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Electronic noise analyses on organic
electronic devices

Younggul Song and Takhee Lee *

In the past decade, considerable progress has been made in the field of organic electronic devices

toward understanding charge transport processes and developing practical device applications. In

addition, the electronic noise in organic electronic devices has been extensively studied along with the

progress, providing a deep understanding of their electronic phenomena. This review article presents a

summary of electronic noise analyses on various organic electronic devices to determine the usefulness

of such analyses toward comprehending the operation of organic electronic devices. We expect that the

noise analyses presented in this article will contribute to more meaningful insights for advancing organic

electronic devices.

1. Introduction

Organic electronic devices (OEDs) embrace the advantages of
low-cost, low-temperature, and solution-processed fabrication
as electronics on large-area flexible platforms.1–17 In addition,
many researchers have been interested in the complex structures
of the organic materials involved due to the irregular arrange-
ment of their organic molecules, polymers, and trap-distributed
structures.18–34 Because noise spectra provide meaningful infor-
mation on the structural or electronic disorder in organic

materials, a number of researchers have conducted significant
scientific studies on OEDs via noise analyses in the last
decade.35–78 Nevertheless, noise analysis methods for OEDs tend
to be underestimated because of their seemingly inconclusive
results. From this perspective, this review article addresses the
motivation for studying electronic noises in OEDs and focuses on
summarizing recent significant noise studies on various OEDs.

In this review article, three types of OEDs are discussed:
organic thin film transistors (OTFTs), organic resistive memory
devices, and molecular-scale electronic devices (Fig. 1). OTFTs
are usually fabricated as top source–drain contact or bottom
drain–source contact structures with a bottom gate electrode.
The current/voltage fluctuations are measured at the drain
electrode, while the constant voltage/current and constant gate
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voltage are biased. Organic semiconductor materials are composed
of organic molecules or polymers. They can be thermally evapo-
rated or solution-processed on substrates. Noise analyses on OTFTs
have provided insights into the fluctuation source (charge carrier
number fluctuation or mobility fluctuation) and microscopic
structure of the semiconductor molecules/polymer alignment.
Organic resistive memory devices and molecular-scale electronic
devices have usually been characterized in a two-terminal junction
structure; hence, noise measurements can be performed by
biasing one electrode while the other electrode is grounded.
Organic resistive memory devices show bistable or multistable
current–voltage (I–V) behavior. Their resistance can be changed
by applying a set bias or reset bias. The switching mechanism
and multistable behavior of organic resistive memory devices
are still not clearly understood due to their highly disordered
structures. Noise analyses on organic resistive memory devices
can provide information relating their bistable behavior to the
localized current pathways formed. Molecular-scale electronic
devices make use of the physical properties of the extremely
short channel lengths of organic materials, that is, the single-
molecule length scale. There are two kinds of molecular-scale
electronic devices: single-molecule junctions and self-assembled
monolayer (SAM) junctions. The electrical characteristics of such
devices depend on the structures, functional groups, and lengths
of the organic molecules. Commonly, organic molecules used for
molecular junctions contain a thiol group (such as hexanedithiol
and benzenedithiol) to enable bonding with Au, which is a
commonly used electrode. Noise analyses on molecular-scale
electronic devices provide novel information about the traps
inside the junction, the conformational and redox changes of
the molecules, and the tunneling characteristics.

This review consists of four sections. In the Introduction
section, we briefly presented the motivations and goals that
drive noise analyses on OEDs (Section 1). Section 2 describes
the background for conducting a noise analysis and the noise
sources in OEDs. Section 3 addresses significant electronic noise
analysis studies on organic thin film transistor devices (Section 3.1),
organic memory devices (Section 3.2), and molecular-scale

electronic devices (Section 3.3). Section 4 provides a summary
and desired prospects for electronic noise analysis on OEDs.

2. Fundamental description of the
noise analysis of an electronic device

The noise in electronic devices is usually measured by biasing
the current or voltage of the device. If a device is biased using the
voltage, one can measure the current noise and vice versa. The
fluctuation in the current and voltage response in the time
domain can be sampled using a specific time interval. Let us
denote the fluctuation in the voltage, current or resistance
recorded with time as X(t), which by itself can provide useful
information if it shows random telegraph noise in which a
number of stable current levels exist. However, in most cases,
X(t) is the result of the superposition of various noise signals,
such as flicker noise, thermal noise, shot noise, and Lorentzian
noise. Therefore, it is more useful to investigate the noise
spectra by decomposing each frequency component from X(t).
With this requirement, estimating the power spectral density is
the most preferable way to analyze the noise data. To estimate
the power spectral density, one needs to calculate the auto-
correlation function (A(t)) of X(t).79

A(t) = hX(t + t)X(t)i (1)

Then, the Fourier transform of the autocorrelation function
when multiplied by two results in the power spectral density
(SX( f )).

SX ð f Þ ¼ 2

ð1
�1

dteiotAðtÞ (2)

This relation between the power spectral density and time
series is mathematically well defined and is called the
Wiener–Khintchine theorem. The autocorrelation function
determines the correlation between two data points with an
interval of t, revealing the characteristics of the noise process.
For example, for white noise, A(t) = d(t), showing the constant

Fig. 1 Schematic diagrams of organic electronic devices. (a) Top drain–source contact (upper figure) and bottom drain–source contact (lower figure)
organic TFT. (b) Organic resistive memory device. (c) Organic molecular devices with a SAM junction (upper figure) and a single-molecule junction
(lower figure).
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frequency dependence of SX( f ). The physical meaning of the
power spectral density is the frequency component of the noise
power average per unit frequency band. The noise power
average, which is the mean squared signal of the variance of
the fluctuations, can be expressed as the integral of SX( f ) over
all positive frequencies.

ðdXÞ2
� �

¼
ð1
0

dfSX ð f Þ (3)

Noise spectra in electronic devices are classified into several
types according to their noise sources or frequency depen-
dence. There are four important types of noise in this review:
thermal noise, shot noise, random telegraph noise, and 1/f
noise. Table 1 summarizes the noise types reported in OEDs.

2.1. Thermal noise

The thermal motion of charge carriers can cause random
fluctuations in the current, which is called thermal noise
(Johnson–Nyquist noise).79 The thermal noise is determined
by only the dissipative nature of the conductor (resistance (R) and
temperature (T)), which can be derived from the fluctuation–
dissipation theorem (this is why the thermal noise is called
equilibrium noise). The expression for the thermal noise is
frequency independent in the quasi-classical regime (hf { kBT):79

SV = 4kBTR; SI = 4kBT/R (4)

where SV is the voltage noise power spectral density, SI is the
current noise power spectral density and kB is the Boltzmann
constant. The thermal noise shows white noise (constant power
spectral density) under usual experimental conditions (for
example, the quasi-classical regime holds up to 1011 Hz at 4 K).
Because the thermal noise is not affected by the microscopic
structure of the organic material and is affected by only R and T,
the thermal noise itself may not be considered to be an interesting
topic in organic electronics. However, one should carefully
consider the thermal noise during noise measurements because
the thermal noise can hinder the noise of interest within a certain
range of the frequency band.

