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The localized noise-sources and those induced by external-stimuli were directly mapped by a conducting-AFM integrated

with custom-designed noise measurement set-up. In this method, current and noise images of a Poly(9,9-dioctylfluorene)-
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polymer-film on a conducting-substrate were recorded simultaneously, enabling the mapping of the resistivity and noise

source density (N1). The polymer-films exhibited separate regions with high or low resistivities, which were attributed to
the ordered or disordered phases, respectively. A larger number of noise-sources were observed in the disordered-phase-
regions than in the ordered-phase regions, due to structural disorderings. Increased bias-voltages on the disordered-
phase-regions resulted in increased Nt, which is explained by the structural deformation at high bias-voltages. On photo-
illuminations, the ordered-phase-regions exhibited rather large increase in the conductivity and Ny. Presumably, the
illumination released carriers from deep-traps which should work as additional noise-sources. These results show that our
methods provide valuable insights about noise-sources and, thus, can be a powerful tool for basic research and practical

applications of conducting polymer films.

1 Introduction

A current noise is one of the most important parameters that
. . . 1-14
determines the performance of electronic devices based on
. . . 10-14 1,6-8
various materials such as conducting polymers, graphene,
3 .45 9
qguantum dots,” molecular wires, carbon nanotubes,” and
g . . 2 .
transition metal dichalcogenides.” Furthermore, the analysis of such
electronic noises can provide a valuable information about basic
. . 13 14 . epe 7
materials properties such as structures,” defects,” impurities” and
. aps 8 .
inhomogeneities.” For example, although conducting polymer-
based devices have been extensively utilized for versatile
. . . 15,16 ;
optoelectronic applications, the performances of such devices
are still poor compared with those of semiconductor-based devices
partly due to various localized defects such as structural disorders,
variations of conjugation lengths, domain boundaries, and grain
boundaries. Such defects in conducting polymer-based devices can
adversely affect electrical conductions and generate electrical
. 13,15,17-22 . .
noises and, eventually, degrade their device performances
such as channel mobilities, off currents, luminescence efficiencies
. 11,17,23 e s .
and operating voltages. Thus, it is essential to understand the
electrical noise sources to develop high performance devices based
on conducting polymers. However, previous studies about electrical
noise sources often relied on extensive statistical analysis of many
electrical measurements data from multiple devices, which can be
an extremely time-consuming task and can still provide only indirect
. . . . 20,21,24-26 .
evidences about possible localized noise sources. And, it has
been very difficult, if not impossible, to directly image localized
noise sources or map the distribution of resistivity in electrical
22
channels.

Herein, we developed a method to directly map the distribution
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of localized noise sources and those generated by external stimuli
on conducting polymer films. In this work, a nanoscale conducting
probe installed in a conducting atomic force microscope (AFM)
made a direct contact with a Poly(9,9-dioctylfluorene) (PFO)
polymer film, and the maps of electrical currents and noise power
spectral density (PSD) were measured simultaneously, allowing one
to estimate the distributions of charge carriers and noise sources
generated by various external stimuli such as bias voltages and
lights. In the PFO polymer films, we found two separate regions
with rather high or low resistivity values, which were attributed to
polymer regions with ordered crystalline or disordered phases. The
disordered-phase regions with a higher resistivity exhibited a higher
density of noise sources than the ordered-phase regions,
presumably due to the structural disorderings in the regions.
Interestingly, an increased bias voltage on the disordered-phase
regions resulted in an increased conductivity as well as increased
noise source density. A plausible explanation is that the high bias
voltage allowed charge carries to overcome conduction barriers and,
thus, increased the channel conductivity, while the increased
charge carriers at a high bias voltage condition could also increase
lattice distortions and structural defects in polymer chains,
resulting in increased noise source densities. On the illumination of
lights, the ordered-phase regions exhibited rather large increase in
the conductivity and noise source density. Presumably, the light
illumination released some charge carriers trapped in rather deep
traps. Thus, the released charge carriers and such deep traps should
work as photo-carriers and additional noise sources, respectively.
These results show that our method can provide valuable insights
about the generation of noises in conducting polymer channels.
Thus, our strategy can be a powerful tool for basic research about
electrical noises and practical applications based on conducting
polymer devices.

