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ABSTRACT: We have successfully measured electron transport
nanostructures of conjugated polymer thin films by conductive
atomic force microscopy, using an air-stable electron-injecting
electrode coated with ethoxylated polyethylenimine. Electron- and
hole-transport networks in donor/acceptor polymer blends can be
selectively observed by using an appropriately coated electrode.
This approach enables us to visualize phase-separated nanostruc-
tures of donor/acceptor polymer blends for thin-film electronic
devices based on their semiconducting properties.

Topography Electron Current

onjugated polymers have generated increasing academic

and industrial interest as key materials for applications in
thin-film optoelectronic devices, such as organic solar cells,
organic light-emitting diodes,® and organic thin-film transis-
tors.”* Their excellent semiconducting properties and compat-
ibility with printing- or solution-based large-scale processing
methods have opened new possibilities for low-cost and flexible
plastic electronics.” For these polymer-based devices, the
nanoscopic and mesoscopic morphology of the active layers
strongly influences the 6physical processes such as charge
generation and transport.”~” Therefore, high-resolution techni-
ques for characterizing the electrical nanostructures of active
layers are of prime importance for further material and device
improvement.

Conductive atomic force microscopy (C-AFM) is a useful
method for directly observing the charge-transport properties in
both the lateral and vertical directions of conjugated polymer
films with a high resolution on the order of nanometers. This
technique has been employed to study the relationship between
the nanostructures and the electrical functions of various p-type
donor polymer films.'’~"? For n-type acceptor polymers, on the
other hand, there are few C-AFM studies because of a limited
variation of acceptor polymers and the lack of air-stable
electron-injecting electrodes. However, the development of
acceptor polymers is strongly desired not only for thin-film
transistors,”’ but also for polymer solar cells composed of
donor and acceptor polymers.”’

In 2009, Facchetti and his co-workers reported a novel
acceptor polymer, P(NDI20D-T2) (Polyera Activink N2200),
which exhibits high electron mobility and air stability.”> This
polymer is now widely used as a promising material for electron
transport; consequently, the semiconducting nanostructures of
N2200 neat and blend films have received a great deal of
attention,”>™%’ directed at the design of next-generation high-
performance n-type acceptor polymers. As for the electron-
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injecting electrodes, Kippelen and his co-workers recently
reported a method to produce air-stable low work function
(WE) electrodes by using polymer surface modifiers such as
80% ethoxylated polyethylenimine (PEIE) and branched
polyethylenimine (PEI).*° An interfacial dipole formed by the
PEIE and PEI layer is known to reduce the WF of electrodes
substantially, which can reduce the electron injection energy
barrier into organic semiconductors.”

In this study, we developed a method, based on the C-AFM
approach, to observe the local electron transport properties of
acceptor polymers by using air-stable cathode substrates coated
with a PEIE layer. With this approach, we visualized the
nanostructures for electron transport of N2200 films. More-
over, we also imaged both electron and hole transport networks
formed in blend films with a donor polymer, poly(3-
hexylthiophene) (P3HT).

Regioregular P3HT (regioregularity > 90.0%, M,, = 51000 g
mol ™, polydispersity index (PDI) = 2.4) was purchased from
Aldrich Chemical Co. N2200 was purchased from Polyera Co.
(M, = 99750 g mol ™!, PDI = 3.5). A PEIE aqueous solution
(35—40 wt %, M,, = 70000 g mol™) was purchased from
Aldrich Chemical Co. The aqueous solution was further diluted
with 2-methoxyethanol to a weight concentration of 0.04 and 2
wt %; they were then used for spin-coating. The chemical
structures of these polymers are shown in Figure 1. Indium—
tin-oxide (ITO) substrates (Geomatec Co., Ltd., FLAT ITO)
were sequentially washed by ultrasonication in toluene, acetone,
and ethanol for 15 min each and then dried under an N, flow.
These cleaned substrates were further treated with a UV—0,
cleaner (Nippon Laser and Electronics Lab., NL-UV253S) for
30 min. The PEIE-coated ITO electrode (PEIE electrode) was