2.2. Shot noise

In the classical sense, shot noise is caused by the discrete
nature of charge carriers and the randomness of the arrival of
independent charge carriers into channels in a nonequilibrium
system, such as an electrically biased system. A current flow is
required to observe the shot noise. In this case, the randomness
stems from fluctuations in the reservoirs before the channel
and shot noise can be modeled by a Poisson process.80,81

Considering quantum mechanics and mesoscopic systems,
the scattering properties (transmission and reflection) inside
the channel and Fermi–Dirac statistics should be accounted
for the random arrival of charge carriers. Shot noise is found in
various electronic systems, such as vacuum tubes82 and semi-
conductor diodes,83 and mesoscopic systems, such as quantum
contact points,84,85 chaotic cavities,86 and metallic diffusive
wires.87,88 Shot noise can be expressed as80

SI ¼ 2qF �Ij j ¼ 2qF jV j
R

(5)

where q is the electronic charge, R is the resistance, and F is
called the Fano factor, which is introduced as an adjustment
factor to indicate the variance in the Poisson value. Shot noise
shows a white spectrum up to the frequency limit of fp = 1/tp,
where tp is the duration of each pulse. The F value becomes 1 in
the classical limit with a very small transmission rate, a high
temperature and the absence of correlation between the
charges. The F value is determined by the mesoscopic proper-
ties of the channels and the interactions between the charge
carriers. According to the transmission probability, the Fano
factor can be between 0 (an open channel) and 1 (a perfectly
transmitting channel), and the noise can be called sub-
Poissonian shot noise. The Fano factor can be greater than 1
if the Coulomb repulsion and phonon interactions cannot be
ignored. For example, shot noise has been reported in organic
light-emitting diodes at room temperature.89 Noticeably,
shot noise in single-molecule junctions has been studied very
carefully recently because shot noise can provide information
about the mesoscopic properties as modulated by the molecules
inside the junction (see Section 3.3.2).

Table 1 Electronic noise types which are observed in organic electronic devices

Noise type Noise source Device Power spectral density

Thermal noise – Thermally induced motions of charge carriers – Any resistor
SI ¼

4kBT

R

Shot noise – Discrete nature of charge carriers
– Random arrival of charge carriers at the channel

– Single-molecule junctions SI = 2qF|I|

Random telegraph
noise

– Trap/detrap of charge carriers at the trap center
– Conformational change of molecules

– Metal-oxide polymer resistive memory
– Organic nanocomposite resistive memory
– SAM junctions
– Single-molecule junctions

SI /
1

1þ 2pf t0ð Þ2

1/f noise – Explicit source is unknown – Organic thin film transistors
– Metal-oxide polymer resistive memory
– Organic nanocomposite resistive memory
– SAM junctions
– Single-molecule junctions

SI /
1

f
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2.3. Random telegraph noise

Random telegraph noise (RTN) indicates an electronic noise
in which discrete random transitions appear between two or
more voltage/current levels. RTN has been observed in various
electronic systems, such as metal-oxide–semiconductor field
effect transistors (MOSFETs),90–92 resistive memory devices,93–95

point contacts,96 and nanogap junctions.97,98 Generally, RTN is
known to be generated by the contribution of thermally activated
transitions or tunnel transitions between energy wells.99 In the
case of the two-level RTN observed in MOSFETs, it is well known
that the charge trapping/detrapping at a single trap inside the
oxide layer is responsible for the RTN.79,100,101 In oxide-based
resistive memory devices, RTN has been reported for various
resistance states and has usually been attributed to the traps
distributed in the oxide memory material.102–104 With the expo-
nential decay of A(t) (Bexp(�t/t0), where t0 is the relaxation time
of the random telegraph noise), two-level RTN is known to exhibit
a Lorentzian power spectral density79

SI /
1

1þ 2pf t0ð Þ2
(6)

However, the power spectral density cannot provide all the
useful information regarding RTN because alterations in the
conductance states and the amplitude levels between the states
cannot be clearly deduced from the power spectra. Therefore,
when analyzing RTN, time domain measurements and their
direct statistical analyses are important for understanding the
physical nature of the system. For example, the mean spent
time (t2 and t1) in each state of two-level RTN is usually found
to have an exponential relation to the inverse of temperature
(1/T):79,90,105

t1 / exp
E1

kBT

� �
; t2 / exp

E2

kBT

� �
(7)

where E1 and E2 are the activation energies of each state.
In organic electronic devices, RTN has been observed in
organic resistive memory devices (Section 3.2), SAM junctions
(Section 3.3.1), and single-molecule junctions (Section 3.3.2)
due to contributions from the traps or conformation changes in
the molecules.

2.4. 1/f noise

Specified by its name, any electronic noise that exhibits a power
spectrum density with a 1/f g frequency dependence (0.9 o go 1.1)
is called 1/f noise. This type of noise can be observed in most
semiconductor systems, such as MOSFETs,106–108 bipolar junction
transistors (BJTs),109 thin film transistors,110,111 light emitting
diodes,112,113 solar cells,114 magnetic random access memory
(MRAM) devices,115 flash memory devices,116 and resistive
random access memory (RRAM) devices.95,117–119 Because 1/f
noise appears ubiquitously in electronic systems from the bulk
size to molecular size and from crystals to disordered systems, a
well-defined process or mechanism explaining all the 1/f noises
in various systems does not exist. However, there are a number
of insightful explanations that are limited to specific ranges of

systems. In the field of semiconductor physics, a tremendous
number of studies have been conducted since the 1950s regarding
the analysis of 1/f noise in semiconductors.79,120–126 Here, we
introduce representative explanations that will be helpful for
understanding this review. In the 1950s, McWhorter suggested
that 1/f noise is caused by charge carrier number fluctuations at
the interface between the semiconductor and oxide.121,126

In oxides, the traps are distributed uniformly, and charge
carriers in the semiconductor can be trapped and detrapped at
the oxide traps, causing number fluctuations in the conductive
charge carriers. These fluctuations are called generation–
recombination (GR) noise and exhibit a Lorentzian spectrum
for a single trap. Because there are a number of traps inside the
oxide, the resultant noise is the superposition of the GR noises
with different characteristic times for each trap. If the traps are
distributed uniformly in the oxide and electrons can be trapped
due to tunneling, the distribution of the characteristic times is
proportional to 1/t. For the distribution in the range of t1 and t2,
1/f noise can occur in the range of t1 o t o t2 due to the
superposition of the GR noises. McWhorter’s description
provides a very useful framework for understanding 1/f noise,
so the description has been employed for describing the noise in
various FET systems.

In the 1960s, Hooge proposed a universal empirical relation
from a number of noise measurements in metals and semi-
conductors, which is called Hooge’s empirical relation.121,122,127,128

SR

R2
¼ SI

I2
¼ SV

V2
¼ a

f Nc
(8)

where a is called the Hooge parameter and Nc is the total number
of free charge carriers inside the material. The relation describes
the bulk noise inside a specimen, as indicated by Nc. Initially, a was
found to be approximately 2 � 10�3 for ohmic homogeneous
samples, and it was considered to be a universal constant.
However, in later studies, a was found to be dependent on the
temperature, magnetic field, crystallinity, and material type.
Therefore, Hooge’s relation is not a universal relation, although
the relation can be considered as a useful standard for noise
experiments. In homogeneous and ohmic samples, the mea-
sured a value does not deviate by more than two orders of
magnitude from 2 � 10�3. Strongly disordered and inhomoge-
neous samples can have a values many orders greater than 2 �
10�3, as the effective number of free charge carriers may
be much smaller than Nc. In organic semiconductor devices,
all a values have been measured to be greater than 2 � 10�3,
depending on the material type and device structure. Based on
Hooge’s empirical relation, the bulk mobility fluctuation
induced by charge scattering has been considered to result in
1/f noise.129

In the 1990s, researchers tried to explain 1/f noise in
MOSFET devices as the contribution of both number fluctua-
tions and mobility fluctuations.92,130 The fluctuations in the
oxide trap occupancy can affect the scattering rates and cross
sections of the charge carriers in a semiconductor and are
referred to as correlated fluctuations between the carrier number
and surface mobility. One of the most widely used noise relations
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for correlated fluctuations was proposed by Ghibaudo et al. and is
expressed as130

SI

I2
¼ 1þ ascmeffCox

ISD

gm

� �2
gm

2

Id2
Sfb (9)

where asc is the scattering coefficient, meff is the effective mobility,
ISD is the source–drain current, Cox is the gate oxide capacitance,
gm is the gate transconductance and Sfb is the flat band voltage
spectral density. Note that this relation cannot explain the origin
of 1/f noise; however, one can inspect the dependence of the
noise on ID and gm and then check the degree of the noise
correlations with the gate oxide charge trapping fluctuations.

