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ABSTRACT

A correlated random telegraph signal is observed from the interaction of two individual defects in a carbon nanotube transistor. It is shown
that the amplitude fluctuation of one defect significantly depends on the state of the other defect. Moreover, statistics of the correlated
switchings is shown to deviate from the ideal Poisson process. Physics of this random telegraph signal correlation is attributed to the fact
that the two defects are located closer than the sum of their Fermi −Thomas screening lengths. This work brings new implications to the
source of low frequency noise in nanodevices. Moreover, statistic studies provide a new avenue to study correlated effects due to particle
interactions.

Variability becomes a critical issue for the performance of
scaled metal oxide semiconductor field effect transistors
(MOSFETs) and other integrated nanodevices.1 Charge
fluctuations often result in noise, particularly low frequency
noise, appearing as 1/f noise and/or random telegraph signals
(RTSs).2 As studied extensively,3 the 1/f noise and RTSs in
scaled MOSFETs and nanotransistors (carbon nanotube field
effect transistors (CNT-FETs) and other kinds of nanowire
transistors) are attributed to charge fluctuations of charging
and discharging of individual defects, which comes mainly
from the interface dangling bonds located between semi-
conductors and the oxide gate stacks.4,5,6,7As devices shrink,
the low frequency noise of scaled MOSFETs and nanode-
vices begins to deviate from the 1/f characteristics. This
phenomenon suggests that the ensemble average of random
telegraph signals resulted from trapping events, which gives
rise to 1/f noise, is no longer valid;8 therefore, the statistical
nature of individual RTSs and the correlation properties need
to be addressed in order to further understand noise behavior
in nanodevices. CNT-FETs are used for the study. The
understanding of individual RTSs (time domain information)
and low frequency noise behavior (frequency domain
information) obtained from CNT-FETs can be generalized
to other nanotransistors. In this work, single-walled carbon
nanotubes are made by a standard chemical vapor deposition
(CVD).9 In our previous work,8 we discussed a four-level

uncorrelated RTS. In this work, we report the first observa-
tion of a correlated RTS due to two individual defects.
Moreover, three statistic algorithms, full counting probability
function statistics,10,11dwell time statistics,12 and noise power
spectrum, are used for data analysis. Our statistic results from
the RTS show the deviation from the ideal (random and
uncorrelated) Poisson process. This further confirms cor-
relations among several defects/traps. The observation of
correlated RTS due to two individual defects provides insight
into the fundamental physical mechanism of noise and offers
a new method to construct noise models for nanotransistors.

Source-drain current (I-V) was measured after amplifica-
tion of the signals using a standard low noise operational
amplifier (a bandwidth of 500 MHz) through a sampling
resistor. The time domain signal after the amplification is
captured by a 54810A Infiniium Oscilloscope (a bandwidth
of 500 MHz). Figure 1a shows a RTS obtained from a CNT-
FET measured at 4.2 K with a gate bias ofVg ) -1.4 V
and a source-drain bias ofVds ) -99mV. There are four
major switching levels (indicated by the red dashed lines)13

resulting from a slow switching defect C and a fast switching
defect D. Physical locations of these defects and their relative
energy levels are schematically shown in Figure 1b. The four
current levels correspond to both defects filled (level I),
defect C filled and defect D empty (level II), defect C empty
and defect D filled (level III), and both defects empty (level
IV), respectively. The green solid squares of Figure 2a show
its current noise power spectrum density at 4.2K, two corner
frequencies at 0.2 and 5.8 Hz corresponding to the slow
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switchings due to defect C and the fast switchings due to
defect D, respectively. Although the current difference
between levels I and III is 0.045µA, the difference between
levels II and IV is 0.03µA. This means the switching
amplitude of fast defect D depends on the state of defect C,
which indicates that there is an amplitude correlation between
these two defects. To understand the amplitude correlation,
the RTS switchings are separated according to which defect
stimulates the switchings. The current correlation coefficient
(r) for defect C and D switching events is obtained as14

where I i
C and I i

D are the ith extracted current level for

defects C and D, respectively, andI i
C and I i

D are the
average current level for C and D, respectively. M is the
total number of current level measured. As an example, the
bottom of Figure 1a shows the digitization for the defect C
switchings, from which the full counting statistics of defect

