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Remarkably low flicker noise in solution-processed
organic single crystal transistors
Shun Watanabe 1,2,3, Hirotaka Sugawara1, Roger Häusermann 1, Balthasar Blülle 1, Akifumi Yamamura 1,

Toshihiro Okamoto 1,2,3 & Jun Takeya1,3,4

Low-frequency noise generated by a fluctuation of current is a key issue for integrating

electronic elements into a high-density circuit. Investigation of the noise in organic field-effect

transistors is now sharing the spotlight with development of printed integrated circuits. The

recent improvement of field-effect mobility (up to 15 cm2 V−1 s−1) has allowed for organic

integrated circuits with a relatively high-speed operation (~50 kHz). Therefore, an in-depth

understanding of the noise feature will be indispensable to further improve the circuit stability

and durability. Here we performed noise measurements in solution-processed organic single

crystal transistors, and discovered that a low trap density-of-states due to the absence of

structural disorder in combination with coherent band-like transport gives rise to an

unprecedentedly low flicker noise. The excellent noise property in organic single crystals will

allow their potential to be fully exploited for high-speed communication and sensing

applications.
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The recent development in synthetic chemistry together
with nanotechnology leads to a revolution of π-conjugated
semiconducting compounds. Their potential as an elec-

tronic element is recently rediscovered not only for their unique
processability, but also for their excellent performance1–3. Parti-
cularly, an improvement of field-effect mobility of single-
crystalline organic semiconductors (up to 15 cm2 V−1 s−1)
allows for a large-scale production of high-density integrated
circuits such as multi-bit logic circuits4,5, analog-to-digital (AD)
converters6,7, radio-frequency identification (RF-ID) tags8–10.

Low-frequency electronic noise, which is generated inherently
by a fluctuation of current passing through an individual tran-
sistor, is a key issue for integrated circuit applications11. Among
various sources of electronic noise, flicker noise, which is often
referred to as 1/f (the low-frequency noise with a spectral density
that decreases inversely with frequency f), plays an important
role12,13. Because the electronic noise is likely to be amplified
during its propagation, it can hamper the operational stability
when numerous devices and circuits are integrated. Particularly in
view of the Internet of Things technology, high-density integrated
circuit composed of organic semiconductors are now being
intensively studied. For example, the cutoff frequency of the best
performing organic field-effect transistor (OFET) approaches 30
MHz8, and operation frequencies of organic integrated circuits are
on the order of 0.1–1MHz4,14. It is known that jitter, which are
variations of the edge of a digital signal from true periodicity, often
impairs the bit error rate in digital logic, which becomes more
predominant in nanoscale devices and sensing applications15,16.
Recent investigations of the 1/f noise in organic field- effect
transistors based on π-conjugated polymers17–19, amorphous or
polycrystalline small molecules20–26 were mainly focusing on
device degradation under ambient and/or irradiated conditions,
and on the contact resistance effect. Unfortunately, these organic
compounds typically have unavoidable structural disorder and
their mobility is not sufficient for high-speed circuit operation. In
addition, hopping transport, which is an inherent charge transport
mechanism in such disordered systems, can be a significant
impediment to the development of practical applications. In
striking contrast to such disordered organic compounds, solution-
processed single crystals composed of organic molecules exhibit an
excellent mobility of up to 15 cm2 V−1 s−1 ref. 1–3,8, which has
motivated intensive research to explore not only the coherent
(band-like) charge transport physics27,28, but also functionalities
for next-generation (opto)electronic applications29,30. However, a
subject under consideration still remains: how the charge carrier
transport mechanism correlates to the 1/f noise, and to what
extent the noise level can be reduced in a practical electronic
circuit. In this paper, we demonstrate noise measurements with
wide frequency bands up to 1MHz in an ideal, single crystal
organic semiconductor. Thanks to its low trap density-of-states
(DOS), and the coherent (band-like) transport nature, the
amplitude of 1/f is found to be remarkably low, comparable to
solution-processable, inorganic oxide semiconductors.