In organic electronic devices, 1/f noises have been found in
almost all the devices, and they depend on the gate voltage,
luminescence, voltage bias regime, resistance, and microscopic
structure. Although 1/f noises in disordered organic materials are
hard to explain, analyzing their dependence on various factors has
provided meaningful insights into the charge transport mecha-
nisms and microscopic structures of organic materials.

3. Noise analyses on OEDs
3.1. Noise analyses on organic thin film transistor (OTFT)
devices

Because the device structures of OTFTs are similar to those of
MOSFETs and inorganic thin film transistors, the noise analysis
methods developed with MOSFETs and inorganic transistors
have been introduced to study the electronic noise in OTFTs,
for example, regarding Hooge’s empirical relation, trapping–
detrapping fluctuations at the interface, and charge number–
mobility correlated fluctuations. Meanwhile, the effects of the
own characteristics of OTFTs such as disordered microstructure,
distributed traps, and interfacial treatment on the electronic
noise have also been studied. Here, we present several examples.

3.1.1. Mobility fluctuations vs. number fluctuations. From
Hooge’s empirical relation, SI/I

2
p N�1 = qmr/V, where m is the

mobility of free charge carriers, r is the resistivity, and V is the
volume of the resistor. One way to check whether the subject
system follows the empirical relation is to measure the relative
noise by varying the number of free charge carriers, N. Vandamme
et al. studied the noise characteristics of poly(thienylene vinylene)
(PTV) and pentacene transistors by varying the channel lengths,
gate biasing, and illumination and indicated an inversely propor-
tional relation between the relative noise and N.35 The PTV
samples showed 1/f noise, and SI p I2 in the ohmic range of
the applied source–drain voltage, Vds (Fig. 2a). The extracted
Hooge parameters were in the 0.01–0.08 range. In the ohmic
range, they investigated the relation between SI/I

2 and the source-
gate voltage, Vgs (Fig. 2b). From a simple capacitor consideration
(Nq = Cdi(Vgs � Vth � Vds/2),38,131 where Cdi is the capacitance of
the dielectric layer, Vth is the threshold voltage, and Vds is the
source–drain voltage), SI/I

2
p Vgs

�1 can be observed with small Vth

and Vds values relative to Vgs. They measured this inversely
proportional relation in the �9 V to �22 V Vgs range. In addition,
N can be controlled by modulating the channel volume with

different channel lengths, L. They measured PTV samples
with different channel lengths (5, 10, 20, and 40 mm) and found
SI/I

2
p L�1, which is in agreement with the empirical relation for

ohmic samples (Fig. 2c). Pentacene is known for its photo-
response property.36,37 While extra free charge carriers are
generated in pentacene samples under illumination, the sample
resistance decreases (R p N�1). By varying the illumination
intensity, Vandamme et al. found that SI/I

2
p R, which supports

the empirical relation (Fig. 2d). An inversely proportional relation
to Vgs has also been reported in other studies on pentacene
transistors38 and UV-treated pentacene transistors.40 Jia et al.
observed similar illumination effects on their UV-treated penta-
cene transistors, suggesting that mobility fluctuations were domi-
nant in their samples.40 Marinov et al. performed mobility and
noise inspections on polymer thin film transistors (3-hexadecyl-
thiophene).41,42 From the power law relation between noise and
mobility and the proportionality between the noise and DC power
(Id � Vds), they concluded that the low frequency noise originated
from mobility fluctuations in the polymer layer. The hopping
process of the charge carriers in the polymer layer was suggested
to be the origin of the mobility fluctuations.

Regarding number fluctuations, Martin et al. suggested that
carrier trapping and detrapping at the intergrain traps of
organic semiconductors provide the sources of 1/f noise in
OTFTs, and the noise level could be further lowered by con-
trolling the degree of ordering in the molecules within the
grains.43 Ke et al. suggested that number fluctuations due to
grain boundaries dominate at low drain currents and the other
number fluctuations due to the interfacial oxide traps dominate at
large drain currents.44 Moreover, Kang et al. investigated the noise
properties of thermally evaporated pentacene OTFTs with various
grain sizes and thicknesses.45 All the devices showed 1/f g noise;
however, different g values were observed depending on the
thickness, grain size, and gate bias (Fig. 3a). In the saturation
regime, all the devices showed g values greater than 1 and close
to 1.4–1.5. Increased g values in the saturation regime were
also observed in the follow-up noise study on poly(2,5-bis(3-
alkythiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT) TFTs.46 The
thickness did not affect the noise characteristics of the OTFTs
because it is known that accumulated charges reside in the first
1–2 monolayers.47,48 The increased g values in the saturation
regime and the linear regime were attributed to the involve-
ment of deep traps at the grain boundaries. In the saturation
regime, the Fermi level around the drain electrode is located
near the mid gap of organic semiconductors; hence, deep traps
at the mid gap are involved in the number fluctuations, with
slower processes than those of shallow traps. Then, the low
frequency component increases, explaining the higher g values
in the saturation regime. If these number fluctuations can be
considered as the superposition of Lorentzian noise from the
interfacial traps, the distribution of traps involved in the
number fluctuations can be changed with the saturation
regime, resulting in a change in the g values.121 Fig. 3b shows
a SI/Id

2�Id plot fitted using eqn (9), which indicates that the
noise in OTFTs is related to the trapping noise model with
correlated mobility fluctuations.130 Kang et al. suggested that
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carrier density fluctuations and mobility fluctuations due to
Coulomb scattering at traps can explain the low frequency
noise of OTFTs. Similarly, evidence for the correlated mobility
fluctuations in OTFTs was obtained by fitting the quadratic

relation between the gate voltage noise (SVG) and Id/gm in
eqn (9).49,50

3.1.2. Effect of the microstructure in OTFTs. OTFTs
with bottom source–drain contact (BC) structures have usually

Fig. 3 Noise-generation phenomena in OTFTs as carrier trapping by traps. (a) Distribution of exponent values of 1/fg for the pentacene OTFT with
different grain sizes (L: 4 mm2, M: 3 mm2, S: 1 mm2 of grain sizes), thicknesses (1: 14 nm, 2: 26 nm) and operating regimes (Sat: saturation, Lin: linear).
Diamond boxes in the graph define the boundary of standard errors, and whiskers in the graph show the boundaries of standard deviations.
(b) Application of the unified noise model to the normalized drain current spectral density of the sample 1L in the linear region. Reproduced with
permission from ref. 44, Copyright 2011, AIP Publishing LLC.