C, shown in Figure 2b, is obtained for the transition from 1
to 0 during a time period (Tper) of 10 s. BecauseTsa (0.01 s)
≈ 1/160τc (1.6 s), whereTsa is the sampling time andτc is
the capture time of the defect, the statistic errors due to the
finite sampling time are ignorable as shown in ref 12. More
precisely, if a standard chi-square test is used for the full
counting statistics,15 null hypothesis that the measured
statistics withTsa≈ 1/160τc follows Poisson statistics should
be retained with a significant level of 0.01. However,
interestingly, the statistics of defect C significantly departs
from the ideal Poisson distribution. The null hypothesis that
measured full counting statistics from defect C follows
Poisson statistics and is rejected at any reasonable significant
level. Such a derivation from the Poisson distribution
suggests a correlation in the transition rates for defects C
and D.

In the following, a model based on Fermi-Thomas
model16 is given to explain the defect correlation in both

Figure 1. (a) Time dependent current of a RTS for a CNT-FET at
4.2 K biased atVg ) -1.4 V andVds ) -99 mV. Four major
switching levels are shown in red dashed lines due to two defect
switchings (defects C and D). The slow defect (defect C) fluctua-
tions are digitized in the bottom graph. (b) Schematic drawing of
effective interaction areas of the two defects (C and D) and their
relative locations in the carbon nanotube channel. Schematic
drawing of relative energy of defect C and D with energy level
splittings due to effective area overlap.
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Figure 2. (a) Noise power spectrum density measured withVg )
-1.4 V andVds ) -99 mV at 4.2 K (green solid squares) and 60
K (red open dots), respectively. The inset shows the time domain
current data at 60 K. (b) Full counting probability function for defect
C transitioning from the empty state to the filled state in 10 s (Tper)
at 4.2 K. The measured distribution deviates significantly from
Poisson distribution (fitted with the measured expectation value).
The inset shows the same full counting probability function in a
semilogarithmic scale to highlight the tail in the large count portion.
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amplitude and statistics as observed in the experiment. Here,
each individual defect fluctuation has an effective interaction
area, within which the local potential could be affected by
the charging of the defects.17 If the defects are located close
to the SWNT/oxide interface, the radiuses of the effective
interaction areas equal to the Fermi-Thomas screening
length at low temperature.15,18 When the distance between
these two defects C and D is smaller than the summation of
the two Fermi-Thomas screening lengths as shown in Figure
1b, the correlation between the defect centers could be
observed in both the RTS amplitude and the RTS statistics.

Based on this model, it is known that charging and
discharging of either of the two defects can modulate the
local potential and thus channel carrier mobility and channel
carrier density in the overlap range area. When defect C (or
D) is charged, the effective channel width decreases. As a
result, the portion of the modulation due to defect D (or C)
becomes larger, resulting in larger RTS amplitude for defect
D (or C) (shown in Figure 1a). This is opposite to the case
that two defects are far away from each other, where the
switching amplitude of one RTS is larger when the total
current is larger. The latter case is because a larger current
modulation happens when there is larger current passing
through the defect, i.e., when the other defect is not charged.
Also, it is worth noting that the switching amplitude
difference of defect D becomes less dependent on defect C
when the temperature increases from 4.2 to 60 K, as can be
seen from the inset of Figure 2a. The RTS data indicates
less amplitude correlation between the two defects C and D
at the higher temperature of 60 K. Such an observation is
consistent with the fact that the screening length decreases
with the carrier density increase which is indicated by the
larger source-drain current at a higher temperature.

