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Observation of Charge Separation and Space-Charge Region in Single-
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Yeong Hwan Ahn, Won Il Park, Youngjong Kang, and Myung M. Sung*

Abstract: We directly observed charge separation and a space-
charge region in an organic single-crystal p—n heterojunction
nanowire, by means of scanning photocurrent microscopy. The
axial p-n heterojunction nanowire had a well-defined planar
junction, consisted of P3HT (p-type) and Cg, (n-type) single
crystals and was fabricated by means of the recently developed
inkjet-assisted nanotransfer printing technique. The depletion
region formed at the p-n junction was directly observed by
exploring the spatial distribution of photogenerated carriers
along the heterojunction nanowire under various applied bias
voltages. Our study provides a facile approach toward the
precise characterization of charge transport in organic hetero-
junction systems as well as the design of efficient nanoscale
organic optoelectronic devices.

Organic p-n junctions are essential components for the
operation and performance of organic optoelectronic devices,
such as organic photovoltaics, optical displays, organic light
emitting diodes, organic transistors, and sensors.!?! Particu-
larly, control over the charge transport processes at the
junction regions has been a key strategy to achieve significant
improvements in the performance of organic optoelectronic
devices.”®! For instance, carrier transport efficiency can be
increased by controlling charge injection and transport
properties as well as charge-separation processes in organic/
metal and organic/organic heterojunctions.”® The charge
transport across the heterojunctions has been explained by
a flat band structure, or energy-level bending over a space-
charge region.®”! The elucidation of the electronic structures
at the junctions forms the basis for understanding and
improving the performance of the organic optoelectronic
devices. Despite the importance of this issue, there have been
only a few measurements of interfacial energy structures and
space-charge regions in organic heterojunctions by means of
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ultraviolet photoelectron spectroscopy (UPS) and scanning
Kelvin probe microscopy (SKPM).P*1*131 Moreover, these
measurements were made mostly using organic bulk hetero-
junctions (BHIJs) that contained randomly distributed junc-
tions, and thus represent average transport properties of the
bulk that contains many complicated interfacial networks.
Also, most of these studies were conducted on amorphous or
poorly crystalline materials, so the measured values may not
represent the material’s intrinsic properties.

Use of single-crystal material having a precisely defined
interface is a prerequisite for the reliable measurement of the
properties of charge transport over the junction. In particular,
the one-dimensional single-crystal structure is the most
suitable form for studying charge transport processes because
of its perfect molecular order, absence of grain boundaries,
good contact interfaces, and minimal number of charge
traps.' It allows charge carriers to move only in one
direction, enabling the intrinsic material properties to be
determined. Regarding single-crystal inorganic heterojunc-
tion nanowires, there have been many studies in which the
carrier transport behaviors have been observed and the
diffusion lengths have been measured directly by using
several techniques: time-resolved scanning photocurrent
microscopy (SPCM),") SPCM combined with near-field
scanning optical microscopy (NSOM),”” a combination of
atomic force microscopy (AFM) and NSOM,! and electron
beam-induced current (EBIC).? These methods allow map-
ping of photogenerated carriers by means of monitoring local
currents while a focused laser beam is scanned over an area of
interest. However, no such measurements have been reported
for single-crystal organic heterojunction nanowires, probably
owing to the difficulties of fabricating these materials with
a precisely defined interface.

Herein we fabricated an organic axial p—n heterojunction
nanowire containing p-type and n-type organic single-crystal
semiconductors and having a well-defined planar junction, by
means of a recently developed inkjet-assisted nanotransfer
printing (inkjet-NTP) technique.’ Poly(3-hexylthiophene-
2,5-diyl) (P3HT) and fullerene (Cq,) are used as the p-type
and n-type semiconducting materials, respectively. The result-
ing P3HT/C,, heterojunction nanowire devices were amena-
ble to scanning photocurrent microscopy (SPCM) analysis,
which allowed observation of apparent charge separation at
the p—n junction and measurements of depletion width under
various bias voltages. To our knowledge, this is the first direct
observation of charge separation and depletion region
formation in single-crystal organic p—n junctions.