Fig. 2 Noise characteristics of OTFTs and inversely proportional relationship between charge carrier numbers N and relative noise SI/I
2. (a) Current noise

spectra SI in a poly-thienylene vinylene (PTV) sample. The spectra show 1/f and background noise. (b) The relative noise SI/I
2 taken at f = 1 Hz dependence

on the gate voltage Vgs. (c) Geometry dependence of the relative noise on a PTV sample (taken at 1 Hz with Vds = �3 V and Vgs = �15.9 V). (d) Illumination
effects on the relative noise on a pentacene sample. Reproduced with permission from ref. 35, Copyright 2001, AIP Publishing LLC.
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exhibited inferior device performance compared to top source–
drain contact (TC) structures because of the poor morphology
of organic films on metal electrodes.51,52 The carrier mobility
doubled in TC structures due to better injection of the charge
carriers. Necliudov et al. compared 1/f noises from TC and BC
pentacene OTFTs.53 They reported that the SV showed clear 1/f
noise in TC and BC devices and showed a 10 times higher level
for the BC device than the TC device. The extracted Hooge
parameters were three orders of magnitude larger for the BC
devices than those of the TC devices (aBC = 5–20 and aTC = 0.045).
They provided key evidence that the interface and contact proper-
ties can meaningfully affect the noise characteristics.

The mobility of organic transistors is known to be dependent
on the thickness and morphology of the thin active organic
semiconductor layers. For vacuum-deposited organic semi-
conductors, such as pentacene and copper-phthalocyanine,
the field-effect mobility depends on the number of stacked
semiconducting layers, showing scaling behavior between the
mobility and thickness up to 10 layers.47,132 This scaling
behavior suggested the percolation conducting behavior of OTFTs
caused by the disordered structures of the grain boundaries
(Fig. 4a). Grain boundaries form intrinsic energy barriers and
trapping centers that can block charge transport due to high
barrier heights and charge accumulation.54,55 Conrad et al.
measured the current noise of pentacene films with different
film thicknesses and the noise-mobility scaling behavior, which
indicated percolative effects in pentacene transistors.38 They
treated the pentacene transistors as a mixture of conducting
and insulating components that followed a percolation model.
Note that percolative conducting networks exhibited noise
scaling behavior: SI/I

2
p ro.79 Assuming a fixed number

density, this scaling relation becomes SI/I
2
p m�o. Treating

the device as a simple parallel plate capacitor, the assumption
of a fixed number density is reasonable. With various pentacene
thicknesses (7 nm to 40 nm), the Hooge parameter versus the film
thickness and the mobility versus the film thickness were mea-
sured, respectively (Fig. 4b and c). After combining the relations,
the Hooge parameter and mobility followed the scaling behavior
of aH p m�o (o = 2.9 � 0.4) under a 20 nm film thickness.
Conrad et al. concluded that this scaling behavior was attributed
to current crowding in the pentacene films as inhomogeneous
systems in which the charge carrier transport was disrupted by the
grain boundaries.38

In the case of BC structures, the microstructure or organic
thin film near the source/drain electrodes can be controlled
using surface chemical treatments on the electrodes.133 Speci-
fically, a solution-processed fluorinated 5,11-bis(triethylsilyl-
ethynyl)anthradithiophene (diF-TESADT) transistor with penta-
fluorobenzenethiol (PFBT)-treated bottom source/drain electrodes
showed larger grain sizes near the electrodes and better electronic
characteristics.56–58 Jurchescu et al. observed the correlations
between microstructure changes and 1/f noise in diF-TESADT TFTs
(Fig. 5).39 They prepared three types of samples with bottom-
contacted Au electrodes. No contact treatment was applied to type
1 devices. For type 2 devices, the source/drain bottom electrodes
were treated with PFBT. For type 3 devices, the bottom electrodes

were treated with PFBT, and the oxide insulator was treated with
hexamethyldisilazane (HMDS). Then, dif-TESADT films were spin
cast onto the electrodes. For the type 2 devices, highly crystalline
grains were formed on and near the bottom electrodes (Fig. 5a
and b). For the type 1 devices, the highly crystalline grains showed
no significant growth at the contact edges (Fig. 5c). For the type 3
devices, the highly crystalline grains were extended throughout
the entire channel due to the gate oxide treatment with HMDS
(Fig. 5d). The field effect mobilities and relative noise (SI/I

2) were
plotted along the channel lengths (Fig. 5e). The current noise in all
the device types exhibited 1/fg-type noise, with 0.85 o g o 1. The
mobilities showed exponential decay with increasing channel
lengths, which might have indicated a percolation effect due to
the presence of inhomogeneous conductors.59 At short channel
lengths smaller than 25 mm, the type 3 devices showed the highest
relative noise, and the type 1 devices showed the lowest relative
noise, which implies that better crystalline grains generate less
electronic noise. The sudden changes in the mobility decay rate
and the rapid decrease in the relative noise levels corresponded
well to the morphological changes in Fig. 5a–d. When less crystal-
line grains formed at the middle of the channel, higher noise was
generated due to the larger number of grain boundaries. It is
notable that the noise measurements were sensitive to the
formation of poorly ordered regions.

Defects are distributed in organic semiconductors where
traps are formed due to chemical impurities, grain boundaries,
and sliding between molecules.134 The charge carrier transport
in organic semiconductors is known to occur due to hopping
between localized electronic states. While Conrad et al. showed
that percolation behavior is caused by grain boundary formation,38

Fig. 4 Percolative effects indicated by the spectral noise. (a) (20 mm)2

atomic force microscopy image of the channel edge of a 7 nm-thick
pentacene film. Inset: (blue) the first pentacene layer, (green) the second
and third pentacene layers, and (red) more than three layers. (b) Average
Hooge’s parameter and mobility as functions of the pentacene film
thickness. Combining the relations (b) and (c) with film thicknesses below
20 nm, one can obtain the relation aH p 1/mo, where o = 2.9 �
0.4. Reproduced with permission from ref. 38, Copyright 2007, AIP
Publishing LLC.

Journal of Materials Chemistry C Review

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
8/

07
/2

01
7 

05
:4

5:
18

. 
View Article Online

http://dx.doi.org/10.1039/c7tc01997a


7130 | J. Mater. Chem. C, 2017, 5, 7123--7141 This journal is©The Royal Society of Chemistry 2017

Carbone et al. showed that voltage-controlled trap filling inside
pentacene can also cause percolation effects.60 Sandwich struc-
tures (Au/pentacene/Al) were used in their study to exclude the
interfacial trap effect. In this diode-type structure, organic

semiconductors are known to exhibit space-charge-limited
current (SCLC) behavior related to the trap-filling effect.61–63

In the sandwiched pentacene samples, three transport regimes
were observed in the I–V characteristics: the ohmic regime
(I B V at 0.3–0.8 V), trap-filling regime (I B V5.1 at 0.8–2 V),
and SCLC regime (I B V2 at 42 V). The noise spectra exhibited
1/f-type noise, and they observed peculiar changes in the
relative noise amplitude (Fig. 6). In the ohmic regime, the
relative noise amplitudes remained the same as the voltage
changed. In the trap-filling regime, the relative noise increased
with voltage. Then, the amplitude decreased in the SCLC
regime as approximately 1/V, according to a noise suppression
mechanism. Then, the noise peak in which the relative amplitude
became maximum could be observed within the trap-filling
regime. In the ohmic regime, the conductive component consisted
of thermally excited charge carriers. In the SCLC regime, the deep
traps were almost completely filled so that the charge transport
was dominated by space charge-controlled injected holes. In the
trap-filling regime, the system could be seen as a continuum
percolative medium in which the conductive phase (ohmic regime)
and the insulating phase (SCLC region) competed with each other.
Then, the noise peak could be understood as the critical behavior.
In the trap-filling region, percolative scaling between the relative
noise and conductive volume fraction (f) is expressed as

SI

I2
/ f� fcð Þ�k/ n� ntð Þ�k (10)

where fc is the critical conductive volume fraction, k is a critical
exponent, n is the free carrier density, and nt is the trapped carrier
density. Upon increasing the voltage bias, charge carriers become
trapped in deep traps within pentacene with increasing nt. Then,
at the point where n = nt, the noise peak could be observed.
Carbone et al. further developed a noise model, which provides a
quantitative interpretation between the relative current noise and
applied voltage.64 The noise model includes the noise generated in
the ohmic, trap-filling, and SCLC regimes (SI/I

2 = Sohm/Iohm
2 +

STF/ITF
2 + SSCLC/ISCLC

2).