Moreover, statistics correlation of the RTS is directly
proportional to the overlap area. The filled state energy level
(or the empty state energy level) for defect C is different
when defect D is filled or empty, and so does defect D when
defect C is in a different state. The statistics of defect D are
summarized in Figure 3a,b using the full counting statistics
and dwell time statistics (plotted in a semilogarithmic scale).
The data are obtained from a faster time measurement with
Tsa ) 0.002 s (not shown here). The sampling time is 17
times longer than the switching time constants of defect D,
suggesting an error of less than 4%. Because the deviation
from the ideal Poisson distribution is much larger than 4%,
we do not correct the error caused by finite sampling time
for simplification. For defect D, the full counting statistics
and the dwell time statistics are obtained for the following
three cases: (1)fτc

Cf ) 0.041 s (in Figure 4a) anddwτc
Cf )

0.043 s (in Figure 4b) for defect C in the filled state shown
in red curves, (2)fτc

Ce ) 0.033 s anddwτc
Ce ) 0.039 s for

defect C in the empty state shown in blue curves, and (3)fτc

) 0.036 s anddwτc ) 0.041 s for the combined statistics
regardless of the state of defect C shown in green curves.
The superscripts Cf and Ce represent defect C in the filled
and empty states, respectively. It is shown that substantial
modification in the statistics of defect D could be observed
due to the state of defect C. According to the detailed balance

relation,19 the capture/emission ratio of a defect state for a
hole isτc/τe ) g exp(ET - EF/kBT), whereg is the energy
degeneracy of the trap,ET is the defect energy,EF is the
Fermi energy of the SWNT,kB is the Boltzmann constant,
andT is the carrier temperature. With the assumption that
the carrier temperature is close to the ambient temperature
(4.2 K) for Vds ) -99 mV, the energy splitting of defect D
when defect C is filled (ET

D(Cf)) or empty (ET
D(Ce)) can be

obtained from the fast sampling data (not shown here)

Similarly, the energy splitting for defect C is

Figure 3. (a) Full counting probability function for fast defect D
transitioning from the empty state to the filled state in 0.3 s (Tper)
at 4.2 K for three cases: defect C in the filled state (shown in red),
defect C in the empty state (shown in blue), and the combined
statistics regardless of the state of defect C (shown in green). The
superscripts Cf and Ce represent defect C in the filled and the empty
states, respectively. (b) The counts of the time duration for the next
time that defect D is filled in a semilogarithmic plot for the above
three cases in (a).
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The energy splitting and the probability distribution deviation
are due to the interaction of defect D and defect C in the
overlap area. By comparing Figure 2b with Figure 3a, it is
clear that the larger energy splitting for defect C with respect
to defect D results in a larger derivation from Poisson
distribution.

To understand how the defect interaction affects the
RTS statistics, the RTS transition is modeled by a Markov
chain. As shown in Figure 4, the Markov chain has four
states: Cf/Df, Ce/Df, Cf/De, and Ce/De. The probabilities
for the four states are denoted byPCf/Df, PCe/Df, PCe/De,
PCf/De, respectively. Note thatΓ1 (Γ1′) is the transition
rate for defect C from filled to empty when D is filled
(empty).Γ1 andΓ1′ are generally different as known from
the previous discussion. We assume that simultaneous two-
particle-transition from Cf/Df to Ce/De or from Ce/Df to
Cf/De is negligible. Therefore, the transition rate equa-
tions are

with the initial conditionPCf/De(0) ) R andPCf/Df(0) ) 1 -
R. In the following, we elaborate the statistics of the defect
C switching as an example. The statistics of defect D
switching could be obtained similarly. By solving the rate
equation, the probability density function (i.e., transition rate)
of defect C from filled to empty is

wherex1,2 ) (Γ1 + Γ1′ + Γ3 + Γ4) - [(Γ1 + Γ1′ + Γ3 +
Γ4)2 - 4(Γ1Γ1′ + Γ1′Γ3 + Γ1Γ4)]1/2/2, a1 ) ê[Γ1/Γ3(-x1 +
Γ1′ + Γ4) + Γ1′], a2 ) (R - ê)[Γ1/Γ3( - x2 + Γ1′ + Γ4) +
Γ1′], andê ) Γ3(1 - R) - R(-x2 + Γ1′ + Γ4)/(x2 - x1). We

