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Random telegraph signal and 1/f noise in forward-biased single-walled
carbon nanotube film-silicon Schottky junctions
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The electronic noise of single-walled carbon nanotube (CNT) film-Silicon Schottky junctions
under forward bias is experimentally characterized. The superposition of a stable 1/f noise and a
temporally unstable Lorentzian noise is observed, along with a random telegraph signal (RTS) in
the time domain. The data analysis shows that the Lorentzian noise results from the RTS current
fluctuations. The data agree well with theoretical descriptions of noise in Schottky junctions due
to carrier trapping and detrapping at interface states. Understanding the noise properties of CNT
film-Si junctions is important for the integration of CNT film electrodes into silicon-based devices.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4719094]

Single-walled carbon nanotube (CNT) films have
recently attracted significant research attention for optoelec-
tronic and photovoltaic device applications, such as solar
cells, light-emitting diodes (LEDs), and photodetectors,'™ in
which they can be used as transparent, conductive, and flexi-
ble electrodes.® An application of great importance is the
integration of CNT film electrodes into conventional semi-
conductor devices, in particular those based on silicon, since
it is the most widely used semiconductor material. We have
recently shown that CNT films form a Schottky junction on
Si with a zero-bias barrier height of 0.435eV for p-type Si.’
Several recent studies have demonstrated solar cells and
photodetectors based on such CNT film-Si Schottky
junctions.>**7'% The ultimate sensitivity of any electronic
device is limited by fluctuations. Particularly for sensors and
photodetectors, electrical noise is an important property that
in most cases limits the device performance. There have
been a number of recent studies on the noise properties of
individual CNTs, CNT networks, and CNT films.'"~'* How-
ever, the noise properties of junction devices involving CNT
films, and in particular CNT film-Si junctions, have not been
studied previously.

In this Letter, we experimentally characterize the noise
properties of CNT film/p-type silicon metal-semiconductor
(MS) Schottky junctions under forward bias, where the CNT
film acts as the metal and Si as the semiconductor. We
observe a strong Lorentzian noise component in addition to
1/f noise, and a random telegraph signal (RTS) in the time
domain. We analyze the properties of both the 1/f and Lor-
entzian noise and extract important parameters, such as the
current dependence of the 1/f noise and the characteristic fre-
quency of the Lorentzian. Furthermore, the analysis of the
time-domain data based on the theory of a two-level asym-
metric RTS confirms that the Lorentzian noise in the fre-
quency domain results from the RTS fluctuations in the time
domain. We also find that while the 1/f noise is stable, the
RTS noise is temporally unstable. The data agree well with
theoretical descriptions of noise in Schottky junctions due to
carrier trapping and detrapping at interface states. These
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results suggest that advances in the CNT film fabrication and
deposition processes that minimize interface defects would
significantly improve the noise properties of CNT film-Si
junctions, which is important for optoelectronic, photovol-
taic, and sensor devices incorporating CNT film electrodes
on silicon.

The CNT film-Si MS junctions were fabricated as
explained in detail previously.” Briefly, the device fabrica-
tion process started with a ~10'®cm > doped p-type Si sub-
strate having a ~400 nm thermally grown SiO, layer on top.
After windows were opened in the SiO, layer to define the
MS contact areas, a CNT film of ~50 nm nominal thickness
prepared by vacuum filtration was deposited on the substrate
and subsequently patterned by photolithography and O,
plasma etching. This was followed by Cr/Pd (10/90 nm)
metal contact ring deposition by e-beam evaporation and
lift-off. Figure 1(a) shows a 3D schematic of the completed
device. More detailed fabrication and characterization results
can be found in Refs. 3, 7, and 15.

The DC characterization of the CNT film-Si junctions
was performed using an HP 4155B semiconductor parame-
ter analyzer. Figure 1(b) shows the /-V characteristics of
the CNT film/p-type Si MS junction, depicting strong rec-
tification consistent with our previous work in which a
zero-bias Schottky barrier height of 0.435eV was extracted
from temperature dependent /-V measurements.” The mea-
surement of the low frequency current noise spectral den-
sity S; at various forward biases was performed using a
battery-powered low noise current preamplifier (SR 570).
A spectrum analyzer (HP 3561A) was employed to analyze
the noise spectra, and the time domain RTS noise was
measured simultaneously using a digital data acquisition
system (Agilent U2542A) operating at a sampling rate of
200kHz.