Fig. 5 Microstructure effects of OTFTs on the relative noise amplitudes.
(a–d) Optical micrographs of the three types of contact-treated organic
transistors. No contact treatment was applied to type 1 devices. The
contacts were treated with pentafluorobenzenethiol for type 2 and type 3.
An extra step of HMDS treatment on the gate dielectric was used for type 3.
(e) Saturation mobility m vs. channel length L for diF-TESADT TFTs (upper
graph). Normalized spectral density (SI/I

2) at f = 100 Hz for the same
devices. Reproduced with permission from ref. 39, Copyright 2008, AIP
Publishing LLC.

Fig. 6 Noise spectra for the Au/Tc/Al sample. (a) Ohmic regime: relative noise does not vary with V in the ohmic regime (0.3–0.8 V). (b) Trap-filling
regime: relative noise sharply increases with V during the trap-filling transition (0.8–2 V). (c) Space-charge-limited current regime: relative noise
decreases approximately as 1/V (42 V). The two-phase medium is shown in the insets. The horizontal arrows represent the current direction. The white
areas represent filled traps, i.e., insulating sites characterized by sSCLC(f) noise. The dark areas represent empty traps, i.e., conductive sites characterized by
sO(f) noise. Reproduced with permission from ref. 60, Copyright 2005, American Physical Society.
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3.1.3. Statistics of 1/f noise in OTFTs. According to
Marinov and Deen’s work on the collection of low-frequency
noises in OTFTs, almost all the OTFTs exhibited 1/f g noise with
g = 1.042 � 0.08 (Fig. 7a).65 Marinov and Deen rearranged these
data into a function of the relative noise amplitude and device
channel area, and compared them to various inorganic TFTs66

(MOSFETs, BJTs, nanowires, and carbon nanotubes) (Fig. 7b).
The reciprocal relationship between the relative noise amplitude
and active area of a device ( f�SI/I

2
p (WL)�1) is a well-established

scaling rule because it can be described using Hooge’s empirical
relation, the interfacial trapping model, and the variable-range
hopping fluctuation model.65 It is notable that the relative noise
amplitudes of OTFTs are about three orders of magnitude higher
than those of inorganic transistors. Therefore, the LFN generation
after downscaling OTFTs into microsized channel dimensions
should be carefully considered. Another observation in Fig. 7b is
that the deviations from the scaling trends for the OTFTs and
inorganic transistor devices were on the same order of magnitude
(s B 9 dB10). The deviations in OTFTs may have originated from
the diverse fabrication processes used. And the same order of
deviations between inorganic and organic devices meant the
diversities in the OTFT fabrication and the inorganic devices
were similar in the magnitude order. Marinov and Deen noted
that a single noise model could not fully explain the behavior of
all OTFTs due to this diversity.

3.2. Noise analyses on organic memory devices

Organic resistive memory devices have multiple resistive states
when the applied bias is modulated. There are several material
and structural types of organic resistive memory devices, such
as single-layers, bilayers, embedded structures, and nano-
composite layers.135 Various types of organic resistive memory
devices have been fabricated, electrically characterized, and
utilized. However, the switching mechanisms of organic resistive
memory devices are still debated because of their highly dis-
ordered structures and variability. In this regard, noise analyses
can provide an influential way to understand the resistive
switching in a statistical sense. The electronic noise from various
conductive states (low or high resistance states and the resistance

state near switching occurs) can be analyzed, indicating each
noise source at the resistance state. Profound noise analyses have
been performed on single-layer type organic memory devices with
metal oxide interfaces and organic nanocomposite type memory
devices regarding the localized current pathway formation and
percolation behavior.

3.2.1. Metal-oxide polymer resistive memory devices.
Rocha et al. measured the current noise characteristics of metal-
oxide polymer memory devices and concluded the formation of
filamentary conduction pathways in their memory devices.67

The interface between a sputtered Al2O3 layer and spirofluorene
polymer layer was crucial for the resistive switching behavior.
In their memory devices, the I–V characteristics showed uni-
polar bistable behavior with negative differential resistance
(NDR) (Fig. 8a). In addition, 1/f g noises with g = 1 and 1.5 were
measured at a low voltage (0.5 V, on state) and near the NDR
(5 V) (Fig. 8b), respectively. At 0.5 V, the relative amplitude of
the 1/f noise (C1/f = fSI/I

2) was higher (1.8 � 10�6 cm2) than the
C1/f E 10�18 cm2 measured from the 1/f noise in tunnel
junctions.68 The high amplitude of the 1/f noise was expected
in the case of low numbers of free charge carriers or the
constriction of charge carrier flow. Fitting the I–V charac-
teristics to the Mott–Gurney law, a 102 smaller effective area
compared to the real device area was calculated in their
discussion, also indicating the presence of localized conduc-
tion in the resistive memory devices. The exponent g = 1.5 at 5 V
(near the NDR) suggested that a different mechanism domi-
nated over 1/f noise. The value of 1.5 was attributed to the
diffusion of defects related to the conducting spots in the
Al2O3 layer. After quasistatic capacitance–voltage and electro-
luminescence experiments on the same memory system, Bory et al.
concluded that the bistable behavior originated from conducting
filaments and charge trapping at the interface of the Al2O3 and
polymer layers. To explain these results, they introduced a quasi-
particle that consisted of a trapped electron at the organic semi-
conductor interface and a trapped hole (called ionized defects) at
the metal oxide interface.69 The domains with ionized defects had a
low work function; hence, these regions could enable the injection
of electrons (current filaments) (Fig. 8c).

Fig. 7 Distribution of noise spectra of OTFTs. (a) Noise spectra of OTFTs. Symbols denote published data. Thin curves denote approximation SID(1 Hz)/f +
Swhite. (b) Normalized low frequency noise, f�SID/ID

2
p KF, is the reciprocal function of the channel area W�L in OTFTs and inorganic TFTs. Reproduced with

permission from ref. 65, Copyright 2015, IEEE.
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3.2.2. Organic nanocomposite resistive memory devices.
Organic resistive memory devices using blends of conducting/
semiconducting molecules and insulating polymers have exhibited
high device quality, high on/off ratios, enhanced endurance
properties and stable memory characteristics under thermal
stress.6,136,137 This type of organic resistive memory can be
considered as a nanocomposite system because conductive
nanoclusters/molecules are embedded in the insulating polymer,
forming a highly disordered electronic structure. The switching
mechanism of organic nanocomposite resistive memory devices
has been debated, and Coulomb blockade conduction,137 metal
filament formation,138 and trap-filling conduction139 have been
suggested. Many nanocomposite resistive memory devices have
shown multistorage functionality, such as intermediate resistive
states (IRSs) that are found between the highest resistive state
(HRS) and the lowest resistive state (LRS).