Results
Transistor characteristics and noise measurements. The single-
crystalline thin film of our benchmarked organic semiconductor,
3,11-dioctyldinaphtho[2,3-d:2′,3′-d′]benzo[1,2-b:4,5-b′]dithio-
phene (C8–DNBDT–NW), was formed by edge casting, a simple
one-shot solution crystallization method3 developed in our group
(Fig. 1a and Supplementary Fig. 1. Further details are available in
Supplementary Note 1). Edge casting allows for an ideal deposi-
tion of a single-crystalline thin film with large areal coverage and
uniformity31. An OFET with a top-contact/bottom-gate archi-
tecture was fabricated on a Si/SiO2 wafer with Au source/drain

electrodes (Fig. 1b). The single-crystalline thin film of
C8–DNBDT–NW was successfully formed over a 300 × 300 μm
channel, which is confirmed by a polarized optical microscope
image (Fig. 1c). The fabricated transistor shows a textbook-like
behavior with near-zero turn-on voltage and the mobility of μ=
13.6 cm2 V−1 s−1 (Fig. 1d, e). Note that a non-ideal behavior of
the transfer characteristics often causes significant overestimation
of the mobility. Recently, the measurement reliable factor r, which
provides an indication of effective mobility, has been intro-
duced32. Given the similar expression32, r was estimated to be 88
and 89% in the linear and saturation regimes from Supplemen-
tary Fig. 2c, d, respectively. Linear and saturation mobilities are
found to be identical and show a clear plateau at high gate voltage
(VG) regime (see Supplementary Fig. 2), which is an indicative of
coherent band-like transport8,33,34.

For the noise measurements, a semiconductor parameter
analyzer with a waveform generator module was employed. To
reduce any extrinsic contribution to the noise, the fabricated
OFET was mounted on a custom made circuit board (see more
details in Supplementary Figs 3–5 and Supplementary Note 2).
An example of time domain profile of the drain current (ID)
under constant drain (VD) and gate voltages (VG) is shown in
Fig. 1f, where ~106 data points were recorded within 10 s. The

power spectral density in ID noise SID

� �
as a function of the

frequency (f) was then obtained by a fast Fourier transform of ID
(Fig. 1g). The first attempt in this work is to identify the origin of
noise in the state-of-the-art organic single-crystalline semicon-
ductor C8–DNBDT–NW, where the charge carrier undergoes
coherent band-like transport. The band-like carrier transport in
the present single crystal form of C8–DNBDT–NW was
unambiguously verified by the Hall effect measurements and
electron spin resonance spectroscopy33,34. Previous studies about
the 1/f noise in disordered organic semiconductors have revealed
that the 1/f noise in ID originates mainly from carrier number
fluctuation (δn), i.e., δI∝ e(δn)μ23–26, which is referred to as
McWhorter’s model (see “Methods” section)35,36. McWhorter’s
model, which is widely adapted to the 1/f noise in inorganic
semiconductors, accounts for carrier capture/emission processes
at the transistor’s gate dielectric interface and describes the
resulting current fluctuations. Empirically, the amplitude of the
power spectral density SID is known to scale with the trap DOS. It
should be natural that in disordered organic materials, carriers
are likely to be localized, and that multiple-trap-and-release
process dominates the net modulation of ID in the FET channel.
The question remains whether the model can be applied to
coherent band-like transport system realized in organic single-
crystal semiconductors.

To assess the origin of 1/f noise in C8–DNBDT–NW FETs, we
first investigated SID as a function of f, while the population of
band-like carriers and thus ID is effectively modulated by the gate
voltage VG. The ID -normalized power spectral density SID=I

2
D as a

function of f is plotted in Fig. 2a, at various VG (VG=−2 to −10
V with an increment of −1 V). The observed low-frequency noise
in the organic single crystal agrees with 1/f spectral dependence in
the range of 0.4 Hz–1 kHz. SID=I

2
D is significantly lower for more

negative VG (the channel is more accumulated), which is
qualitatively interpreted as a suppression of the carrier number
fluctuation δn upon accumulating more carriers in the channel.
To clarify this, SID=I

2
D is plotted as a function of ID (Fig. 2b),

where the frequencies of the analysis are f= 10 Hz (red) and 100
Hz (blue). Black curves in Fig. 2b represents computed fit based
on the McWhorter’s model (Eq. (2))35. The good agreement
between experiments and the model strongly verifies that the
McWhorter’s model can be applied to C8–DNBDT–NW FETs.
The validity of the McWhorter’s model is further confirmed by
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the channel-size dependence of 1/f noise (see Supplementary
Fig. 6 and Supplementary Note 3).