Figure 2(a) shows S; measured from 1 to 5 kHz at a for-
ward bias of 1.04, 1.97, and 2.41 V. Due to the high resistiv-
ity of the CNT film-Si junction and the cut-off frequency of
the current preamplifier, no S; data beyond 5kHz could be
measured. As seen in Fig. 2(a), the noise spectra depict devi-
ations from a pure 1/f-type behavior and can be expressed as
the superposition of a 1/f noise component S ,] /" and a Lorent-
zian noise component S¥ as
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FIG. 1. (a) The 3D schematic of the fabricated CNT
film-Si MS device showing both the top and cross-
sectional views. (b) I-V characteristics of the CNT film/
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p-type Si MS device in the voltage bias range from
—3V to 3V at room temperature. Note that the polarity
of the voltage bias is defined such that positive values

0

I i correspond to forward bias.
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where A is the relative amplitude of the 1/f noise, / is the DC
current, f is the frequency, f§ and y are constant exponents
(y~1 for 1/f noise), and S is the plateau value and f, is the
characteristic ~ frequency of the Lorentzian noise
component. 16.17

We first analyze the 1/f noise component. The noise
spectrum from Fig. 2(a) at 1.97 V forward bias is replotted in
Fig. 2(b). The value of f, in Eq. (1) can be determined from
the maximum of the plot of S; x f vs. f, and the Lorentzian
fitting can be done based on this extraction, as shown by the
short dashed line in Fig. 2(b). The fitting result yields
f.=40Hz and Sy =2.1 x 10~"7 A*/Hz. The 1/f noise compo-
nent can be obtained by subtracting the Lorentzian compo-
nent from the total measured §;, as indicated in Fig. 2(b).
Fig. 2(b) also shows a power law fit to the extracted 1/f noise
component yielding an exponent y = 1.1, confirming that the
background noise is 1/f type. By averaging the extracted 1/f
noise-component spectral densities from three separate
measurements, S ,l/f as a function of DC current / at a fre-
quency of 10Hz is plotted in the inset of F1g 2(b). The data
can be fit by a power law dependence Y ;oI B as shown by
the dashed line in the inset with an exponent f#=0.92. This
value of f§ agrees well with the theoretical model of 1/f noise
in forward biased Schottky barrier diodes operating in the
thermionic-emission mode, which predicts S,/ oc 1.'° Our
previous work has demonstrated that the dominant current
transport mechanism in CNT film-Si junctions at room tem-
perature is thermionic emission,” which is in agreement with
the observed dependence of 1/f noise on the DC current.

To further investigate the Lorentzian noise component,
time-domain current fluctuations were recorded simultane-
ously, which exhibited up and down fluctuations characteris-
tic of two-level asymmetric RTS noise. The inset of Fig. 2(a)
shows the typical RTS fluctuations observed during a time
period of 500 ms at a forward bias of 1.04 V. In this measure-
ment, the RTS amplitude A/ is 28.2 nA, indicating a 0.4%
relative current fluctuation. Since previous studies reveal
that the CNT film itself does not exhibit RTS noise,14 the ori-
gin of the observed RTS noise is most likely interface traps
at the CNT film-Si junction causing fluctuations in the
Schottky barrier height.lf’_19 The solution-based CNT film
deposition process in ambient conditions makes the interface
between the CNT film and Si more prone to defects and
interface traps compared to conventional metal-Si Schottky
junctions. Furthermore, the CNT film consists of an interwo-
ven percolating network of many nanotubes, making a non-
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uniform, nonplanar, and spatially inhomogeneous contact
with the Si substrate.” The barrier height between the Si sub-
strate and metallic/semiconducting nanotubes in the CNT
film with various chirality, diameter, and doping levels is
expected to exhibit a statistical distribution. The barrier
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FIG. 2. (a) Low frequency current noise spectral density of the CNT film-Si
MS junction measured at three different forward biases (1.04, 1.97, and
2.41V as labeled), showing a strong Lorentzian noise component on top of a
1/f noise component. The inset shows the time-domain current fluctuations
at 1.04V in a time frame of 500 ms, characteristic of a two-level asymmetric
RTS noise. (b) The total measured current noise spectral density at 1.97 V
from part (a) (red line), the Lorentzian component obtained from fitting the
data (short dashed line), and the 1/f noise component obtained by subtracting
the Lorentzian component from the total measured S; (blue line). The dashed
line is a power law fit to the extracted 1/f noise component yielding an expo-
nent of y = 1.1. The inset shows S} 4 averaged over three measurements as a
function of forward bias current / at a frequency of 10 Hz.
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height extracted in previous studies represents an “effective”
value resulting from ensemble averaging.” As a result, if a
defect is located at a bottleneck for current flow at the CNT
film-Si interface, the trapping and detrapping of carriers
there will have a strong impact on the current and produce
RTS noise. Another possible origin of the RTS noise could
be the presence of a thin native oxide layer at the CNT film-
Si interface, which forms due to the porous nature of the
CNT film, as discussed in previous studies.>’ Carrier trap-
ping and detrapping at the Si-oxide interface is also a widely
observed source for RTS noise.'®*°