Song et al. proposed advanced insights into the switching
mechanism of nanocomposite resistive memory devices via a
noise analysis.70 Fig. 9a shows the unipolar switching charac-
teristics of polyimide:phenyl-C61-butyric acid methyl ester
(PI:PCBM) resistive memory devices. By applying voltage sweeps
with different Vend values (5.5 V to 10 V) at the NDR of each sweep,
various IRSs could be approached. Typically, when the Vend value

was higher, the current level became lower (higher resistive state).
In addition, the SI/I

2 spectra were measured at the LRS, HRS and
NDR, which exhibited 1/f g noise with g = 1 for the HRS and LRS
and g = 1.5 for the NDR (Fig. 9b). The exponent value increased
from 1 to 1.5 gradually as the applied bias increased from 1 V. The
increase in g from low bias to high bias indicated different
dominant charge transport behavior in the NDR (Fig. 9c). Mean-
while, at low biases (0.5 V), all the IRSs, including the HRS and
LRS, showed g = 1, with increasing relative noise amplitude as the
resistance increased. The relation between the relative noise and
resistance of the IRS exhibited a power-law (SI/I

2
p Ro) with o =

0.95 (Fig. 9d). This scaling behavior indicated the percolative
formation of localized current pathways as the origin of the IRSs.
However, the physical nature of the localized current pathways
was still not clear. One possibility was metal conductive filament
formation caused by metal ion migration from the electrodes.
However, unipolar I–V characteristics were observed despite the
asymmetric electrode structure (Al/PI:PCBM/Au), and the nonohmic
behavior at all IRSs, even for the LRS (B1 kO), denied the possibility
of metal conductive filament formation.70 Note that another noise
scaling behavior with o = 1.8 was reported for a NiO resistive
memory device in which Ni metal filament formation occurred.140

Song et al. argued that a trapping–detrapping process could explain

Fig. 8 I–V and noise characteristics of the metal-oxide polymer resistive memory device. (a) I–V characteristics in the ON and OFF states of an Al/Al2O3/
PFO/Ba/Al bistable resistive-switching diode. The inset shows the device structure. (b) Current noise spectrum in the transition from the ohmic to SCL
region, indicating a diffusion mechanism at higher bias. (c) Schematic representation of a current filament. Reproduced with permission: (a) and (b) from
ref. 67, Copyright 2012, IEEE; and (c) from ref. 69, Copyright 2015, AIP Publishing LLC.
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the nature of the localized current pathways. They also reported
telegraphic noise at the NDR characterized by long characteristic
times (tens of milliseconds). They suggested that PI:PCBM had a
distribution of deep trap levels, and charge trapping/detrapping
processes at the deep trap levels were the source of the telegraphic
noise and percolation behavior.

Song et al. further studied the noise characteristics of other
organic nanocomposite memory (polystyrene:PCBM (PS:PCBM))
devices under variable temperature conditions.71 In their study,
they measured noise spectra at 100 K, 200 K, and 300 K, and then
observed the temperature dependence of the noise characteris-
tics. Specifically, time traces showed that the telegraphic noise at
the NDR (at 8 V) was drastically reduced and showed longer
dwell times at 200 K and 100 K (Fig. 10a). The telegraphic noise
also showed reversible transitions between more than two
current states, as clearly shown at 6 V and 200 K (Fig. 10b).
If the telegraphic noise was related to the diffusion of the
filamentary element, the current level would not have been
reversibly accessible. The reversible access of the current levels
indicated that telegraphic noise occurred in the stationary
structures, such as localized traps. They concluded that this
telegraphic noise could be understood as current path fluctua-
tions induced by charge trapping and detrapping in the deep
trap levels distributed in the organic nanocomposite memory
device. Fig. 10c illustrates this argument. The white boxes
indicate the gap between the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) of the insulating matrix (PS or PI). Charge carriers
can be trapped and localized in the deep trap energy levels due

to a high trap-energy barrier relative to the conduction level of
the insulating matrix. If deep trap levels are already occupied by
charge carriers, charge carriers can easily pass through the
shallow trap levels above the deep trap levels via trap-assisted
tunneling or the Poole–Frenkel conduction process. Hence,
IRSs can be understood as the localized current pathways
formed by deeply occupied traps as a result of Vend modulation
in the NDR regime. The PS:PCBM memory device also showed
noise scaling behavior similar to PI:PCBM with o = 1.27 at
room temperature, as expected. The o value decreased from
1.27 to 0.88 as the temperature decreased from 300 K to 80 K
(Fig. 10d). The change in o was attributed to the geometrical
variations in the current pathways.

3.3. Noise analyses on molecular-scale electronic devices

In this section, we discuss noise studies on molecular-scale
electronic devices, in which molecules represent ultimate
downscaled organic materials.141,142 Metal/molecules/metal
junctions are highly sensitive to the interfacial formation of
traps or their configurational changes when their electric currents
are measured.143 The dynamics of trapping/detrapping during
trap or redox events could be observed as RTNs in SAM junctions.
In the case of single-molecule junctions, the configurational
change and the charge transmission characteristics of the molecular
junction were analyzed through electronic noise measurements.

3.3.1. Self-assembled monolayer (SAM) junctions. Kim et al.
observed RTN signals in their metal–molecule–metal junctions,
demonstrating the existence of localized traps in the molecular
junctions.72 They used SAM-based molecular junctions in which

Fig. 9 I–V and noise characteristics of the organic nanocomposite resistive memory. (a) I–V characteristics of PI:PCBM memory devices exhibiting
multiple current levels. (b) Relative current noise power spectral densities of the LRS, HRS, and NDR. (c) The values of the g (at SI B 1/f g) from the LRS to
NDR change from 1 to 1.5. (d) Power-law relationship between the relative noise and the resistance of the IRSs, at f = 101.4 Hz and 0.5 V bias. Reproduced
with permission from ref. 70, Copyright 2015, American Chemical Society.
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1,6-hexanedithiol (HDT) molecules were self-assembled between
Au electrodes (Fig. 11a). They noted that the defective molecular
junctions (4%, 16 devices of the 400 devices) exhibited peculiar
and consistent noise behavior that was different from the normal
devices. The noise spectra of the defective molecular junctions
exhibited 1/f noise behavior under 20 Hz and 1/f 2 noise behavior
above 20 Hz, indicating a superposition of different noise
sources, while the normal devices only exhibited 1/f noise
(Fig. 11b). The relative noise amplitude showed a local bump at
0.6 V. In addition, they observed a local bump in the relative
noise amplitude at approximately 0.6 V, which was absent in the
normal devices. These behaviors indicated the localization
of defects in the molecular junction. Furthermore, voltage-
dependent RTN signals were observed in the defective devices
(Fig. 11c and d). The RTN signals with two-level current fluctua-
tions could be modulated by the voltage bias, and a higher
voltage bias led to a longer dwelling time at the high current
level. The fluctuations between the two-current levels could be
explained as the localization of charge carriers at the trap states
in the molecular junction. When a charge carrier was in the
trapped state or detrapped state, low or high current levels were
observed, respectively. The applied voltage could modulate the
potential difference between the trapped state and conduction
level of the metal; hence, higher voltage biases induced higher
rates of re-emission from the trapped state (Fig. 11e).