In this first straightforward approach of fitting the measured
noise with McWorther’s model, the density of trap states as the
only fitting parameter (N= 8.3 × 1018 eV−1 cm−3) was assumed
to be energy-independent. In organic semiconductors, however,
the trap DOS typically increases towards the transport level37. To
further investigate the effect of an energy-dependent trap
distribution on the 1/f noise, we have conducted a temperature-
dependent noise analysis of an C8–DNBDT–NW single-crystal
FET from T= 295 to 115 K (see more details in “Methods”
section). As a result of the narrowing of the Fermi Dirac statistics
towards lower T, the Fermi energy EF at a given VG is shifted
closer to the transport level, where the trap density is generally
increasing. Therefore, upon cooling a raise of the trapping/
detrapping is expected, expressed in an increasing noise signal.

Temperature dependence of noise characteristics. The mea-
sured SID=I

2
D vs. f at various temperatures are shown in Fig. 3a–c

and in Supplementary Fig. 7. 1/f noise is confirmed in the entire
temperature range (115–295 K). Although according to Eq. (2),
the power spectral density is expected to scale with T, the
amplitude of the measured SID=I

2
D is almost constant from

235–295 K, which is interpreted as a direct result of the increasing
trap density towards the transport level. In this temperature
regime, the mobility notably increases with decreasing T (Fig. 3d,
e). Note that the exponent q in the power law of temperature
dependence, μ∝ Tq, is estimated to be q=−0.83 ± 0.04, which is
almost identical to that previously observed for
C8–DNBDT–NW34. This gives confidence that at least in this
temperature regime, band-like transport is realized33,34. At tem-
peratures down from 215 K, the noise amplitude increases
remarkably, while the mobility rapidly diminishes (Fig. 3e),
reminiscent of a thermally activated transport regime (see more
details in Supplementary Note 4). Further lowering T decreases
the population of coherent, mobile charges, hence charge carriers
are more likely to be captured by trap sites which are likely to be
induced by unavoidable cracking in the organic single crystal due
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Fig. 1 Transistor characteristics and noise measurements. Schematic images of a the crystal growth method (namely edge-casting) and b the fabricated
OFET. The channel length (L) and width (W) were 200 and 300 μm, and the gate channel capacitance per area (Ci) was 34.5 nF cm−2. c Cross-polarized
optical microscopy image of the fabricated C8–DNBDT–NW single crystal. d Transfer characteristics (ID vs. VG) at linear (VD=−1 V; blue) and saturation
regimes (VD=−20 V; red). A typical gate leakage current, IG, is also shown (gray). e Output characteristics (ID vs. VD) with various VG. The transistor
shown in this figure exhibits a mobility of μ= 13.6 cm2 V−1 s−1 with the measurement reliable factor32 of 88% (see more details in Supplementary Note 2).
f A current fluctuation of C8–DNBDT–NW FETs in time domain, where constant VD, and VG were applied. Over 106 points were recorded within 10 s. The
inset shows the magnified data set. The scale bar indicates 1 nA. The relative error in ID is approximately 50 pA, estimated from the intrinsic current
measurement error of the semiconductor parameter analyzer Agilent B1500A. g Typical power spectral density of drain current fluctuations, SID , obtained
by fast Fourier transform of (f)
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to the mismatch of thermal expansion coefficients between
organic semiconductor and solid-state gate dielectric38. This noise
level increase below the transition of the two transport regimes
demonstrates that the transport mechanism itself is a key factor in
reducing the 1/f noise.

