as the measured and theoretically correct value. It fits
the RD model theory if interface trap creation and passivation
is assumed to be the sole cause of the BTI transient behavior,
and
is the hydrogen species diffusing through the dielectric
[25]. However, our results, along with those from several other
fast measurement techniques, show that this model and theory
seem to be incomplete [7], [22], [25], [26].
The discrepancy with that traditional RD theory has sometimes been explained by claiming that NBTI appeared to be
the result of two component processes: (1) a slower creation
of interface traps (i.e., donor-like states resulting from broken
Si-H bonds at the Siinterface) and subsequent diffusion
of
into the gate dielectric, along with (2) a faster hole trapping/detrapping process in the dielectric bulk [14], [22], [25],
[28]–[31]. The former recovers on the scale of tens of microseconds or more, and the latter begins to recover within several
microseconds or less. Therefore, slow measurement techniques

requiring milliseconds or seconds miss much of the fast hole
detrapping process, so the observed results are primarily due
to the slower interface trap creation mechanism. This process
has been claimed to have a higher power law exponent which
lies in the 0.165 range, while fast hole trapping has a smaller
exponent (
). Recent work by Reisinger and others has
called into question this distinction between “slow” and “fast”
BTI components, and demonstrates a spectrum of trapping/detrapping times ranging down to the microsecond range or lower
[27]. The dominant mechanism behind NBTI is still disputed, as
other researchers state that it is primarily due to interface trap
generation and annealing, so the RD model can describe at least
this critical portion of the aging process with a high degree of
accuracy [30], [31]. In any case, fast measurement techniques
are required to directly observe the full range of NBTI degradation and recovery characteristics.
Our measurements show that stress interruptions of tens
of microseconds or less are required to observe the average
power law exponent of
under the listed stress conditions
(Fig. 11). Ji et al. found that measurement times of
s did
not show any measureable recovery [24], although many other
authors have claimed that this process can be recorded down to
1 s or less [22], [25], [32]. The lack of measureable recovery
in our setup below
s could be due to secondary circuit
effects and an insufficiently large sample set. However, the
spread in the range of exponents observed at each measurement
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Fig. 12. Frequency distributions after 3.1 hour stress (black bars), along with the fresh distributions (gray bars). Each 20
ROSCs, while those at higher temperatures came from 80 due to a limited amount of dies.
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distribution was gathered from 120

Fig. 13. (a) The fresh ROSC frequencies were uncorrelated with the stress-induced shifts. (b) The mean and standard deviation of the frequency shifts both
increase with stress time.

time (roughly
) illustrates the variation in the aging
process, and the importance of characterizing a statistically
significant sample set.
C. DC Stress Results
Histograms of fresh DUT frequencies are shown in Fig. 12
with the resulting distributions after 3.1 hours of DC stress
(11,200 s). The distributions at 20
were obtained from 120
ROSCs each, while the higher temperature measurements involved 80 ROSCs. Smaller numbers were used when necessary
due to the limited number of dies we had to work with. In order
to prevent any particular systematic inter-die process shifts
from fully impacting one set of the results, each experiment
that spanned more than 40 ROSCs came from multiple dies.
For example, each of the 120 ROSC experiments came from
three different dies. The primary degradation mechanism at
work in these DC experiments was NBTI, and in Fig. 13(a) we
see that there was no correlation between the fresh ROSC frequency and the stress-induced shift. This lines up with previous
findings that the stress-induced
mismatch in PMOS pairs
was uncorrelated to the initial mismatch [8], and that the initial
spread in the
is not correlated to that caused by aging [2],
[4], [11]. Fig. 13(b) shows the average ( ) frequency shifts and

the standard deviation ( ) of the shifts versus stress time. The
increases with stress [1], [2], [10], [12], roughly following a
power law with an exponent (n) of just under 1/2 that of the
shift. Therefore, the
ratio of the shift decreases with stress
time [3].
The of the frequency did not show a clear trend with stress
time. This value was poorly fitted by the power law (R-squared
values of only
), with the exponent of this fit
ranging from
to 0.028, meaning the value remained
generally flat during stress. That behavior is expected because
the spread in the fresh frequency is larger than that of the spread
in the aging-induced shifts, and the increase in that latter value is
modest during stress, as seen in Fig. 13(b). This trend stands in
contrast to results from previous work that found a decrease in
the of a path delay with stress time showing a power law exponent of 1/6 regardless of the type of variation [20]. It is possible
that a systematic process shift could cause circuit speed variation to decrease with aging (e.g., a shorter gate length could lead
to faster gates and worse HCI degradation), but in our measurements no location-dependent shifts were found in the aging data.
In Fig. 14, we see that the measured frequency shift distributions fit well to a lognormal distribution. Rauch found that
the lognormal overestimated the high tail of his measured
shifts, and that his data fit well to a Skellam with tails in between
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Fig. 14. While Rauch found that the distribution of
values followed a
Skellam distribution with tails that fall in between those of the normal and logvalues fit well to the lognormal distribution.
normal cases seen here [3], our
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Fig. 16. Mean and standard deviation of the measured frequency shift at increasing temperatures.