Noise measurements were also carried out on different
days. Although the 1/f noise component was stable and
repeatable, the Lorentzian noise component and the RTS
fluctuations were found to be temporally unstable. However,
within a time frame of several hours to a day, the Lorentzian
noise spectra and the RTS fluctuations were stable, enabling
reliable measurements to be taken. Figure 3(a) shows meas-
urements taken on three different days (labeled Measure-
ments 1, 2, and 3) at an identical forward bias of 1.97V,
which depict changes in both the location of f. and the value
of So. Extracting the 1/f noise component of the three meas-
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FIG. 3. (a) Low frequency current noise spectral density of the CNT film-Si
MS device at 1.97 V forward bias measured on three different days (labeled
as measurements 1, 2, and 3). Note that Measurement 1 is the same as the
1.97V curve in Fig. 2(a). The change in both the location of £, and the value
of Sy is evident, indicating temporally unstable RTS noise. The inset shows
the RTS amplitude A/ as a function of the forward current /. (b) Statistical
distribution of the time durations of the up and down states for Measurement
1 recorded simultaneously as the noise spectra shown in part (a). The
exponential fitting to Poisson distributions as shown in the figure gives an
average lifetime of 7,,, = 5.81 ms and 74,,,, = 8.55ms. (c) A semi-log plot of
Tup/Taown as a function of forward bias voltage for Measurement 1. The
extrapolation of the exponential best fit as shown by the dashed line gives
the zero-bias trap level with respect to the Fermi level as Eg-
E;=32.7meV.
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urements as done in Fig. 2(b), we find that the 1/f noise com-
ponent is almost identical in all three cases. The origin of the
unstable RTS noise could be due to the presence of metasta-
ble interface defects or due to the migration of interface
defects at the CNT film-Si junction.'®"?

We next analyze the time-domain RTS noise data based
on the theory of a two-level asymmetric random telegraph
signal®' and compare it with the parameters extracted from
the frequency domain. A simple two-level RTS can be
defined by three parameters: average lifetime of the up (high
current) state 1, average lifetime of the down (low current)
state Tgqown, and the RTS amplitude Al. The individual time
durations of the up and down states are expected to statisti-
cally follow a Poisson distribution given by pu, down(?)
= (1/Tup,down)eXP(—1/ Tup.down), Where p,,,(1) is the probabil-
ity per unit time that after time ¢ the up-state has not made a
transition, and then at time ¢ switches to the down-state. '8!
The reverse holds for p,,..(f). The statistical results from the
time-domain data simultaneously recorded with the noise
spectrum of Measurement 1 in Fig. 3(a) are plotted in
Fig. 3(b). The exponential fitting to a Poisson distribution
shown in the figure gives an average lifetime of
Tup=35.81ms and 74, = 8.55 ms.