By combining McWorther’s model with an estimation of
the Fermi energy for each measured point in the transfer curve
(Eq. (5) in “Methods” section), we can directly extract the energy
distribution of traps from the measured noise data. As shown in
Fig. 3f, the data taken at various temperatures smoothly join and
yield a trap DOS that is exponentially increasing towards the
transport level. This trap distribution is in good agreement with
determined distribution of trap DOS independently derived from
the FET transfer characteristics by numerical simulation, as will
be discussed later.

Comparison in noise level with various solution-processed
semiconductors. In the last part of this work, the amplitude
of SID=I

2
D is compared among various solution-processed

semiconductors. We have selected four different classes of semi-
conductors: (i) single-crystalline small molecule C8–DNBDT–
NW with the best mobility of up to 13 cm2 V−1 s−1, (ii)
C8–DNBDT–NW with the intermediate mobility
~4 cm2 V−1 s−1 and intentionally induced traps, (iii) polymeric
semiconductor poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno
[3.2-b]thiophenes) (PBTTT), and (iv) amorphous oxide semi-
conductor Indium-Zinc-Oxide (IZO). Details of the device fab-
rication are given in “Methods” section. The logarithmic FET
transfer characteristics for the four semiconductors are shown in
Fig. 4a–d, where mobilities are estimated to be 13.6 cm2 V−1 s−1

for the best C8–DNBDT–NW, 3.4 cm2 V−1 s−1 for
C8–DNBDT–NW with intentionally reduced mobility, 0.03 cm2

V−1 s−1 for PBTTT, and 5.7 cm2 V−1 s−1 for IZO. Note that, for
comparison, the C8–DNBDT–NW OFET (ii) with relatively low
mobility was fabricated with an intentional introduction of
imperfections in the self-assembled monolayer film (see

“Methods” section). Together with transfer characteristics, the
channel size normalized SID=I

2
D (SID=I

2
D ×W × L) are plotted in

Fig. 4e–h, such that the amplitude of noise can be compared
directly regardless of the channel dimension. The 1/f noise is seen
in the entire frequency bands for C8–DNBDT–NW and IZO,
whereas for PBTTT a significant deviation from 1/f is found
particularly in the high frequency regime, which is attributed to
thermal noise (white noise). We further investigated the SID=I

2
D at

higher-frequency regimes (see more details in Supplementary
Fig. 8 and Supplementary Note 5). As a result, it can be concluded
that the 1/f noise in C8–DNBDT–NW is remarkably lower
compared to PBTTT and IZO, which is unambiguously because
the trap DOS for C8–DNBDT–NW is low thanks to the vanish-
ingly small structural disorder. Figure 5 summarizes the energy-
dependent trap DOS for the four different semiconductors, where
symbols correspond to the trap DOS determined experimentally
from noise measurements (Fig. 4) and the black lines represent
the trap distribution derived from the transfer characteristics via
numerical modeling37,39,40 (see details in Supplementary Fig. 9
and Supplementary Note 6). The magnitudes of the trap DOS
derived from two separate measurements are in reasonable
agreement. Particularly, for organic single-crystals the energy
distribution of trap DOS typically found in OFETs, that is, trap
DOS increases as EF approaches the edge of valence band, is
verified. The observed deviation for the other two materials
(PBTTT and IZO) may arise from an unavoidable bias stress
effect (see time domain profiles in Supplementary Fig. 4). The
good agreement of the two trap density extraction methods is a
clear evidence, that the trap states influencing the steady state I−
V curves and the trap states giving rise to the 1/f noise are
essentially the same ones. We do not speculate, but merely
comment on the possible origin of traps in the present
C8–DNBDT–NW single crystal. Judging from the comparison
between C8–DNBDT–NW OFETs situated with (i) and (ii), trap
DOS is apparently influenced by the quality of semiconductor/
dielectric interface; random potential, which may be induced by
imperfection of surface treatment of dielectric interface, can be a
major impediment not only for solution crystallization, but also
for charge transport. Given the fact that the trap DOS for rubrene
single crystals grown by physical vapor transport is measured to
be significantly lower41, residual solvent may induce additional
traps in our solution-processed crystalline films. However, in
recent synchrotron X-ray diffraction measurements, we do not
see any trapped solvent molecules in the bulk crystal structure of
C8–DNBDT–NW8. We therefore assume the trapped solvent
effect to be more significant in polymeric semiconductors because
they may have free space to capture the solvent molecules42.
Overall, the present results manifest that noise spectroscopy will
be a powerful tool to extract the trap DOS in organic semi-
conductors, and the usage of single-crystal form of organic
semiconductors is highly advantageous not only in terms of
mobility, but in particular for achieving remarkably low 1/f noise
levels.