2 Experimental Section

2.1 Device fabrication

Firstly, the PEDOT:PSS solution (supplied by Sigma-Aldrich, product
ID 483095, conductivity ~ 1 S/cm) was spin coated on an ITO
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Fig. 1 Schematic diagram showing the scanning noise
measurement set-up and the structure of a PFO polymer film.
(a) Schematic diagram depicting noise measurement set-up for
a PFO polymer film on an ITO/PEDOT:PSS substrate. The PFO
film was comprised of the different phases and domains. A
small dc bias was applied between the ITO and the AFM probe.
The currents and noise signals were measured by a home-built
network analyser capable of measuring the signals in the real
time at different locations of the probe on the polymer film.
(b) Chemical structure of PFO polymer. (c) Schematic diagram
depicting the ordered and disordered phases of PFO in the thin
film configuration.

substrate with the 6000 rpm and baked at 150 °C for 30 minutes. By
this process, we could obtain a thin PEDOT:PSS coating with a
rather uniform thickness of ~ 10nm and a homogeneous high
electrical conduction.”’”””® The PFO polymer was purchased from
Sigma-Aldrich (Product ID 571652, My, < 20000). 10 mg of the PFO
polymer was dissolved in 10 ml of chloroform (CHCI;) by applying a
sonication at 60 °C for 90 minutes. The prepared PFO solution was
spin coated on the PEDOT:PSS-coated ITO substrate at the 4000
rpm for 60 seconds. The thickness of the film was ~ 100 nm as
measured by AFM. The film was heated at 80 °C for 15 minutes.

2.2 Scanning noise measurement set-up

Fig. 1a shows a schematic diagram of our current and noise
measurement set-up with a PFO film on an ITO/PEDOT:PSS
substrate. The PFO is one of the most widely used polymers due to
its high mobility, high electroluminescence efficiency and a wide
band gap,zg’30 For the current and noise measurements, a platinum
(Pt) tip (25Pt300B, Park Systems) installed on a conducting AFM (XE-
70, Park Systems) made a direct contact with the surface of the
spun PFO film on the ITO/PEDOT:PSS substrate. Then, a dc bias (0.2
V) was applied between the ITO and the Pt tip by a function
generator (DS345, Stanford Research Systems). The electrical
currents through the probe were measured and converted to
amplified voltage signals by a low-noise preamplifier (SR570,
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Stanford Research Systems). Simultaneously, the noise PSD of the
signals with a specific frequency was measured by a homemade
custom-designed spectrum analyser.31 To measure the noise signals,
we used a band-pass filter (6 dB) of the SR570 preamplifier. The
noise PSD was collected in the entire width of a band. We obtained
the absolute noise PSD value at the central frequency of the band,
by dividing the total noise PSD to the bandwidth of the filter. Using
this system, we could obtain the maps of the topography, the
current and the noise PSD with a specific frequency on the PFO film,
simultaneously. For the light illumination during the AFM
measurements a solar spectrum system (Newport 91160A, power
density of 100 mW/cm?) was utilized. All AFM measurements were
performed under ambient conditions in a closed box to avoid stray
lights which could degrade the polymer.32 The measurements were
repeated at least 5 times to confirm the reproducibility. Finally, the
measured PSD maps were analysed using an empirical model to
obtain noise characteristic parameters such as noise source
densities in the PFO film. Considering that it has been very difficult
to directly identify noise sources in a polymer film, the direct
imaging capability of noise sources via our strategy can be a major
breakthrough in noise research about conducting polymers.

