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Abstract— Based on the so-called defect-centric statistics,
we propose the average impact of a single charged trap on
FET threshold voltage as a physically based measure of the
random component of time-dependent variability. We show that
it can be extracted using matched pairs, analogously to time-zero
variability. To that end, the defect-centric statistics of matched
pairs are discussed and the correlation between time-zero and
time-dependent variances is formalized.
Index Terms— Variability, reliability, FinFETs, matched pairs.

I. I NTRODUCTION
S-FABRICATED, i.e., time-zero variability, both
systematic (process-induced) and random, is a wellknown phenomenon in deeply-scaled VLSI technologies. For
example, the time-zero threshold voltages Vt h0 are assumed
to be normally-distributed with mean Vt h0  and variance
σV t h0 2 [1]. The random component of σV t h0 2 then scales as

A

σV t h0,r 2 = A V t h 2 /A G ,

(1)

where A V t h is a scaling factor and A G the total channel
area [2]–[4]. The index “r” is used to denominate the random
component throughout this Letter.
An additional and considerable source of variability in
deeply scaled devices arises during operation due to charging
of pre-existing and generation of new defects and is manifested
as Random Telegraph Noise (RTN) and Bias Temperature
Instability (BTI) [5]. We have previously shown that the
statistics of this time-dependent variability of threshold voltage
shifts Vt h can be expressed analytically in the so-called
defect-centric model, which allows to derive a simple but
crucial relation between its first two moments Vt h  and
σV t h,r , namely [5]
σV t h,r 2 = 2ηVt h .

(2)
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Here, η, a device-physics-based parameter with dimension
of voltage, represents the average contribution of a single
charged trap to Vt h . Since σV t h,r 2 increases as the device
population ages, we argue that time-dependent variability is
best described in terms of η, which to the first order is
independent of degradation. Moreover, η scales with channel
area as [6]
η = Bη /A G ,

(3)

Bη being a scaling parameter. The correct knowledge of Bη ,
combined with the projection of the expected degradation
mean Vt h , then allows to make an educated prediction of
degradation distribution in the entire device population of the
VLSI application [5].
Similarly to its time-zero counterpart, time-dependent
variability has systematic and random components, which
need to be understood separately. Kerber has shown recently
that the random component can be extracted using dedicated
local 8×8 arrays of FETs, which provide sufficient statistics,
while not being affected by systematic effects, and confirming
Eq. 3 [4]. Here we demonstrate that, analogously to timezero analysis [2], standard matched FET pairs (MPs), widely
available in most test-chip layouts, can be used for the same
task of extracting random time-dependent variability down to
η ∼ 0.1 mV range. We note the impact of hot-carrier stress
on device matching has been discussed previously, notably
by Magnone et al. [7], however, the link with fundamental
parameters of time-dependent variability has not been realized.
Here we first describe the statistics of differential shift
δVt h in MPs and confirm through a Monte Carlo simulation that MPs can be used to extract the time-dependent
random variability masked by systematic variability. We then
apply and validate the proposed analysis technique on realsilicon devices, both n and pFinFETs at different temperatures. Finally, we formalize and briefly discuss the correlation
between the correctly-extracted random components of timezero and time-dependent variabilities.
II. E XPERIMENTAL AND A NALYSIS P ROCEDURE
We studied both n- and pFinFETs devices with varying
channel length L G and the number of fins N F I N , organized
into matched pairs, each pair thus consisting of left “L” and
right “R” devices laid out in close proximity. The total channel
area of each device is A G = (W F I N + 2H F I N )L G N F I N ,
where W F I N + 2H F I N =∼60 nm is the total channel width
of each fin.
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Fig. 1. Probit plots of Monte Carlo simulation of defect-centric distributions
in (a) single devices (SD) and (b) matched pairs (MP). Variance and hence
η can be readily extracted from the difference δVth distribution obtained
on MPs (b). Additional systematic variability, generated by distributing the
defect density NT , in single devices (a) is fully compensated and the original
η is restored (b).

The initial threshold voltage Vt h0 of each device was
obtained from the initial I D -VG at fixed I D . Each device
was then separately stressed at elevated VG and low V D
(corresponding to “BTI” stress) for 100 s and the overall
threshold voltage shift Vt h was inferred from I D at
∼1 ms after stress [8]. The n- and the pFinFETs were studied
at 25 and 125 °C, respectively. Multiple threshold voltage
shifts vt h due to individual defect-discharging events
were also extracted from relaxation traces of the nFinFET
devices and analyzed separately [5], [9]. Devices showing
any abnormality, such as increased gate current or the source
and drain currents not equal within a specified margin were
disqualified [10]. In total, about 65 device pairs of each size
and polarity, distributed over an entire 300 mm wafer, were
used for further analysis.
Variances σ 2 of Vt h0 and Vt h , i.e., σV t h0 2 and σV t h 2 ,
have been calculated by grouping the data in two fashions:
1) “single devices” (SDs), obtained by grouping the respective parameter from all (“L” and “R”) devices of each
size (∼130 values in each group), and
2) “matched pairs” (MPs), obtained by grouping the
differences of the respective parameter of the
“L” and “R” devices of each pair of each size
(∼65 values in each group), i.e.,
δVt h0 = Vt h0,L − Vt h0,R

(4)

δVt h = Vt h,L − Vt h,R

(5)

and

Following Refs. [2], [3], i.e., assuming that the systematic
component in closely-spaced “L” and “R” devices is identical,
the variance of the random component is
σV t h0,r 2 = σδV t h0 2 /2

(6)

and correspondingly,
σV t h,r 2 = σδV t h 2 /2.