Discussion
We summarize our key findings in Table 1. SID=I

2
D obtained for

the best quality of C8–DNBDT–NW FETs shows remarkably low
noise level compared to other solution-processed semiconductors.
The low-frequency noise essentially defines the sensitivity of
amplifiers and transducers embedded in sensors43, where the
amplitude of observable signal can be expressed as an integral of
(1/f)2. Therefore, the observed low 1/f in organic single crystals
would be highly advantageous for practical electronic sensors and
amplifiers. In addition, the single crystal of C8–DNBDT–NW
would provide an ideal platform for a high-speed operation of
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errors that result from propagation of the uncertainties by the current
measurement and by a fast Fourier transform. Black curves are the
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the fitting variant was only the energy-independent trap DOS (N= 8.3 ×
1018 eV−1 cm−3). The small deviation of this fit are the corrections for the
density of traps at the specific current and therefore Fermi level. The result
the energy-dependent trap density calculation is shown in Fig. 5
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flexible organic electronics. The corner frequency is the char-
acteristic frequency at which the 1/f approaches to that of thermal
or shot noise (referred to as white noise). Because the 1/f noise
level is the main contributor to phase noise in the oscillating
system, lowering the 1/f noise at high frequency directly leads to
improvement of stability and durability for communication
applications. The observed corner frequency in C8–DNBDT–NW
-FETs is ~ 50 kHz, which is significantly higher than that for any
other organic semiconductor. Finally, we discuss how the noise
level obtained for the present organic single-crystal semi-
conductors is comparable to that for other van der Waals semi-
conductors. Low-frequency 1/f noise has been extensively studied
in van der Waals materials, such as graphene, and transition
metal dichalcogenides. 1/f noise levels in these semiconductors
are found to be superior by 2–3 orders of magnitude than that for
organic single crystal semiconductors (see Supplementary Fig. 10
and Supplementary Note 7). A characteristic noise feature for van
der Waals semiconductors follows the Hooge’s model, suggesting
that the noise originates due to mobility fluctuations which are
caused by scattering of carriers in bulk44. In contrast, we
demonstrate here that noise for organic semiconductors is found
to be McWhorter’s model, and can be suppressed by reducing

interfacial trap DOS. Thus, it should be emphasized that reducing
trap DOS will be a key engineering for further improving noise
level in organic FETs.

In conclusion, we have successfully demonstrated the wide-
band noise spectroscopy in a state-of-the-art organic single
crystal. Comprehensive noise measurements presented in this
work verified that the carrier trap/release is the source of noise.
The McWhorter’s model is applicable to the organic single-crystal
FETs. Given the low trap DOS in C8–DNBDT–NW, the single
crystal form of organic semiconductors gives rise to remarkably
low noise level compared to any other solution-processed semi-
conductors, including amorphous oxides. In practice, the
demonstrated low noise feature will be highly advantageous for
high-speed operation of organic integrated circuits.

Methods
Device fabrication. A 100 nm-thick Si substrate with a thermally grown SiO2 layer
was precleaned by sonication with acetone and 2-propanol for 10 min each, and
then treated with UV-O3 for 30 min. A self-assembled monolayer (SAM) of 2-
(phenylhexyl)trimethoxysilane was formed on the surface by vapor deposition at
120 °C for 3 h. Organic crystalline films of C8–DNBDT–NW were then grown from
a 0.025 wt% 3-chlorothiophene solution using the edge casting technique described.
The solution was dropped to a preheated substrate (55 °C) and held with a small
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represent compound errors that result from propagation of the uncertainties in SID=I