2.3 Structure of the PFO polymer

Fig. 1b shows the chemical structure of the PFO polymer. The
monomer unit of PFO is a conjugated molecule (fluorene) where
two benzene rings are linked in a way providing conjugation across
the molecule (as can be seen in the Fig. 1b). Consequently, a
reduced band gap and delocalized excited state molecular orbitals
can be observed in the PFO. Fig. 1c shows a schematic diagram of
the microstructure of a PFO film." In a semi-crystalline conducting
polymer such as a PFO, ordered and disordered phases can
coexist.”***  The ordered-phases which are comprised of
aggregates,34 [3»-phases33 and planar configurations35 look like
fringed micelles and disordered-phases look like entangled polymer
chains.*® The extra-long polymer chains provide the connectivity
between the ordered phases.18

3 Results and Discussion

3.1 Identification of domains and phases of the polymer film

Fig. 2a shows an AFM topography image of a PFO thin film on an
ITO/PEDOT:PSS substrate. The film was spun from the PFO solution
in chloroform. The image shows the polymer film was comprised of
many separated domains and their boundaries which appeared as
hairline cracks (few nm wide), as reported previously.26’36 One of
such domains was marked with a green line along its boundary. The
average domain size was ~ 200 nm, which is consistent with
previous reports.

Fig. 2b is a current map measured on the PFO film. The applied
bias was 0.2 V. For clarity, the domain was marked with a green line
along its boundary. The current image shows a variation in currents
inside the domain. A clear contrast between a high current (~ 10° A)
area (marked with yellow line) and a low current (~ 107 A) area
(marked with blue line) was visible in the domain. As a control
experiment, we also performed the current mapping on the
PEDOT:PSS film on ITO without PFO (see Fig. S1 in the
supplementary information). The current image shows
homogeneous distribution of currents and the current levels much
higher than those on the PFO-coated film.?  Hence, the
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Fig. 2 Mapping resistivity and noise source density of the
polymer film. (a) Contact mode AFM topography image of a
PFO film. The domains and domain boundaries are observed in
the topography image of the film. A domain is marked with a
green line. The average domain size was ~ 200 nm. (b) Current
map showing local variation in currents within the domains.
The domains have two phases with high and low currents
marked with yellow and blue lines, respectively. (c) Resistivity
map showing the presence of two phases in the domains. The
resistivity of the domain boundaries was distinctively high. (d)
Current normalized noise PSD dependence on frequencies. It
shows a typical 1/f behaviour. (e) Noise PSD map on a log-
scale. The PSD of noise was high in the disordered phase as
compared to the ordered phase. The domain boundaries
exhibited a rather high noise PSD. (f) Noise source density map
showing the existence of a large number of noise-sources in
the disordered-phase regions. The noise source densities in the
ordered phase were ~ 10*-10" cm3eV'1, and those in the
disordered phase were ~ 10"-10"° cm’ev. The domain
boundary showed noise source density of ~ 10'"° cm’ev™.
Scale bars are 200 nm.

ITO/PEDOT:PSS substrate could have provided homogeneous
charge injections throughout the sample, and the current variations
on the PFO-coated sample originated mainly from the PFO film. The
high and low currents regions can be attributed to the ordered and
disordered -phase regions of the polymer, respectively.”‘37 The
typical size of the ordered and disordered-phases was in the range
of ~ 10-100 nm, which was similar to the values reported by other
methods.” The ordered-phase of a polymer was reported to consist
of planar polymer chains, B-phases and aggregates which should
have helped the charge conduction and enhance the conduction of
ordered-phase polymer structures.’®** The lateral force microscopy

This journal is © The Royal Society of Chemistry 20xx

images show that disordered regions with a lower conductivity
exhibited larger lateral forces than the ordered regions, which could
be attributed to a rather large surface energy and roughness of the
disordered regions as reported previously (see Fig. S2 in the
supplementary information).ss’39