For direct measurement of charge carrier transport
properties in an organic heterojunction system, a precisely
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defined junction between two organic crystals should be
realized. Figure 1 schematically illustrates the fabrication of
an axial p—n heterojunction based on P3HT and Cy crystalline
nanowires by means of the simple Inkjet-NTP process.”!
First, a pattern of nanoscale lines is fabricated on a silicon
wafer by means of e-beam lithography; each line is 100 nm
wide and 200 nm tall, and adjacent lines are spaced 3 um
apart. A negative mold of these lines is fabricated by casting
polyurethane acrylate (PUA) onto the pattern. Second,
a droplet of P3HT ink solution is applied to the PUA mold,
filling only the engraved channels owing to capillary force.
The P3HT ink solution inside the nanoscale channel of the
mold is solidified by drying at a mild temperature (<70°C),
resulting in a single-crystal P3HT nanowire by means of self-
assembly and crystallization of P3HT molecules.**?! Third,
Cq nanowires are fabricated adjacent to the P3HT nanowires
by means of the same procedure, thereby forming p—
n heterojunction nanowires in the channels. Note that the
P3HT nanowire should be completely dried before deposition
of the Cy, ink solution so as to avoid blending of the two inks.
Also, the Cy, ink solution is prepared in tetralin solvent, in
which P3HT is nearly insoluble; this ensures a clearly defined
planar junction at the P3HT/Cy, interface. Fourth, the mold
containing the heterojunction nanowires is contacted with
a substrate. Between the mold and the substrate, a thin layer
of a polar solvent is applied so as to allow good conformal
contact between the elastomeric mold containing the P3HT/
C4 nanowires and the substrate.* The solvent should be
carefully selected to dissolve neither the P3HT nanowires nor
the C4 nanowires. The solvent layer is then evaporated by
means of a drying process, which pulls the P3HT/Cy, nano-
wires down from the mold to the substrate, resulting in axial
p—n heterojunction nanowires each having a well-defined
planar junction.

Several different imaging techniques were used for
characterization of the P3HT/Cy, heterojunction nanowires.
Scanning electron microscopy (SEM) of a P3HT/Cy, hetero-
junction nanowire revealed a clearly defined planar interface
between the two different materials (Figure 2a). The nano-
wire was about 100 nm in diameter and had a smooth surface.
The heterojunction structure was also confirmed by dark-field
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Figure 2. a) SEM, b) DF-OM, and c) PL-OM images of a P3HT/Cq,
heterojunction nanowire. d) TEM image of the heterojunction nano-
wire. Insets: SAED patterns of the nanowire segments P3HT (top
right), Cg, (bottom left).

optical microscopy (DF-OM) and photoluminescence optical
microscopy (PL-OM). The DF-OM image of the heterojunc-
tion nanowire (Figure2b) shows distinct color contrast
between the two materials owing to their different refractive
indices.”**! In the PL-OM image (Figure 2¢), the bright red
part of the single p—n junction nanowire is attributed to
P3HT; specifically, its surface-trap emission is at around 645—
700 nm excited by 495-570 nm light.” The dark part is
attributed to Cg that rarely exhibits photoluminescence
under such excitation. Structural analysis of the heterojunc-
tion nanowire was carried out by means of transmission
electron microscopy (TEM) and selected-area electron dif-
fraction (SAED). Figure 2d shows a TEM image of the
heterojunction nanowire and corresponding SAED patterns
of its P3HT and Cy, segment. The TEM image clearly shows
the distinct morphology difference between the materials and
the formation of an interface between them; the SAED
patterns indicate that both components have single-crystal
structures. For the analysis of the crystal structure, lattice unit
cell modeling and corresponding electron diffraction simu-
lations were carried out.’” The SAED pattern of the P3HT
segment was identified as the (100) plane of an orthorhombic
crystal. The Cg, pattern showed reflections of a face centered
cubic (fcc) structure oriented along the [111] zone axis. These
observations are in good agreement with previous reports on
nanoscale P3HT and Cg, single crystals.’*! Overall, these
results indicate that the heterojunction nanowire was com-
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Figure 1. Schematic illustration of the procedure used to fabricate organic axial p—n heterojunction nanowires by means of inkjet-NTP. First,
single-crystal P3HT nanowires (red) are synthesized and crystallized in molded nanoscale channels. Then, Cq, nanowires (orange) are similarly
prepared adjacent to the P3HT nanowires, forming p—n heterojunction nanowires and these are printed onto a substrate.
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posed of single-crystalline P3HT and Cy and had a well-
defined planar interface between them.