Arielly et al. observed the redox events in SAM-based mole-
cular junctions.73 The molecular junctions had a suspended
Au nanowire that was covered with thiol molecules, as seen
in Fig. 12a. The self-assembled mixed-monolayer-covered Au

nanowires consisted of 1-dodecanethiol (denoted C12) and
6-(ferrocenyl)hexanethiol (FHT) molecules at a ratio of 3 : 1.
The SAM-treated Au nanowires could be suspended onto bottom
Au leads using a dielectrophoresis technique. FHT molecules have
ferrocene groups in which oxidation–reduction reactions can
easily occur due to an applied electric field.16 The FHT molecules
were diluted with C12 molecules to establish weak coupling
interactions with the second Au electrode and to ensure sufficient
time for structural rearrangement during the charging events
(Fig. 12b). Applying a DC voltage at the junction at a low
temperature (77 K), they observed voltage-dependent two-level
fluctuation (TLF) of the current level with a long characteristic
time (milliseconds). The TLF behavior was observed only in the
molecular junctions with the FHT molecules, while the other
SAM junctions with alkanes of various lengths, such as 1,10,40,100-
terphenyl-4-thiol, biphenyl-4,40-dithiol, and various oligophenylene
ethynylenes, did not exhibit TLF behavior. Therefore, junction
conductivity fluctuations due to the stochastic process of
oxidation–reduction in the FHT molecules were suggested as
the cause of the TLF behavior. The voltage-dependent rates of
oxidation and reduction were formulated and fitted to the
experimental data. The extracted parameters such as the reorga-
nization energy, energy level alignment, and transition probability
were in good agreement with the reported values. The possible
mechanism for the varying conductance with the different redox
states can be explained by two factors. (a) The redox state could
affect the conductivity of the neighboring C12 molecules by
shifting the LUMO of the C12 molecules. (b) The conductivity
of the FHT molecules themselves could change due to the

Fig. 10 Current noises of PS:PCBM memory devices under different temperature conditions. (a) Time traces of currents at 100 K, 200 K, and 300 K in the
NDR regime (8 V bias) for 50 ms. (b) Well-separated current plateaus at 6 V bias and 200 K. (c) Schematic of the current pathway removal process with
NDR modulation. The blue colored circles indicate the electrons that are localized in the deep trap levels or escaping the deep trap levels. (d) Power-law
relationships between the relative power spectral densities and the resistance of the IRSs at 80 K, 150 K, 225 K, and 300 K with f = 101.4 Hz and 0.5 V bias.
Reproduced with permission from ref. 71, Copyright 2016, Macmillan Publishers Limited, part of Springer Nature.
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HOMO–LUMO gap change. The existence of only two-level
fluctuation of currents could not be obviously explained in this
study. The number of FHT molecules in the junction was
estimated to be approximately 3000. Therefore, if each FHT
molecule underwent the redox process independently, the resultant
current fluctuation would not show TLFs due to superposition.
If patches of the FHT molecules underwent redox processes
coherently due to attractive interactions between adjacent
molecules or only single FHT molecules participated in the
redox process, TLFs would be observed.

3.3.2. Single-molecule junctions. Single-molecule junctions
are well-defined structures to be studied for engineering extre-
mely downsized OEDs.141 Xiang et al. observed telegraphic noise
and Lorentzian-shaped 1/f 2 noise in their organic single-molecule
junctions.74,75 The single-molecule junctions were characterized
using mechanically controllable break junctions (MCBJs)
(Fig. 13a). 1,8-Octanedithiol (ODT), 1,4-benzenedithiol (BDT),

and 11-mercaptoundecanoic acid (MUA) were used to study the
noise properties at room temperature. The anchoring of a
single molecule could be identified by measuring the conduc-
tance of the lock-in state while increasing the push rod
displacement.75 For example, the conductance of the BDT
junction was measured to be approximately 6 � 10�3G0, where
G0 is the conductance quantum (2e2/h). Without molecules in
the MCBJ, the tunneling current through the junction showed
1/f-type noises. The noise amplitudes were varied by varying the
junction gap size, showing that the noise amplitude was quad-
ratically dependent on the current level (SI p I2) (Fig. 13b).
When a molecule was anchored in the junction, the noise
spectra showed extra 1/f 2 components. All the molecular junc-
tions in this study showed Lorentzian noise with different
characteristic frequencies ( f0) (Fig. 13c). The f0 values were
found to be 1.1 kHz for BDT, 0.27 kHz for ODT and 0.07 kHz
for the MUA molecules at a 20 mV bias. The f0 values were not

Fig. 11 Noise characteristics of a molecular junction with a single localized trap. (a) Schematic diagram of the molecular device structure
with a molecular structure of hexanedithiol (HDT). (b) Low frequency power current noise spectra of the Au–HDT–Au junction. The inset
shows the voltage dependence of the relative power spectrum of current noise at frequency f = 10 Hz, indicating a localization of defects.
(c) Time-dependent two-level RTNs of the Au–HDT–Au junction (3 ms per point at room temperature for 0.7 s). (d) Corresponding histograms for the
RTNs. The histograms are fitted with Gaussian peaks where green and red lines indicate trapping and detrapping events, respectively. (e) Schematic
energy band diagrams of the molecular junction with a single localized trap. Reproduced with permission from ref. 72, Copyright 2010, American
Chemical Society.
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dependent on the bond strength or atomic bonding type with
the electrode. Therefore, the induced telegraphic noise could

not have originated from the contact between the molecules
and the electrode, but rather most likely originated from the
molecular structure. In the time domain, telegraphic noise was
observed in the single-molecule junctions, while the vacuum
junctions did not exhibit telegraphic noise (Fig. 13d). The small
difference (1.5 nA, 12% of the current level) between the high
and low current levels also excluded the possibility of the
interfacial contact effect, in which breakage and reconnection
of molecules at the bonding interface can occur. The slow charac-
teristic times were attributed to the slow processes induced by the
structural or configurational changes in the molecule due to the
correlation between charge transfer through a molecular junction
and structural changes. The molecular changes induced by
the channel current were compared using a Lorentz oscillator
in which Lorentzian noise could be induced. Supporting this
argument, they found a consistent dependence of f0 on the
current level and molecular weight ( f0 p I, f0 p M�1/2, where
M denotes the molar mass of a molecule).

The conductance values measured for the same single-molecule
junctions have been widely spread because of the junction
geometry.76–78 In this regard, single-molecule junctions fabri-
cated using an MCBJ can realize a mesoscopic system in which
one-dimensional electrons can be transported through narrow
constrictions between two electrodes (so called quantum point
contacts). A shot noise analysis can provide essential informa-
tion on molecular junctions, such as the effective number of
channels, the transmission/reflection rates of an electron at the
junction, and the degree of correlation between the tunneling

Fig. 12 Detection of redox events in ferrocene-based molecular
junctions. (a) Schematics of monolayer-covered Au nanowires suspended
on lithography defined Au contact pads on top of an oxide covered
Si substrate. Alignment of nanowires is achieved by dielectrophoresis
using an AC voltage, VAC. Measurement of a certain junction is performed
by applying a DC voltage, VDC, between the common pad and the relevant
floating pad. (b) Schematics of a part of a mixed monolayer with one
(ferrocenyl)hexanethiol (FHT) molecule and diluting thiol–alkyl chains. The
ferrocene group is coupled to one side of the junction via an alkyl chain,
and to the other via space. (c) Current–time traces showing two-level
fluctuation (TLF) signals. Reproduced with permission from ref. 73, Copyright
2014, American Chemical Society.

Fig. 13 Noise characteristics of single-molecular junctions. (a) Scanning electron microscopy image of a nanofabricated mechanically controllable
break junction (MCBJ). Inset: Schematic drawing of two nano-electrodes bridged by a molecule (1,4-benzenedithiol (BDT)). (b) The voltage noise power
spectral density of the molecule-free junctions in the tunneling regime, measured with respect to different gap sizes between the gold nanoelectrodes.
The tunneling resistance is measured to be 0.022, 0.030, 0.170, 1, and 10 MO from top to bottom, respectively. (c) The noise power spectral density of the
molecule containing junction in the lock-in state for a single BDT molecule bridging two electrodes. Reproduced with permission: (a), (c) and (d) from
ref. 74, Copyright 2015, AIP Publishing LLC; and (b) from ref. 75, Copyright 2012, AIP Publishing LLC.