3.2 Two-dimensional resistivity mapping of the polymer film

The map of resistivity (Fig. 2c) was calculated from the current map
considering a vertical transport. The details of the calculation are
described in the next section (3.3). In brief, we assumed a vertical
charge transport from the underlying ITO electrode, to the
conducting probe through the polymer layer. In common
conducting AFM measurements, the effective contact area of the
probe on the polymer may vary depending on probes and is an
uncertain parameter. In our work, the contact area was estimated
by using it as a fitting parameter so that the averaged resistivity
value calculated from the current map is the same as previously-
reported resistivity value of bulk polymer films.*>* For example,
the effective contact area A estimated from the current map in Fig.
2b was ~ 1900 nmz, which is consistent with the approximate probe
diameter of ~ 25 nm provided by the manufacturer. Using the
estimated effective contact area, we could obtain the localized
resistivity map of the polymer film (Fig. 2c). The resistivity map also
shows ordered or disordered phases inside individual domains,
which are marked by yellow and blue lines. The ordered phase had
the resistivity p of 0.5 Q-cm whereas the disordered phase showed
a rather large resistivity p of 50 Q-cm, which are consistent with the
previously-reported values.””*! The domain boundaries showed a
distinctively high resistivity (p > 50 Q-cm). The high resistivity on
domain boundaries could be attributed to high disorderness of the
polymer at the boundaries.

3.3 Calculation method of the resistivity of polymer films on the
conducting substrate

Since the resistivity of the polymer was rather high, we can assume
that the charge carriers flow mainly in a vertical direction from the
underlying ITO substrate, to the conducting probe through the
polymer layer and the parasitic currents in a lateral direction inside
the polymer film should be limited. Thus, we calculated the
resistivity of the polymer assuming a vertical charge transport from
the underlying electrode to the conducting probe through the
polymer film. In this case, the resistivity p of the polymer can be
written like p= A.;R/d, where A, R, and d represent the effective
contact area of the conducting probe, measured resistance, and the
thickness of the polymer film, respectively. In our experiment, the
thickness of the polymer film was d ~ 100 nm. R varies depending
on the location of the conducting probe on the polymer. For
example, the current map shows high (or low) resistance values

Table 1

Aeff(nmz) Tee(NM)
Fig. 2 1900 24.66
Fig. 3 2544 28.46
Fig. 4 1721 23.41
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when the conducting probe was located on disordered (or order)
phase regions. In our measurement, the effective contact area A4
of the probe is still uncertain and may vary depending on different
probes. Here, we first calculated the averaged resistance R,,, from
a current map. Then, the effective contact area A, was estimated
by using it as a fitting parameter so that the averaged resistivity
Pavg = AeffRavg/d calculated from R, is the same as the previously-
reported resistivity value py  ~ 10° Q—cm of bulk polymer films. %%
Using the estimated effective contact area A.; and a current map,
we could calculate a map showing the variation of localized
resistivity of a polymer film. Since the effective contact area A,
varies from measurement to measurement, we calculated the
effective area for each data set. Table 1 shows the A, for the data
in Figs. 2, 3, and 4. The effective radius r. of the probe is calculated
from A, by assuming a circular contact area. Note that the
estimated effective radii are similar to the actual radius of our
probe (~ 25 nm).

3.4 Noise PSD and noise source density mapping of the polymer
films

Fig. 2d shows the log-log plot of current-normalized noise PSD vs
frequencies in a polymer domain. For this measurement, we kept
the probe stationary at a designated position (as marked by “i” in
Fig. 2c). The slope of the curve was ~ 1, indicating a 1/f noise
behaviour below ~ 10 kHz. This behaviour is consistent with the
previously observed 1/f noise behaviours in polymers.n’lz’m’42
Previous studies suggested that such 1/f noise in a polymer film
mainly originates from the trapping and detrapping of charge
carriers by trap states in the film 12404243 o single noise source with
a specific relaxation time generates a Lorentzian-shaped noise
spectrum. However, if multiple noise sources with different
relaxation times existed in a polymer film, the noise PSD of the
different noises sources were average out, resulting in the noise
spectra proportional to 1/f. The observed 1/f behaviour implies that
we can analyse our noise image data to estimate the noise source
density, after assuming that the electrical noises in our system were
generated by multiple noise sources between the substrate and the
conducting AFM probe.