Received: May 28, 2015
Accepted: August 3, 2015
Published: August 7, 2015

DOI: 10.1021/acsmacrolett.5b00352
ACS Macro Lett. 2015, 4, 879—885


pubs.acs.org/macroletters
http://dx.doi.org/10.1021/acsmacrolett.5b00352

ACS Macro Letters

PEIE

OH

\
Ua;(v "R,

(@)

O, o
/7 \_ s
o}

Y

N2200
C1oHa24

H\CBHH

P3HT

/,4_5
S /n

HO/\/N\/\N/\/OH
o
OH CioHz1
CgHy7

(b) (c) Au] =

25 LUMO polymer film
- PEIE or

~ 30 PEDOT:PSS | —@®H I—_|_

>

> PEIE LUMO

g 4.0 [ glectrode )

5 45} HOMO Auv/®1
>0 enoTess PSHT  Au polymer fim |~
5.5 |- electrode PEIE or

HOMO PEDOT:PSS |—|I—_|_
6.0 N2200 mo ] =

Figure 1. (a) Chemical structures of PEIE, N2200, and P3HT. (b) Energy level diagram of electrodes and polymers. Each energy level is taken from
the literature: a work function of 3.6 €V for ITO/PEIE,* 4.9 €V for ITO/PEDOT:PSS,*® 4.8 eV for Au;>' HOMO energies of 5.9 eV for N2200 and
4.7 eV for P3HT; and LUMO energies of 3.9 eV for N2200 and 2.7 eV for P3HT.*>~>* The HOMO energies were evaluated by photoelectron yield
spectroscopy, and the LUMO energy of P3HT was estimated by adding the optical bandgap energy, calculated from the 0—O0 transition, to the

HOMO energy.’zz'33

The LUMO energy of N2200 was determined from cyclic voltammetry measurements performed on the thin film.>* (c)

Schematic of the macroscopic J—V measurement of polymer films. (d) Schematic of the local current measurement by C-AFM: A negative (positive)
bias voltage was applied to the bottom electrode, and the electron (hole) current through the polymer film to the AFM tip was detected.

prepared as follows: a PEIE layer was prepared on the ITO
substrate by spin-coating using a 0.04 wt % 2-methoxyethanol
solution at a spin rate of 5000 rpm for 60 s and then dried at
100 °C for 10 min in ambient air.’” The PEIE electrode for the
electron-current imaging of the N2200 film was prepared using
a 2 wt % 2-methoxyethanol solution, followed by rinsing with
ultrapure water and dried with N,.** An ITO electrode, coated
with poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfo-
nate) (PEDOT:PSS; H.C. Stark, PH-500), hereafter referred
to as the PEDOT:PSS electrode, was prepared as follows: a
PEDOT:PSS layer was prepared on the ITO substrate by spin-
coating and then dried at 140 °C for 10 min in ambient air. For
neat film preparation, N2200 was dissolved to form a 1 wt %
solution in chlorobenzene, and P3HT was dissolved to form a 1
wt % solution in chloroform. For blend film preparation,
N2200 and P3HT were codissolved at a 50/50 weight ratio to
form a 1 wt % (0.5 wt % each) solution in chlorobenzene. The
neat films of N2200 and P3HT, and the blend films of P3HT/
N2200 were separately prepared by spin-coating from these
solutions onto the PEIE and the PEDOT:PSS electrodes in an
N,-filled glovebox. The energy level diagram of the electrodes
and the polymers is shown in Figure 1b. For the measurements
of macroscopic current density—voltage (J—V) characteristics,
an Au top electrode (thickness of 50 nm, surface area of 0.07
cm?) was deposited by vacuum evaporation on top of the
N2200 (film thickness of 80 nm) and the P3HT (film thickness
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of 90—100 nm) neat films. The J—V characteristics were
measured by applying bias to the bottom PEIE and
PEDOT:PSS electrodes in the dark (Figure lc), using a
direct-current voltage and current source/monitor (Advantest,
R6243). The C-AFM measurements were performed using a
Shimadzu SPM-9600 with an Au-coated silicon probe (PPP-
CONTAu; NANO-SENSORS, tip radius < 50 nm, spring
constant = 02 N m™') under an N, atmosphere using a
controlled-environment chamber (CH-III, Shimadzu, Japan).
The local current—voltage (I—V) characteristics were obtained
for P3HT (film thickness of 90—100 nm) and N2200 (film
thickness of 60—70 nm) neat films by recording current
magnitudes as a function of applied voltage between the
bottom electrode and the top AFM probe at a specified sample
position (Figure 1d). The C-AFM current images were
obtained for N2200 neat and P3HT/N2200 blend films (film
thickness of 60 nm) by recording current magnitudes with a
constant sample bias applied to the bottom electrode, while the
AFM probe was scanned over the surface. The topographical
information on the sample was recorded simultaneously with
the current magnitudes.