For electrical characterization, a single-crystal axial
P3HT/Cg, heterojunction nanowire device was fabricated as
shown in Figure 3 a. First, the single-crystal P3HT/C, hetero-
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Figure 3. a) Schematic representation of an axial p—n heterojunction
nanowire device. b) DF-OM and PL-OM images of 20 P3HT/Cy, hetero-
junction nanowires with metal contacts. c) /-V characteristics of the
P3HT/C60 heterojunction nanowire device; inset: a plot of the device
rectification ratio versus voltage. d) -V characteristics of the P3HT/Cq,
heterojunction device in the dark (black) and under 12.2 mWcm™
illumination (red).

junction nanowires, as the active channel layers, were printed
on the substrate by means of inkjet-NTP as detailed above.
Subsequently, to contact the nanowires, Au source and drain
electrodes separated by a distance of 60 um were defined by
means of thermal evaporation. The DF-OM image in Fig-
ure 3b clearly shows 20 of the heterojunction nanowires (each
100 nm wide and spaced 3 um apart). The PL-OM image in
Figure 3b shows that each heterojunction nanowire (P3HT on
the left and Cg on the right) has a well-defined junction
between the Au electrodes. The P3HT/C,, heterojunction
nanowire device exhibited rectifying behaviors, typical cur-
rent-voltage (I-V) characteristics of a diode (Figure 3¢). In
a p—n junction, rectification arises from the potential barrier
formed at the interface between the p-type and n-type
semiconductor materials. In the -V curve (Figure 3c),
under forward bias the current increases with the bias voltage
owing to decrease of the potential barrier, whereas under
reverse bias only a small amount of current flows because the
barrier height increases with the bias voltage. The rectifica-
tion ratio, defined as the ratio of forward to backward current
measured at the same absolute bias, is about 25 at 50 V
(Figure 3¢, inset). Figure 3d shows the photo-response of the
P3HT/C, heterojunction nanowire device. Under illumina-
tion, both the forward and reverse currents increased because
of the generation of charge carriers on the nanowires. The
photo gain, defined as the photocurrent divided by the dark
current, was 4.4 at 50V under the light intensity of
122 mWcem ™2 Note that we applied external electrical field
to observe the photo-response behaviors because the electric
field induced by the built-in potential was too small to
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produce a detectable amount of charge carriers owing to the
small junction area (ca. 2 x 107'* cm?) and the relatively high
nanowire length.

SPCM is widely used for monitoring the carrier dynamics
near the interfaces of heterojunctions to investigate the
processes of carrier diffusion and drift (driven by a built-in
potential and external potential).’*3!l Through spatial distri-
bution analysis of the locally excited photocarriers using
SPCM, we were able to observe the donor/acceptor interface
and to determine the depletion width in the single-crystal
P3HT/Cq, heterojunction nanowires. The SPCM measure-
ment setup is illustrated schematically in Figure 4a. In the
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Figure 4. a) Schematic illustration of the SPCM measurement setup. A
laser is scanned along the p—n junction nanowires in the organic
heterojunction nanowire device and photocurrent measurements are
collected as a function of applied bias voltage. b) SPCM image of the
heterojunction nanowire device, collected at V,=—40 V; gray bars
indicate the metal contacts. c) Photocurrent versus position along the
nanowire for bias voltages ranging from 0 to —60 V; red lines indicate
exponential fitting curves used to extract depletion widths. d) Squares
of measured depletion widths (blue dots with error bars) versus bias
voltage; the red dotted line is a linear fit. Insets: top left) the energy
level diagram of the two nanowire materials and bottom right) dia-
grams of the change in depletion width (red dotted line with arrows)
with applied bias voltage.