Fig. 2e shows the map of the noise PSD (S/Iz) measured at a
central frequency of 548 Hz. The disordered-phase regions with a
rather high resistivity exhibited high PSD values of ~ 10° to 10° HZ™,
while the ordered phases exhibited a rather low PSD of ~ 10°° to
10° Hz?. These results implicate that structures of polymer films
can significantly affect their noise characteristics. For example, the
entangled polymer chains in disordered phases of the polymer
could act as noise sources.”>’” The domain boundaries exhibited a
rather high PSD, which was comparable to that in the disordered-
phases.

The measured maps of the noise PSD and currents can be utilized
to calculate the map of noise source density Ny in the polymer film.
In brief, we assumed that the electrical noise was generated by
charge traps during a vertical charge transport directly from the ITO
substrate to the conducting probe, through the polymer film. Then,
the PSD of the mean-square fluctuation in the number of occupied
charge traps in the small segment of the polymer film within the
contact area A of the probe can be written as 443

(AC)? 1

Np(x,y) = AS,(f, x,y) & . 2. H2nf )

4t(x,y)

(1)
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where AC is the carrier number in the segment of the polymer, 7 is
the average trapping time, and d is the thickness of the polymer.
The detail calculations of the noise source density Ny are described
in the section 3.5.

Fig. 2f shows the noise source density map calculated from the
measured noise PSD and current maps. The noise source density in
the ordered phase was estimated as ~ 10*-10% cm'3eV'1, whereas
that in the disordered phase was ~ 10%-10" ecm?ev?. A plausible
explanation can be that entangled polymer chains in disordered-
phase regions could produce structural defects, resulting in the high
noise source density.lg‘37 The noise source density obtained here is
in good agreement with previously-reported trap densities (~ 10"
cm'3eV'1) in conducting polymers.20 At the domain boundaries, the
noise source density was of ~ 3x10Y emPev?. The high noise
source density at the boundaries could be attributed to the high
disorderness of the polymer at the boundary regions.18 These
results clearly show that the nanoscale disorders of polymer chains
not only increase the resistivity but also generate significant
amount of electrical noises.

3.5 Estimation of the noise source density in polymer films

In this measurement, electrical currents flew vertically between the
conducting AFM tip and the underlying ITO films. Thus, the majority
of electrical noises should be generated by the noise sources inside
the small volume of the polymer film between the ITO electrode
and the conducting AFM tip. Then, the PSD of the mean-square
fluctuation in the number of occupied charge traps in the small
segment of the polymer film within the contact area A of the tip can
be written as ****

ASNT(frxry) =

4t(Ex,y,2)

A et fe (L= f) - Ny (B,x,y,2) - dz - dE

()

where the Ny, T, and f are the density of charge traps over the space
and energy, a trapping time constant, and a frequency, respectively.
The integral over z ranged from 0 to the polymer thickness d. The
trap occupancy function can be written as fi(E) = [1 + exp {(E - Ef)/
/<T}]'1 where E;is Fermi level. At a rather low temperature condition
including a room temperature, f(1-f;) behaves like a delta function
around the Fermi level £;, and the equation (2) after the integral
over E can be simplified as 46

4T(EfX,y,2)

ASNt(f,x,y) =A-kT- fm *Np(Ef,x,y,2) - dz (3)

Assuming that charge traps are distributed uniformly over the
z direction, the equation (3) can be approximated as

4t(x,y)

ASNt(f'x:y):A'd'kT'NT(x:y) (4)

1+[2mfT(x,¥)]?
The noise PSD A4S, can be written as

n?
(acy?