We first measured the macroscopic J—V characteristics of
N2200 and P3HT neat films on the PEIE and PEDOT:PSS
electrodes to examine charge injection properties from the
PEIE and PEDOT:PSS electrodes into N2200 and P3HT. The
closed circles in Figure 2ab show the J—V characteristics
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Figure 2. Macroscopic J—V characteristics of N2200 (closed circles) and P3HT (open circles) films prepared on the (a) PEIE electrode and (b)
PEDOT:PSS electrode. For both J—V measurements, bias voltages were applied to the PEIE and PEDOT:PSS electrodes. C-AFM local I-V
characteristics of N2200 (closed circles) and P3HT (open circles) films prepared on the (c) PEIE electrode and (d) PEDOT:PSS electrode. For
both I—V measurements, bias voltages were applied to the PEIE and PEDOT:PSS electrodes. (i) At negative bias, electrons are injected from the
PEIE electrode into the LUMO of N2200 and extracted at the Au electrode, producing electron current. (ii) At positive (negative) bias, holes are
injected from PEDOT:PSS (Au) electrodes into the HOMO of P3HT and extracted at Au (PEDOT:PSS) electrode, producing hole current.

observed for the N2200 films on each electrode. For N2200
films on the PEIE electrode (closed circles, Figure 2a), the
current from the N2200 was observed only with a negative bias
voltage applied to the PEIE electrode. This is ascribed to the
electron current injected from the PEIE electrode because there
exists a large energy barrier (~1.1 eV) for hole injection from
the Au anode into the highest occupied molecular orbital
(HOMO) of N2200 as shown in Figure 1b. On the other hand,
the WF of the PEIE electrode is reported to be 3.6 eV,” lying
above the energy level of the lowest unoccupied molecular
orbital (LUMO) of N2200. Therefore, our result indicates that
the WF of ITO is decreased successfully by the PEIE coating,
enabling electrons to be injected into the LUMO of N2200 as
illustrated in the inset in Figure 2. For N2200 films on the
PEDOT:PSS electrode (closed circles, Figure 2b), no current
was observed from the N2200. This is because electron
injection into N2200 is difficult owing to a large energy barrier
of approximately 1.0 eV between the WF of the PEDOT:PSS
electrode and the LUMO of N2200, as shown in Figure 1b.
The open circles in Figure 2a,b show the J—V characteristics
observed for the P3HT films. For P3HT films on the PEIE
electrode (open circles, Figure 22), no current was observed at
either bias polarity, which is very different from the response in
the case of N2200. This result implies that almost no electrons
are injected into the LUMO of P3HT from the PEIE electrode
because of an electron injection barrier of approximately 0.9 eV.
Moreover, the PEIE can serve as a hole-blocking layer that
prevents the holes in the P3HT from being collected at the
ITO interface. For P3HT films on the PEDOT:PSS electrode
(open circles, Figure 2b), current was observed for both bias
polarities; this is ascribed to hole current because efficient hole
injection occurs into the HOMO of P3HT from both the
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PEDOT:PSS bottom (at applied positive voltages) and the Au
top electrodes (at applied negative voltages) as illustrated in the
inset in Figure 2.

Next, we measured the local I-V characteristics of the
N2200 and P3HT films on the PEIE and PEDOT:PSS
electrodes by using an Au conductive probe. As shown in
Figure 2¢,d, the local I-V characteristics were similar to the
corresponding macroscopic results shown in Figure 2a,b. This
demonstrates that both the electron transport properties in
films of an acceptor polymer and the hole transport properties
of a donor polymer can be estimated qualitatively regardless of
whether the Au electrode or the Au-coated AFM probe is used.