with temperatures up to roughly 110 , where the value saturated at 0.18, even when using fast and on-the-fly methods [34].
E. AC Stress and Stress/Recovery Characteristics

Fig. 15. Power laws with exponents ranging from 0.41 to 0.58 were fit to these
versus
plots, matching the results found by Pae [2].

those of the normal and lognormal distributions [3], but Fischer later observed a larger shift in scaled SRAM devices [11].
Larger sample sizes and consistent measurement techniques are
needed to clarify this discrepancy. Note that throughout this
work, we still use the normal distribution to calculate the standard deviation, as Pae did [2]. Fig. 15 shows power laws with
exponents of 0.41–0.58 fit to the
versus
characteristics from our DC stress measurements. Pae also found exponents of 0.4-0.5 fit his
and
results, and stated that this
matches the prediction found by analytical equations after assuming a Poisson distribution for the number of charges created
during stress. Kaczer derived a model that supports this power
law dependence of 0.5 as well [4].
D. Temperature Dependence of DC Stress-Induced
Degradation
Fig. 16 displays the degradation characteristics of the and
of the frequency shifts at high temperatures. The power law
exponents of these values increase at higher temperatures, and
that of is just over 1/2 that of the characteristic. Varghese
et al. stated that a linear dependence of on temperature points
to dispersive temperature dependence rather than Arrhenius activation, and that this phenomenon is simply an artifact of long
measurement times [33]. They showed results indicating that the
temperature dependence of disappears with on-the-fly measurements. Other recent work by Liu et al. showed increasing

Fig. 17(a) shows a drop in total degradation of roughly 45% at
low frequencies, compared with DC stress, due to the recovery
that takes place during each half cycle for all PMOS. During
DC stress half of the PMOS devices are stressed as mentioned
earlier. On the other hand, under AC stress all PMOS devices
experience equal amounts of stress and recovery, leaving them
with only the damage that does not have time to recover along
with any hot carrier-induced damage. If we estimate the impact
of DC stress on all PMOS in the ROSC by multiplying that
measured shift by two, we find a (1 kHz AC)/(DC) degradation
ratio of
throughout the stress time. This value is just
below the low range of 30–40% noted by Reisinger et al. [21].
As the frequency is raised, HCI plays a larger role in the aging
due to the increased switching activity. This leads to a larger
, which is a signature of HCI [35]. At high voltages, we see
that HCI eventually dominates the overall aging of the DUTs
when the AC stress lines cross the DC characteristic. However,
we have shown in previous work that this crossover point is
highly dependent on voltage, and NBTI is dominant at lower
stress voltages, closer to those used in real operation [16]. Note
that this analysis is not equivalent to those found in pure AC
BTI experiments, where no current flows through the channel,
even during switching. Fernandez et al. found pure NBTI to be
frequency independent up to 2 GHz [36].
Histograms of these shifts at the 4700 s point are presented
in Fig. 17(b). As in the DC case, no correlation was found between the fresh DUT frequency and the total frequency shift.
The of the frequency shift again increases with stress, at a rate
that increases with frequency. Although this curve only roughly
follows a power law (the R-squared value is 0.85 at 500 MHz),
the exponent values are around one half of that of the shift.
Finally, the of the calculated frequency remained nearly flat
on average, as explained for DC stress in Section IV-C.
Stress/Recovery curves taken from four ROSCs simultaneously are presented in Fig. 18(a). The bottom point of the recovery phases increases on average with each period as damage
accumulates. The fast and significant recovery we observe after
stress conditions are removed has been detected with other fast
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Fig. 17. (a) Mean AC stress results compared with DC. (b) Histograms of the frequency shift at the 4700 s point in part (a).

Fig. 18. (a) Stress/Recovery curves taken from four ROSCs simultaneously. The bottom point of the recovery phases increases with each period on average as
more long-term or permanent damage accumulates. (b) Logarithmic recovery characteristic constructed with data from different measurement times (i.e., stress
interruptions) in Fig. 11 after 10,800 seconds.

measurement setups, and many state that it cannot be correctly
described by the RD model [7], [10], [23], [26]. They state that
one must use a fast hole trapping/detrapping model to find a
theoretical explanation for these dynamics. Fig. 18(b) shows a
logarithmic recovery characteristic constructed with data from
different measurement times (i.e., stress interruptions) in Fig. 11
after 10,860 seconds of stress. Although this plot shows averaged data from multiple ROSCs and dies for each plotted point
rather than traces of device characteristics throughout an extended recovery time, the logarithmic characteristic is common
to both cases [5], [7].
V. CONCLUSIONS
We have implemented a measurement system that facilitates
efficient statistical aging experiments involving BTI and HCI
in ROSCs. Measurement results from a 65 nm test chip show
that the differential Silicon Odometer beat frequency detection
system can measure frequency shifts with an error of down to
0.07%, and stress interruptions of
s. Statistical results
show that fresh frequency and the AC or DC stress-induced frequency shift are uncorrelated, both the and of that shift increase with stress, and the ratio of this
decreases with stress
time. These findings point to the utility of our proposed system
for process characterization, and important trends in the aging
of vanishingly small modern transistors.
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