ASl(f'x'y) = ASNt(f:x:y) (5)

where AC is the carrier number in the segment of the polymer.
Then, the noise source density Ny can be written like,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Voltage induced noise generation in polymer film. (a)
Topography image of a PFO polymer film. A domain is marked
by a green line. (b) Current map of the PFO polymer film.
Within the marked domain, different phases of the polymer
are seen (marked by yellow and blue lines). (c) I-V curves of an
ordered and disordered phase of the polymer film. The /-V
curve of the ordered phase was nearly linear. The disordered
phase showed a slow increase (less than linear) in current at a
low bias which increased rapidly above 0.1 V. (d) Map showing
the change of the conductivity when the bias voltage was
increased from 0.1 V to 1 V. The disordered regions exhibited
much larger increase in the conductivity than the ordered
regions. (e) Noise PSD (S/Iz) versus bias plots measured at the
ordered and disordered regions. The PSD increased with the
increased bias voltages. (f) Map showing the change in the
noise source densities when the bias voltage was increased
from 0.1 V to 1 V. The disordered-phase regions exhibited a
much larger increase of the noise source density than ordered-
phase regions. Scale bars are 200 nm.

_ (ac? 1 1+rfr@y))?
Nr(x,y) = AS,(f, X.}’)_U)Z AdKT —“(x’y) (6)

The average trapping time t and the carrier density in the
conducting polymer were reported as ~ 107 seconds and ~ 10" cm’
3, respectively.“”47 The thickness of the polymer film was ~ 100 nm.
The contact area A (1900 nmz) was estimated by using it as a fitting
parameter so that the averaged resistivity calculated from the
current map is the same as the previously-reported resistivity value
of bulk polymer films.***

3.6 Voltage induced noise generation in polymer films

This journal is © The Royal Society of Chemistry 20xx
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A high electric field in polymer materials can affect their electrical
conductivity o and noise characteristics (Fig. 3).42’43 Fig. 3a, and b
shows the topography and current images of the same region on a
PFO film. The ordered or disordered phases in a single domain
(marked by green line) were marked by yellow or blue lines,
respectively. Fig. 3c shows the graph of typical /-V measurement
results on the ordered (marked by (i) in Fig. 3b) and disordered
(marked by (ii) in Fig. 3b) phase regions. The /-V curve on an
ordered-phase region was nearly linear, while that on a disordered-
phase region exhibited a rapid increase of its conductivity with the
increase of a bias voltage above ~ 0.1 V. In order to estimate the
effect of electric fields on the conductivity o, we mapped the
conductivity values at the bias voltages of 1 and 0.1 V (Fig. S3 in
supplementary information) and estimated the difference
Aoc=[o(1V)- 0(0.1V)] (Fig. 3d). The conductivity changes on the
ordered and disordered phase regions were ~ 0.2 and ~ 2.3 scm™,
respectively. Presumably, the structural defects in the disordered
region worked as a conduction barrier for the charge carriers at a
rather low bias voItage.47 However, the high bias voltage above 0.1
V allowed charge carries to overcome the conduction barriers in the
disordered-phase regions and, thus, increased the charge injection
and the channel conductivity.

Fig. 3e shows the graph of noise PSD (S/IZ at 548 Hz) vs a bias
voltage on the ordered and disordered phase regions. The PSD
increased with the increase in the bias for all voltages. To estimate
the change in the noise source densities, we mapped the noise
source density Ny at bias voltages of 1 V and 0.1 V and calculated
the map of noise source density change AN;=[N{1V)- N#0.1V)]
(Fig. 3f). Overall, ANy had positive values indicating that the
increase of the noise source density in the polymer at a high bias.
Interestingly, the noise source density increased by AN, ~ 5x10"
cm®eV? on the disordered-phase regions with a rather large Ao,
while other regions exhibited a rather small change of AN, ~
1x10" cm®eV™. This result indicates that the noise source density
increased more in the disordered-phase regions which had a rather
large enhancement of their conductivity. Presumably, the charge
injected at a high bias voltage distorts disordered polymer phases
more easily and induced more defects and distortions than in
ordered-phase regions.48