For the P3HT neat films on the PEDOT:PSS electrode
(Figure 2b,d), the small or nonexistent threshold voltage and
the parabolic-like variation of the current with the applied
voltage are consistent with previously reported results.'>*> This
indicates high hole injection, likely by an Ohmic contact
between the electrodes and the sample. Therefore, we extracted
the hole mobility p;, of the P3HT by fitting the J—V
characteristics in the space-charge-limited current (SCLC)

regime to a Mott—Gurney equation,35’36

9 Vv
]SCLC - Egogr/l? (1)

where ] is the current density, y is the charge carrier mobility, V
is the applied voltage, L is the thickness of the film, & is the
vacuum permittivity, and &, is the dielectric constant of the film
(we assumed ¢, = 3).” The straight solid line in Figure 3a is fit
of eq 1 to the macroscopic J—V data measured at negative bias
voltages (squares). The fit to the J—V data gave hole mobility
(Mntacro) Of 5.7 X 1075 cm® V™! 57!, which is in good agreement
with the values of y;, reported in the literatures (u, = 1.3 X 107°
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Figure 3. (a) Macroscopic (squares) and C-AFM local (circles) J—-V
characteristics obtained at negative bias voltages for P3HT neat films
on the PEDOT:PSS electrode. The solid and dashed lines are fits to
the J—V data using eqs 1 and 2, respectively, to extract the hole
mobilities. (b) Macroscopic (squares) and C-AFM local (circles) J—V
characteristics obtained at negative bias voltages for N2200 neat films
on the PEIE electrode. The applied bias voltage V is corrected for the
built-in potential Vi.>* The C-AFM local current density is calculated
from the I-V data shown in Figure 2c,d, assuming the tip—sample
contact area as 311 nm?*® and the resultant current densities are
normalized for each film thickness.

—33 % 107 em? V™' s71).>>*7 On the other hand, as shown by
the circles in Figure 3a, the local hole current densities obtained
by C-AFM measurements are 2 orders of magnitude larger than
the current densities obtained by macroscopic device measure-
ments.”® This means that two orders of larger mobility value
than that of ., would be extracted when using the eq 1 to fit
the C-AFM data. Such an overestimation of yy, has been reliably
corrected by Ginger et al, who introduced a semiempirical
scaling factor defined by the ratio of the tip—sample contact
area diameter d to sample thickness L.’ They proposed a
modified Mott—Gurney equation to fit the SCLC current in C-

AFM:
V2 (L )1.610.1
= aggep— 6| —
r’\d 2)

where a is the prefactor determined from finite element
modeling to account for the nonuniform electrical field (o = 8.2
in place of 9/8 for the Mott—Gurney law for planar electrodes),
and the constant 6 = 7.8 + 1 is an empirical dimensionless
parameter that accounts for the difference between mobilities
derived from C-AFM measurements and measurements using
macroscopic planar electrodes.”” When using d = 19.8 nm and
L =100 nm (see the Supporting Information), the fit of eq 2 to
the C-AFM data, shown by the dashed line in Figure 3a, yielded
a hole mobility (e apy) of 0.79 X 1075 cm? V™' 571,

Figure 3b shows the macroscopic (squares) and C-AFM local
(circles) J—V characteristics of the N2200 neat films on the
PEIE electrode at negative bias voltages; the J—V curves show
similar power-law dependences of current with the applied
voltages. Moreover, the local electron current densities
measured by C-AFM are larger than macroscopic current
densities by more than 2 orders of magnitude, which is similar
to the results of the J—V characteristics for P3HT hole currents.

In summary, the use of the PEIE electrode as a cathode
enables the characterization of the local electron transport

]SCLC
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properties of N2200 by the C-AFM measurements. Moreover,
the hole current of P3HT can be detected by using the
PEDOT:PSS electrode. Therefore, when this approach is
applied to the P3HT/N2200 blend films, the electron current
through the N2200 phase should be detected selectively with
the PEIE electrode, and the hole current through the P3HT
phase should be detected selectively with the PEDOT:PSS
electrode, as described below.