SPCM measurements, a focused laser (A=532nm) was
scanned along each heterojunction nanowire in the device
using a two-axis galvo scanner, creating localized carriers that
gave rise to a current, that is, a photocurrent. The photo-
current was collected using a lock-in amplifier synched at the
modulation frequency of the incident laser. The photocurrent
was measured at a series of reverse bias voltages from 0 to
—60V, with 10V increments. In a representative photo-
current microscopic image from SPCM measurements on the
heterojunction nanowire device taken at V,=—40V, strong
photocurrent peaks were observed in the middle, junction
regions of the heterojunction nanowires (Figure 4b); this
indicates that the photoexcited carriers were effectively
separated at the junction and collected in the form of
photocurrent.> A maximum photocurrent was only
observed at the junction region of each nanowire, indicating
that each had a well-defined planar junction.
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Figure 4c shows representative line profiles of photo-
current versus position along the nanowire axis at various
applied bias voltages (V,, of 0 to —60 V). As the bias voltage
was increased, the photocurrent peak heights increased. Note
that no significant photocurrent was observed for low bias
voltages (0 to —10 V), probably owing to the small junction
area and the relatively long channel length (60 um) used in
our devices. The increase in photocurrent at higher bias
voltages mainly arose from more effective separation and
collection of photoexcited carriers under conditions of higher
electric field. Under the high bias voltages, carrier diffusion is
negligible because carrier transport at the junction is mainly
influenced by drift rather than diffusion under a strong
external electric field.’>*! The photocurrent profiles for high
bias voltages (=20 to —60 V) from the peak near the p-
n junction can be used to quantify the depletion width by
fitting the exponential decay of the photocurrent to the
equationJ o exp(%(x — d)/L.,), where d is the peak position
and the plus and minus signs correspond to electrons and
holes, respectively.’¥ The decay lengths of electrons (L,) and
holes (L,) were obtained by fitting the data in Figure 4c to
this equation, yielding: L. of 5.50, 5.72, 6.06, 6.98, and
7.32 pm, and; L, of 4.48, 6.03, 6.42, 6.72, and 7.65 um for V;, of
—20, —30, —40, —50, and —60 V respectively. The total decay
length (L.+ L,) of electron and hole carriers, corresponding
to the depletion width, was obtained for each bias voltage.
The depletion widths from ten different devices (200 nano-
wires) were measured and averaged to yield the depletion
widths plotted in Figure 4d. The depletion width (w) in
a p-n junction can be estimated from the following
relationship with external reverse bias voltage (V):
w= /((2&¢)/q (1/Ns +1/Np)(Vy + V)), where V,; is the
built-in potential in the p-n junction; &, is the vacuum
permittivity; ¢ is the permittivity of the semiconductor; and
N, and Np are carrier concentrations of the acceptor and
donor materials, respectively. As demonstrated in Figure 4d,
the squares of the measured depletion widths (blue dots with
error bars) were linear with the bias voltage, showing a good
fit to the above relationship (red line). The observed increase
of depletion width with bias voltage probably resulted from
a typical p—n junction device characteristic: the electric field
at the junction is induced by the bias voltage (Figure 4d,
inset). The single-crystal organic p-n heterojunction nano-
wire device measured in this study allows more precise
characterization of the properties of the heterojunction
materials, thus significantly reducing the uncertainty in data
interpretation in comparison with that arising from the testing
of bulk polycrystalline devices.

In summary, we have demonstrated that a single-crystal
organic axial p—n heterojunction nanowire serves as a simple
model system for understanding the fundamental charge
transport at nanoscale donor/acceptor interfaces. Single-
crystal axial P3HT/Cg, heterojunction nanowires each
having a well-defined junction region were fabricated by
means of inkjet-NTP and were exploited for direct observa-
tion, by means of SPCM, of charge separation and depletion
width in the junction region under external electric fields. Our
study suggests the possibility of extending this approach to the
study of charge transport in other organic heterojunctions, as
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well as to production of highly integrated organic optoelec-
tronic devices.
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