3.7 Mapping of photo-generated conductivity and noise in
polymer films

We studied the effect of the light illumination on the electrical
currents and noises in a PFO polymer film (Fig 4). For light
illumination, we used a solar spectrum system whose power density
was 100 mW/cmZ. The light was vertically illuminated on the
surface of the polymer film from the top side with a help of an
optical cable. Fig 4a and b show the topography and current images
of a PFO film, respectively. For an eye guideline, a domain, an
ordered-phase region, and a disordered-phase region are marked
with the green, yellow and blue lines, respectively. When a light was
illuminated on the film, the polymer film exhibited increased
currents, presumably, due to the generation of photo-carriers (Fig.
4c). Note that the current was mainly enhanced in the ordered-
phase regions in the order of pA range. The disordered-phase
regions and domain boundaries contributed very little to the photo-
excitation currents (~ nA range). Fig. 4d shows the map of
conductivity change Ao upon illumination. The average
conductivity change was 15 Sem™ whereas its peak value was ~ 25
Scm™. The result shows a significant increase in the conductivity on

J. Name., 2015, 00, 1-3 | §
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Fig. 4 Photoexcitation noise in the polymer film. (a)
Topography image of a PFO film. A domain is marked with a
green line. (b) Current map of the PFO film measured under a
light illumination. The applied bias was 0.2 V. (c) Photo-
generated current map which was recorded as a difference in
the illuminated current to the dark current. The currents in the
ordered-phase regions with rather higher conductivities
increased much more than those in the disordered-phase
regions or domain boundaries. (d) Map of the conductivity
change after the light illumination. The ordered-phase regions
exhibited much larger change in conductivity than disordered-
phase regions. (e) Map showing the change of noise source
densities after the light illumination. A larger increase of the
noise source densities was observed in the ordered-phase
regions than those in the disordered-phase regions, which
could be attributed to the structural distortion of PFO lattice
structures due to the generated photo-carriers. (f) Schematic
diagrams showing exciton generations in PFO under a light
illumination, resulting in polaron bands. These bands may act
as additional noise sources and, thus, increase electrical
noises. Scale bars are 200 nm.

the ordered-phase regions. Presumably, although there could be
some photo-carrier generation in disordered-phase regions, the
generated photo-carriers could not result in the significant increase
of electrical currents due to the shorter diffusion length and the
high noise source density in the disordered-phase regions.

The light illumination also enhanced the electrical noises (Fig. S4 in
supplementary information). Interestingly, we found that the
increase of PSD in the ordered-phase regions with a rather high
conductivity was larger by several times than that in the disordered
regions. Fig. 4e shows the change of estimated noise source density
ANy, upon the illumination. Note that there was an increase in ANy,
on the ordered-phase regions where rather large photocurrents

6 | Nanoscale, 2015, 00, 1-3

were generated. The increased amount of the noise source density
in the ordered-phase regions was of ~ 4x10" cm'seV'l, which was
much larger than that in the disordered phases. One plausible
explanation can be a structural distortion due to the generated
photo-carriers (Fig. 4f),16 The light illumination induced the
generation of photo-carriers which formed excitons in the ordered
regions of the polymer. The generated excitons could locally distort
the lattice and form polarons, which could lead to new gap
states.*®* Such a gap state can work as charge traps, generating
electrical noises.

Conclusions

In summary, we developed a strategy to directly map the
generation of noise-sources induced by external stimuli such as
electric fields and lights on a polymer thin film. Our results show
that a PFO film was comprised of ordered-phase regions with a
rather low resistivity and disordered ones with a high resistivity.
The ordered-phase regions exhibited lower noise source densities
as compared to those of disordered-phase regions. Interestingly,
disordered-phase regions showed the increase of both the
conductivity and noise source density at an increased bias voltage
condition. Such an increase of noise source densities could be
attributed to the defect creation in the polymer chains induced by
injected carriers. In addition, we found that the ordered-phase
regions exhibited rather large increase in the conductivity and noise
source density under light illuminations, which was attributed to
the release of charge carriers trapped in rather deep traps. The
direct imaging capability of noise sources via our strategy provides
valuable insights about noise sources in conducting polymer
channels. Thus, our strategy can be a powerful tool for basic
research about electrical noises and should have a significant
impact on modern electronics research.
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