could obtain its corresponding complementary cumulative
distribution as

wherek1 ) a1/x1, k2 ) a2/x2, andk1 + k2 ) 1. We can denote
the total number of switchings during eachTper as X(Tper).
As shown in Figure 2b,Tper is roughly 6 times larger than
the capture time of defect C. According to ref 14, the defect
C switching can be considered as a renewal stochastic
process. By using the asymptotic property of the renewal
process theory, the variance-to-expectation value-ratio of the
full counting statistics for defect C (shown in Figure 2b)
due to the presence of the other close defect D is

The tail of the curve in Figure 2b as highlighted by green
ellipses shows a significant deviation from Poisson distribu-
tion. This is because the transition rate for defect C from
filled to empty is the summation of the two different
exponential components in the rate equation (as expressed
in eq 4) due to the coupling between defects C and D.
Therefore, the variance of the measured full counting
statistics is larger than the Poisson statistics with the same
expectation value (eq 6). In return, it is shown here that the
statistic property of noise may be used to understand many
body interactions in the condensed matter physics.

Low frequency noise spectrum of devices is Fourier
transformation of time domain current autocovariance.20,21

The understanding of the multiple defects correlation has
implications on the noise behavior of devices. It is clear that
the correlation between defects will affect the amplitude of
current switchings and the statistics of defect switchings, and
therefore the noise behavior of transistors. Traditionally, the
mechanism of 1/f like low frequency noise in the field effect
transistors is due to the summation of lots of INDEPEN-
DENT two-level random telegraph signals with different time
constants according to the McWhorter model.22,23 As the
device is scaled down, the assumption of ensemble average
of random telegraph signals breaks down due to limited
numbers of activated defects. In this case, low frequency
noise shows Lorentzian-like distribution. In this study,
however, the observed correlation among defects could be
another important mechanism for low frequency noise in
nanotransistors. Different noise characteristics from both 1/f
behavior and Lorentzian-like behavior are expected due to
the correlated property of noise sources. There are two basic
correlation relations: positive correlation and negative cor-
relation, defined by the sign of correlation coefficient.20 The

Figure 4. Schematic state diagram for the two correlated defects.
The four states Cf/Df, Ce/Df, Cf/De, and Ce/De correspond to: both
defects C and D filled, defect C empty and defect D filled, defect
C filled and defect D empty, and both the defects C and D empty.
The probabilities for the four states arePCf/Df, PCe/Df, PCe/De, and
PCf/De, respectively.Γ1, Γ2, Γ3, Γ4, Γ1′, Γ2′, Γ3′, and Γ4′ are the
transition rates between the different states.

ṖCf/Df ) - PCf/DfΓ1 - PCf/DfΓ3 + PCf/DeΓ4

ṖCf/De ) - PCf/DeΓ4 - PCf/DeΓ1′ + PCf/DfΓ3 (3)
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positive correlation increases the random low frequency
noise, whereas the negative correlation decreases the random
low frequency noise, compared with the uncorrelated case.
The nature of the correlation is determined by defect
properties. If both of the defects are Coulomb repulsive
defects or Coulomb attractive defects,24 the RTSs correlation
is negative. On the other hand, if one of the defects is
Coulomb repulsive and the other is Coulomb attractive, the
RTSs correlation is positive. In our experiment here, we
observed negative RTS correlation (correlation coefficient
) -0.12 < 0) resulting from the two correlated Coulomb
repulsive defects.

In summary, although most observed random telegraph
signals follow the Poisson statistics and exhibit independent
uncorrelated events, correlated random telegraph signals are
occasionally observed in carbon nanotube transistors. The
correlation is due to the overlapping of defects’ effective
areas. The correlated random telegraph signal stimulates a
new understanding on noise and switching events induced
by single defects. RTS statistics provides not only a new
base to noise modeling and noise metrology in nanotrans-
istors but also a probe technology for the electron interaction
in the condensed matter physics.
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