The C-AFM was applied to perform the local electrical
characterization of the P3HT/N2200 blend films. We first
employed the PEIE electrode to obtain the electron-current
image. Figure 4a and b display topographic and electron-
current images, respectively, for the blend film on the PEIE
electrode. For both topographic and electron-current images, a
very similar blend morphology composed of sea and island
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Figure 4. C-AFM (a) topographic and (b) electron-current images
(2.5 x 2.5 um?) of the P3HT/N2200 blend film spin-coated on the
PEIE electrode. (c) The cross-sectional profiles of height (black line,
left) and current flow (red line, right) along the horizontal line ruled in
the images of the panels (a) and (b), respectively. These electron-
current maps and the corresponding topographic images were
measured simultaneously at —2 V applied to the PEIE electrode. (d)
The representative I—V profiles observed at the high-lying (closed
circles) and low-lying (open circles) regions in the blend film. C-AFM
(e) topographic and (f) hole-current images (2.5 X 2.5 um?) of the
same blend film spin-coated on the PEDOT:PSS electrode. (g) The
cross-sectional profiles of height (black line, left) and current flow (red
line, right) along the horizontal line ruled in the images of the panels
(e) and (f), respectively. These hole-current maps and the
corresponding topographic images were measured simultaneously at
+2 V applied to the PEDOT:PSS electrode. (h) The representative I—
V profiles observed at the high-lying (closed circles) and low-lying
(open circles) regions in the blend film.
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structures on a submicrometer scale was observed. Figure 4c
shows the cross-sectional profiles of the height (black line) and
electron current (red line) along the line across each image.
These cross-sectional profiles show that the regions with high
electron-current flow correspond mainly to the high-lying
structures. Considering that only the N2200 allows the electron
current to flow under this device configuration, we ascribe the
high-lying structures to the N2200-rich phase. Figure 4d shows
representative I—V characteristics observed at the high-lying
structures and low-lying regions. The I-V profile at the high-
lying structures (closed circles) exhibits current flow only with a
negative applied voltage, which well represents the character-
istics of N2200 neat film. On the other hand, the lack of current
response in the low-lying regions (open circles) implies that
these regions correspond to the P3HT-rich phase. We next
employed the PEDOT:PSS electrode to obtain the hole-current
image. Figure 4e and f display topographic and hole-current
images, respectively. Figure 4g shows the cross-sectional
profiles of the height (black line) and hole current (red line)
along the line across each image. As shown in the figure, hole
current was observed selectively in the low-lying regions.
Further, the representative I-V profile at the low-lying regions
(open circles, Figure 4h) exhibits current flow with both
negative and positive applied voltages, which is qualitatively
consistent with the result of the P3HT neat film. We note that
the I-V profile of the hole current in P3HT/N2200 blend films
is different from that observed for P3HT neat films: the I-V
response is asymmetric with lower current at negative bias. The
lower hole injection from the AFM tip into the blend film
might be attributed to a high contact resistance present
between the tip and the sample. On the other hand, the lack of
current response at the high-lying structures (closed circles,
Figure 4h) supports our assignment that these structures
correspond to the N2200-rich phase. We therefore conclude
that the high-lying and low-lying regions correspond to the
N2200-rich and P3HT-rich phases, respectively.

In summary, the C-AFM approach using the PEIE electrode
can visualize the electron-transport domains of N2200 in the
blend film with P3HT. Moreover, the electron- and hole-
current images obtained by the PEIE and PEDOT:PSS
electrodes provide complementary information about the
phase-separated structures of the P3HT/N2200, donor/accept-
or, polymer blends. Further, the local I-V characterization by
C-AFM will allow us to study the electron and hole
conductivity and mobility of the individual microstruc-
tures,"®*”*" which could never be estimated by macroscopic
J—V measurements.

Previously, Nguyen et al. obtained electron-current images
and the nanoscale electron-transport properties for a blend film
composed of P3HT as a donor and a fullerene derivative
(PCBM) as an acceptor. In their work, they used an Mg-coated
glass substrate and an Mg-coated AFM tip to measure the
electron current.'® In contrast, our approach uses a device
comprising a PEIE-coated ITO electrode and Au-coated AFM
tip, which has the same structure as an inverted-type polymer
solar cell in which a PEIE-coated electrode is used as the
cathode for electron collection and a high-WF metal (such as
Au or Ag) is used as the anode to collect holes. Therefore, our
method can be performed directly on donor/acceptor blend
samples used in solar cells, which would enable us to examine
the correlation between the electron transport nanostructures
and macroscopic photovoltaic performances of the blends.
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Another key feature of the current-contrast imaging lies in its
ability to reveal fine details of nanoscale morphology of the
blend, which are obscured in topographic imaging. Figure Sa,b
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Figure S. C-AFM (a) topographic and (b) electron-current images of
the P3HT/N2200 blend film spin-coated on the PEIE electrode. C-
AFM (c) topographic and (d) hole-current images of the P3HT/
N2200 blend film spin-coated on the PEDOT:PSS electrode. These
current maps and the corresponding topographic images were
measured simultaneously at —1 V applied to the PEIE electrode and
at +2 V applied to the PEDOT:PSS electrode.