Fig. 2. The random component of both (a)(b) time-zero and (c)(d) timedependent variabilities, extracted using matched pairs (solid symbols), follow
area scaling (Eqs. 1 and 3, lines) in contrast to single devices (open symbols),
which are affected by systematic variability. Eq. 2 is used for the righthand axis. (c) Symbols with error bars (indicating the extraction uncertainty)
correspond to η values obtained independently from single-trap discharging
event distributions in Fig. 3.

vt h
(with
expectation value η).
Consequently,
Vt h  = NT η [5]. Note the Vt h distribution in Fig. 1a
is highly asymmetric, as only non-negative Vt h values are
expected (for nFET) [5]. When two separate Vt h values
are measured after identical stress of the “L” and “R”
devices of a MP population, their difference δVt h
(Eq. 5) has the distribution illustrated in Fig. 1b. As a
consequence of the highly-skewed single-device distribution
in Fig. 1a, the distribution of δVt h will be in general
non-normal (see [7], [10]).
We now introduce additional systematic (process-induced)
variability, represented by varying the originally constant mean
number of defects per device NT . Each n is thus selected from
a Poisson distribution with the expectation value NT randomly
taken from the range indicated in Fig. 1a. This conceptually
mimics across-wafer variations in gate oxide defect density of
traps due process variations, such as plasma-induced damage,
or larger degradation in devices with locally thinner oxide.
We see that the single-device defect centric distribution is
substantially dilated (Fig. 1a). A naive extraction of random
variability from this distribution, represented by η, then leads
to incorrect conclusions. (Such an error is analogous to obtaining σV t h0,r from single-device time-zero Vt h0 distributions.)
When systematic variability in MPs is simulated by using the
randomized, but identical NT for both “L” and “R” devices
of each pair, the MP δVt h distribution in Fig. 1b is not
significantly changed. When Eqs. 5, 7, and 2 are used, the
original value of time-dependent random variability, expressed
by η, is duly obtained.

(7)

III. D EFECT-C ENTRIC S TATISTICS OF M ATCHED PAIRS
A defect-centric distribution describing time-dependent
variability is illustrated in Fig. 1a for a particular combination
of Vt h  and η. This distribution arises from having
a Poisson-distributed number n of charged defects in
each device (with expectation value NT ) and each defect
contributing to Vt h with an exponentially-distributed shift

IV. R ESULTS , D ISCUSSION AND I MPLICATIONS
The analysis described above is now applied to real-silicon
FinFET devices. From Figs. 2a and b it is apparent that
for both wafers tested, the time-zero variances extracted
from single devices (open symbols) are affected by systematic variability and thus overestimate the random component
extracted from MPs (Eqs. 4 and 6, solid symbols), which
follow correct A G scaling (line, Eq. 1) [2]–[4]. Similarly for
time-dependent variability, η obtained on nFinFETs (Fig. 2c)
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where
C ≡ A V t h 2 /2Bη

(9)

has dimension of voltage and is an inverse measure of the
correlation of the time-zero and the time-dependent variances.
Note that the correlation of the variances does not necessarily
imply Vt h0 and Vt h in individual devices are correlated.
Eqs. 8 and 9 should help formalize the discussion of timedependent variability, while the parameter C can be used to
study and compare the universality of this dependence across
various technologies [2], [11]–[13].
Fig. 3. Distribution of threshold voltage shifts vth due to single discharging
events in nFinFETs. Steps from relaxation traces from four similar areas are
combined to boost the tails of both respective distributions.

V. C ONCLUSIONS
We have argued that time-dependent random variability,
such as due to RTN and BTI, is best characterized by η, the
average impact of a single charged trap on Vt h , and has
to be considered in addition to time-zero variability. Proper
extraction and separation of the components is a prerequisite
for understanding of the origins and interplay of both
phenomena. Here we have proposed the use of matched
pairs as a tool for extracting the random component of
time-dependent variability.
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Fig. 4. Correlation between time-zero and time-dependent random variances
in the pFinFET devices from Figs 2b and b (solid line, C ≡ ∼190 mV).
Correlation for nFinFETs from Figs. 2a and c is given for comparison (dashed
line, C =∼ 130 mV).

by naive extraction from single devices does not scale correctly
with A G . Thus extracted η overestimates the true value, as
illustrated already in Fig. 1. However, when Eqs. 5, 7, and 2
are used, the resulting η’s scale excellently with device area
and match the intrinsic η values (symbols with error bars
in Fig. 2c), extracted independently from its true physical
origin, i.e., the single trap-discharging event distributions
in Fig. 3 [9]. We note that the analysis of individual defect
steps is generally a highly elaborate process, involving step
detection in relaxation traces with experimental noise, complex
“bookkeeping” to avoid double-counting of defects manifesting RTN during the measurement, and the uncertainty
in fitting the distribution tail. In contrast, obtaining timedependent random variability from matched pairs described
here is significantly simpler.
The proposed analysis is also applied to pFinFETs (Fig. 2d),
where the extraction power of matched pairs becomes apparent
at large device areas (N F I N = 22), in which η values of the
order of 0.1 mV can be extracted without significant effort.
Such range is below the resolution of the individual step
extraction method (Fig. 3) since the experimental noise levels
are ∼1 mV in typical high-k gate oxides.
If σV t h0,r 2 and η (and hence σV t h,r 2 ) are correctly
extracted, they will both scale reciprocally with A G
(Eqs. 1 and 3). Only then a correlation between these two
quantities, already proposed in [11], can be expected across
varying device sizes within the wafer, as illustrated in Fig. 4.
Furthermore, from Eqs. 1-3 we can easily derive
σV t h,r 2 /σV t h0,r 2 = Vt h /C,

(8)

are

gratefully
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