The current noise spectral density of a two-level RTS
can be found by taking the Fourier transform of the autocor-
relation of the signal as®'
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where 7.4 is defined by 1/7.4 = 1/7,, + 1/T4ows. Comparing
the Sf‘ term in Egs. (1) and (2), we see that the RTS results in
a  Lorentzian  spectrum  with f. =1/2n7, and
So = 4(Al )zrgﬁc /(Tup + Taown)- Using these equations, we get

f.=46Hz and So= 1.9 x 10~"" A?/Hz from the time domain

analysis, which is in good agreement with the frequency do-
main fitting results given earlier and shown in Fig. 2(b). The
values of 7,,, Tgowns fc» and Sy obtained from the time domain
analysis, as well as the values of f,. and S, obtained from the
frequency domain analysis are listed in Table I for the three
measurements shown in Fig. 3(a). The excellent agreement
between the f,. and S, values obtained from the time domain
and the frequency domain data further confirms that the Lor-
entzian noise observed in the frequency domain results from
the RTS current fluctuations in the time domain.

The RTS amplitude Al as a function of the forward cur-
rent / is plotted in the inset of Fig. 3(a). As can be seen from
the dashed line fit in the figure, Al is linearly proportional to
1. This agrees with the theoretically predicted linear depend-
ence of the RTS amplitude on current based on carrier trap-
ping at junction interfaces."’

Finally, the semi-log plot of 7,,/T4,w, as a function of
forward bias voltage for Measurement 1 is shown in Fig.
3(c). The extracted t,, and 74, values are 3.50 and
2.81ms, 5.81 and 8.55ms, 3.04 and 6.29ms, and 0.71 and
3.17ms at a forward bias of 1.04, 1.97, 2.41, and 2.73V,
respectively. Assuming RTS noise is caused by trapping and
detrapping of carriers at defects, the ratio of 1, t0 Tz, can
be calculated using the grand partition function as'®
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TABLE I. The values of 7,,,, Tgoun, fc, and Sq obtained from the time domain analysis and the values of f. and S, obtained from the frequency domain analysis
for Measurements 1, 2, and 3 shown in Fig. 3(a). The time domain f, and S, values are calculated from t,,,, T o, and Al values obtained from the measured
RTS current fluctuations using Eq. (2). The frequency domain values are extracted by a Lorentzian fitting of the data in Fig. 3(a), similar to that shown in

Fig. 2(b).

Measurement  T,, (MS)  Tgown (MS)  fc (time domain) (Hz)  f. (frequency domain) (Hz) S, (time domain) (A%/Hz) So (frequency domain) (A*Hz)
1 5.81 8.55 46 40 1.9x 107" 2.1x 107"
2 4.35 2.58 98 125 62x10718 40x 10718
3 0.18 0.13 2144 2525 3.6x10°" 40x%x 107"

Ly _ St :l_exp<EF—ET>
Tdown 1 _fT g kT ’

where f7 is the probability that the trap level is occupied by
an electron, g is the trap degeneracy factor (assumed to be
1), Er is the Fermi level, and E7 is the trap level. From Fig.
3(c) and Eq. (3), we can extract the zero-bias trap level with
respect to the Fermi level as Ex-Er=32.7 meV.

In conclusion, we have experimentally characterized the
noise properties of CNT film-Silicon Schottky junctions under
forward bias, which shows the superposition of a 1/f and a
Lorentzian noise component. The 1/f noise component is sta-
ble and has the dependence S; o I, while the Lorentzian noise
is temporally unstable. Asymmetric two-level RTS fluctua-
tions in the time domain were also observed and simultane-
ously recorded. Time durations of the up and down states are
found to follow a Poisson distribution, as theoretically
expected. The characteristic frequency and the plateau value
extracted from the Lorentzian noise component show good
agreement with the values calculated from the average life-
time of the up and down states, and the RTS amplitude
extracted from the time-domain measurements. This confirms
that the Lorentzian noise spectrum results from the RTS cur-
rent fluctuations in the time domain. The origin of the RTS
noise is most likely interface traps at the CNT film-Si junction
causing fluctuations in the Schottky barrier height. The zero-
bias trap level is extracted to be 32.7meV below the Fermi
level. Another possible origin of the RTS noise could be the
presence of a thin native oxide layer at the CNT film-Si inter-
face. Further work is needed to identify the microscopic ori-
gins of the RTS noise in detail. These results provide
fundamental insights into the noise properties of CNT film-
silicon junctions and are important for applications of CNT
films as transparent and conductive electrodes in silicon-based
photonic and photovoltaic devices, as well as sensors.
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