shows high-magnification topographic and electron-current
images of the P3HT/N2200 blend film. The electron-current
image enables us to distinguish the compositions sharply,
visualizing the percolation paths for electron transport of
N2200 in the blend. In addition, electron-transporting
structures with a size of tens of nanometers are visualized
even in the low-lying region; these are marked by the circles in
Figure Sab. The electron current would be assigned to the
N2200 that is sequestered as a minor component within the
P3HT-rich phase during the process of phase-separation. The
hole-current image (Figure Sd) also visualizes the percolation
paths for hole transport with a size of tens of nanometers in the
high-lying N2200-rich phase; it is marked by the circle in Figure
5¢,d. As shown in these images, the nanoscale percolation paths
for electron transport (hole transport) developed within the
donor-rich (acceptor-rich) domains are also characterized by
this approach. Such fine details of phase-separated nanostruc-
tures provided by C-AFM current images are of prime
importance for the development of optoelectronic devices,
especially in polymer solar cells, where a phase separation of
10—20 nm domain size and efficient percolation paths
throughout the layer thickness are required.*"**

Finally, we show that the high-resolution C-AFM electron-
current imaging makes it feasible to visualize the electrical
nanostructures for thin films of polymer acceptors. Figure 6a
and b show the surface topographical image and the
corresponding electron-current image, respectively, for an
N2200 neat film on the PEIE electrode. The electron-current
image clearly depicts ribbon-like features with lengths ranging
from several hundred nanometers to a few micrometers, which
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Figure 6. C-AFM (a) topographic and (b) electron-current images (30
X 30 um?*) of the N2200 neat film on the PEIE electrode. (c) The
cross-sectional profiles of the height (black line, left) and current flow
(red line right) along the horizontal line ruled in the images of the
panel (a) and (b), respectively. These current maps and the
corresponding topographic images were measured simultaneously at
—2 V applied to the PEIE electrode. The scale bar corresponds to a
length of 10 pm.

differ from the surface topography, showing nanofibrous
morphology similar to the results previously observed.”**
The electron-current image is rather similar to the long-range
ordering structures on the micrometer length scale that were
observed in a study using transmission electron microscopy
(TEM).”® Further, it is verified from cross-section analysis that
there is not a strong correlation between the topographical
structures and the current magnitudes associated with each
position (Figure 6¢). These results suggest that the electron-
current image represents the bulk morphology of N2200 film.
The inhomogeneous current magnitudes at each position are
probably associated with the difference in the density of locally
ordered structures of N2200 in the film.

In conclusion, we have established a useful approach for
imaging the electron transport nanostructures of conjugated
polymer films by C-AFM, using an air-stable cathode coated
with a PEIE interlayer. This approach has numerous advantages
as a high-resolution scanning probe technique for the study of
conjugated polymer films as follows.

1. The current images can reveal fine details of electron-
transport structures with the size of tens of nanometers
in the blends, which are not easily distinguished in the
topographical image.

2. Electron- and hole-transport networks in donor/acceptor
polymer blends can be distinguished in a mutually
complementary manner by using an appropriate coating
on the electrode.

3. The local I-V measurements will enable us to extract an
electron conductivity and mobility of the nanostructures,
which could never be estimated by macroscopic J—V
measurements.

4. The bulk morphology for electron transport can be
brought to light for the thin film of polymer acceptors.

These advantages underline the capability of C-AFM to
electrically resolve nanostructures of conjugated polymers,
contributing to further understanding of the mechanisms for
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the excellent electron transport and the creation of photovoltaic
functions.
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