2
D and transconductance
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glass blade, such that upon evaporation of the solvent a crystal is grown towards
the edge of the blade. Subsequently, the film was annealed at 55 °C in vacuum to
remove residual solvent. The thickness of the crystalline films was measured to be
30 nm. Au was deposited through a metal mask to form the source/drain elec-
trodes. Organic layers were patterned by dry-etching processes with an Yttrium
Aluminum Garnet (YAG) laser (266 nm). To control the mobility of
C8–DNBDT–NW, an imperfection of SAM was intentionally introduced by
reducing the process temperature (~ 100 °C) during vapor deposition process,
where the surface contact angle was measured to be 90 degree, (normally 78–82
degree for an ideal single crystal growth). PBTTT was deposited on SAM treated

SiO2 via spin coating from 1.0 wt% of o-dichlorobenzene solution, and then
annealed at 180 °C for 30 min45. IZO was deposited a precleaned SiO2 substrate via
spin coating of a precursor solution, which consists of indium nitrate nonahydrate
and zinc nitrate hexahydrate (In : Zn= 3 : 2) dissolved in 2-methoxyethernol. After
spin coating, the resulting thin film was annealed at 350 °C for 4 h46. Thermally
evaporated Al was used for source and drain electrodes.

Electronic noise model. It has been known that the low-frequency electronic noise
commonly observed in OFETs is considered to be flicker noise (1/f noise). Among
various models of 1/f noise, the most common manifestation is the McWhorter’s
model23–26, that is also used to interpret 1/f noise in conventional Si metal-oxide-
semiconductor (MOS) FETs35. McWhorter’s model takes the carrier capture/
emission to the channel into account; the fluctuation of the number of carrier δn
leads to current fluctuation, δI∝ e(δn)μ. Because charge transport mechanism in
disordered semiconductors is believed to be hopping transport, the carrier trap-
ping/de-trapping process is likely to contribute to δn. The power spectral density in
the current noise, SID specifically in FETs is described as;

SID ¼ g2m
e2kBTλN
WLfC2

i
; ð1Þ

where gm, kB, λ, N, f, and Ci are a transconductance, the Boltzmann constant,
tunnel attenuation length, trap DOS, frequency, and capacitance of gate dielectric.
It is more convenient to use current-normalized SID as;

SID
I2D

¼ gm
ID

� �2e2kBTλN
WLfC2

i
; ð2Þ

where ID is the drain current. As clearly seen in both equations, the noise follows
1/f. To estimate trap DOS (N), we used the tunnel attenuation length λ= 4.2 nm,
which is equivalent to the thickness of monolayer C8–DNBDT–NW25,26. It should
be noted that, in OFETs, one has handled the alternative description of 1/f, namely
Hooge’s model36. However, since the model describes electronic noise from a bulk
of semiconductors, it is not acceptable to any FETs whose electrical conduction
takes places at the interface. To avoid conceptional failure, we did not use the
Hooge’s model. At a characteristic frequency, namely the corner frequency, 1/f
noise upcoverts to high frequencies, and eventually approaches to f-insensitive
thermal or shot noise (white noise).

Estimation of the Fermi energy relative to the transport level. To address the
energy distribution of trap DOS, we estimated the effective Fermi energy relative to
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the transport level as follows41; Given the Debye length λD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵkBT=ne2

p� �
, where

ϵ is the permittivity of the organic semiconductor, the drain current (ID) can be
written as:

ID ¼ eWλDnμVD=L; ð3Þ

The concentration of the mobile charges (n) should be given by Maxwell-
Boltzmann statistics as:

n ¼ NBand expð�ΔE=kBTÞ ð4Þ

where NBand is the number of states in the transport level and ΔE= EF− Ec is the
Fermi energy relative to the transport level Ec. Combining Eqs. (3) and (4) yields:

ΔE ¼ �kBT ln
1

NBand

� �
LID

WμVD

� �2 1
ϵkBT

" #
ð5Þ

Equation (5) allows the estimation of the Fermi energy and the energy of the deep
trap states directly from macroscopic values.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author (Shun Wata-
nabe; swatanabe@edu.k.u-tokyo.ac.jp) upon request.
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