Review Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
on

 2
8/

07
/2

01
7 

05
:4

5:
18

. 
View Article Online

http://dx.doi.org/10.1039/c7tc01997a


This journal is©The Royal Society of Chemistry 2017 J. Mater. Chem. C, 2017, 5, 7123--7141 | 7137

charges. A full expression for the noise level of a quantum point
contact with N channels can be expressed as:77,80,144

SI ¼ 2qV coth
qV

2kBT

� �
2q2

h

XN
i

ti 1� tið Þ þ 4kBT
2q2

h

XN
i

ti2

(11)

where kBT is the thermal energy, h is the Planck constant, and
ti is the transmission probability of the i-th channel. The left
term indicates the shot noise, and the right term indicates the
thermal noise. For kBT { qV, eqn (11) reduces to SI = 2q|%I|F,
where %I is the average current over time and F is the Fano factor
given as:

F ¼

PN
i

ti 1� tið Þ

PN
i

ti

(12)

After fitting the Fano factor with the actual shot noise level, one
can obtain useful information about the number of channels
(N) and transmission probabilities (ti). Therefore, by measuring
the shot noise, one can gain insights into the microscopic
details of a mesoscopic system (note that the uncertainty in the
fitted values (N and ti) is very small since the fitting is sensitive
to N and ti). The first shot noise measurements were performed
by Ruitenbeek et al. using a single deuterium molecule device
at a cryogenic temperature (4 K).144 They found that the shot
noise was suppressed (F B 0.02) with G B G0 in the device. This
result indicated that their deuterium-molecule junction was
almost transparent, with a transmission probability of B0.995.
A single channel seemed to dominate because additional
channels gave very small transmission probabilities (ti o 0.01,
i a 1). Organic molecules have complex structures, and junction
geometries can be numerous according to the junction size and
bonding sites, leading to widely spread conductance values
and various channel numbers. For shot noise measurements
of organic single-molecule junctions, Ruitenbeek et al. showed
that Pt–benzene–Pt junctions without any anchoring groups
could have different channel numbers and transmission prob-
abilities according to the various junction geometries with
different junction conductivities.76 Recently, Sheer et al. ana-
lyzed the shot noise of Au–BDT–Au junctions with Au–S binding
by employing a similar shot noise analysis by Ruitenbeek et al.77

They used well-defined single-molecule junctions, which were
identified by the vibration mode peaks in their inelastic electron
tunneling spectra and symmetrical binding at the electrodes
using I–V fitting. They measured the shot noise on molecular
junctions with a conductance range from low (G B 10�2G0) to
high (G 4 0.1G0). From the shot noise measurements on the
molecular junctions (0.23G0) at the cryogenic temperature (4.2 K), a
single-channel assumption provided the best fitting result for the
shot noise level and applied voltage functions (Fig. 14a). The fitted
value of the transmission probability was 0.23, which corresponded
to the Landauer formula (G = tG0 for a single channel). As shown in
Fig. 14b, multiple channels produced incorrect fitting results that
were higher than the actual data. The X and Y at each axis indicate

the expressions of the applied voltage and shot noise level for the
simplified fitting, respectively. The single-channel fitting also
correlated the best with the other molecular devices with lower
conductance values down to 0.037G0, although the contribution
of additional channels could not be ignored at low conductance
values. These results indicate that a single conduction channel
dominated the transport for most of the electrode separations.
The single-channel formation was also identified from the
junction geometry investigation using density functional calcu-
lations while increasing the channel lengths (Fig. 14c).

4. Summary and outlook

Organic electronic devices (OEDs) have been extensively studied
for various device applications with fast-paced progress. While
research on organic electronic devices has often focused on
trial-based optimization of the device performance, a precise
understanding of organic electronic devices has been over-
looked because of the unpredictable and disordered structure
of the utilized organic materials. Noise analyses can provide not
only a figure of merit for OEDs but also statistical information
and deep insights into the intrinsic nature of OEDs. In this
review, various noise analyses on OEDs, including organic thin
film transistors, organic resistive memory devices, and mole-
cular junction devices, were explored for characterizing the
fluctuation responses and device physics. In the case of bulk
organic materials, the major factors that affect the noise
characteristics are the trap distribution inside the organic
material and the interfacial morphology. Due to their highly
disordered structures, OEDs show generally large noise ampli-
tudes compared to crystallized inorganic devices. In the case of
molecular junction devices, small changes in the molecules,
such as single-trap formation and chemical and conforma-
tional changes, can exhibit huge noise signal differences, such
as random telegraphic noise or Lorentzian noise due to the
subnanometer junction scale. Shot noise measurements in
single-molecule junctions can provide profound information
about the tunneling characteristics, such as the tunneling rate
and number of tunneling channels.

There are many challenges to be resolved regarding the
electronic noise characteristics of OEDs. While there may be
other crucial issues, we think that the following issues are the
essential research areas. (i) Downscaling issues – because the
noise amplitude is generally high in OEDs, the sensitivity of
future OEDs with downscaled and highly integrated electronic
circuits will be seriously determined by the noise. The contact,
crystallinity, and trap formation will be the important factors
affecting the high noise levels in downscaled OEDs. Therefore,
it will be valuable to accomplish low-noise generating OEDs by
controlling such factors. (ii) Disorder and trap issues: disorder
and trap formation in OEDs are the crucial contributors for
noise generation. However, it seems that studies regarding
systemic noise analyses on the relation between the micro-
scopic arrangement of organic materials and noise generation
do not exist. Organic semiconducting polymers exhibit different
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microscopic orders and mobilities according to their molecular
weight (molecular length).145,146 Organic blends of thin films are
known to exhibit reduced trap formation.30 Furthermore, it is
known that one can reduce the noise of organic photodiodes
by trap-controlled engineering, in which electric noise in dark
current is highly important for enhancing photo-sensitivity.147–150

Therefore, noise analyses on such organic systems or other variable
systems would provide meaningful insights regarding the micro-
scopic details of the organic material system. (iii) Noise analyses
on functional molecular junctions: specifically, single-molecule
junctions with functionality show interesting noise phenomena.
For example, diarylethene molecules are known to change their
molecular structures in response to UV and visible light, showing
different conduction properties in each molecular state.151

In diarylethene molecular junctions, the transmission probability
varies according to the molecular state; hence, such junctions may
exhibit shot noise characteristics with the molecular state.
It would also be worth analyzing the noise characteristics of
gate-biased single-molecule junctions,152 in which external
fields can modulate the electronic structures of the molecules
in the junction.

The most attractive property of OEDs is the tremendous
variability in their electronic functionality, which can be
modulated using extensive chemical compositions from simple
carbon dioxide to complex biopolymers and arrangements of
organic molecules/polymers. Noise analyses on OEDs in the
past decade have provided considerable insights into the
variability of OEDs, regarding the microscopic and statistical
comprehension of their charge transport and electronic

structures. In many cases, noise analyses alone cannot provide
decisive information for the target sample. However, a noise
analysis is greatly effective when it is compared with and
supported by other analysis methods such as current–voltage
characterization studies, morphological analyses, and spectro-
scopic analyses. Finally, based on the presented interpretations
of the noise phenomena of OEDs in this review, we think that
noise analyses can yield more meaningful insights into the
conducting phenomena of various OEDs.
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A. Offenhäusser, V. A. Kochelap, A. E. Belyaev and D. Mayer,
Appl. Phys. Lett., 2015, 106, 063701.

75 V. A. Sydoruk, D. Xiang, S. A. Vitusevich, M. V. Petrychuk,
A. Vladyka, Y. Zhang, A. Offenhäusser, V. A. Kochelap,
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