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Since the discovery of the superlattice structure, 1D periodic
arrangements, such as heterojunction nanowires (NWs), have
been widely adopted for energy-band engineering tech-
niques® and applications to optoelectronic nanodevices.*>?!
Most heterojunction 1D nanomaterials comprise alternating
sections of materials with distinct properties.?34

Fabricating or tailoring various nanostructures using high-
energy charged beams, such as electron beams (E-beams) or
ion beams, has attracted considerable attention over the last
few years.”) For example, nanosculpting of graphene,
fabrication of low-dimensional optical nanopatterns or light-
emitting nanostructures,”) and the formation of hierarchical
pore structures® have been achieved using an unfocused E-
beam irradiator, scanning electron microscope (SEM), or
transmission electron microscope (TEM) with energy levels
of a few tens or hundreds of kiloelectronvolts.

The spot size and irradiating position of the focused E-
beam can be controlled to achieve the desired accuracy and
can be scaled down to the nanoscale. Therefore, the partial,
intended, and separate compartments of nanomaterials can
be modified. Nanoscale modification of intrinsic properties of
nanomaterials is possible depending on the tunable energy
and dose of the focused E-beam.

Herein, we report on focused E-beam irradiation tech-
niques that can tailor precisely the optical and structural
properties of both organic and inorganic semiconducting
single NWs on the nanoscale. Light-emitting organic poly(3-
methylthiophene) (P3MT) and inorganic titanium dioxide
(TiO,) single NWs have been tailored successfully to contain
multiple 1D serial compartments, similar to a superlattice
NW. These compartments have different lengths and charac-
teristics, which can be modified precisely through treatment
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with a focused E-beam. Herein we examine the dramatic
changes in the structural, optical, and electrical properties of
compartments of single P3AMT and TiO, NWs treated with a
focused E-beam under different conditions. We suggest that
focused E-beam treatment as a postsynthesis manipulation
procedure is a promising technique for fine tailoring of the
intrinsic properties of organic and inorganic nanosystems.

The spot size of the focused E-beam was controlled from
50 to 100 nm, and the step size of the focused E-beam
irradiation was 2.4 nm (Scheme 1). The energy of the focused
E-beam was fixed to 30 keV and its dose was controlled from
7.5%x10' to 1.0x10" electronscm . The doses for the
focused E-beam were approximately 10°-10* times higher
than those used in conventional E-beam lithography (for
example, the dose of the electron resist for poly(methyl
methacrylate) is ca. 10 electronscm ).
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Scheme 1. Schematic diagram of the focused E-beam irradiation of
designated positions of the organic or inorganic single NW.

Figure 1 shows the nanoscale optical properties of indi-
vidual treated P3AMT NWs measured by a color charge-
coupled device (CCD) and laser confocal microscopy (LCM)
photoluminescence (PL) experiments. The PL color of the
pristine NW compartments in the P3MT NW remained at the
original green with relatively low brightness. When desig-
nated positions of the single NW were irradiated with a
focused E-beam with a dose of 7.5 x 10'® electronscm 2, the
PL color of the treated NW compartments changed from
green to yellow, and the emission intensity was clearly
enhanced (Figure 1a). The LCM PL intensities of the treated
compartments (dose = 7.5 x 10'® electrons cm ) were approx-
imately 12 times higher than those of the pristine PAMT NW
(Figure 1b). When the dose was increased to 2.5x
10" electronscm ™2, the PL color of the treated P3AMT NW
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Figure 1. a,b) Color CCD and 3D LCM PL images of a single P3MT
NW treated with a focused E-beam (dose=7.5x10'¢ electronscm ™).
Insets: Corresponding images of a treated P3MT NW with different
compartment lengths. c,d) Color CCD and 3D LCM PL images of a
single P3MT NW treated with a focused E-beam (dos-

e=2.5x10" electronscm™?). Insets: Corresponding images of a
treated P3MT NW with different compartment lengths. e,f) Color CCD
and 3D LCM PL images of a single P3MT NW treated with a focused
E-beam (dose =2.5x 10" electronscm?). The arrows in the color CCD
images indicate the treated compartments. The color scale bar on the
right-hand side represents the photon counts.

compartments changed to bright red (Figure 1c), and a
significant increase (ca. 31 times) in the light-emission
intensity was confirmed from the LCM PL images (Fig-
ure 1d). When the focused E-beam dose was increased to
2.5x10"% electronscm 2, the PL intensity of the treated
compartments in the NW decreased, and bright yellow-
green emission was observed from the pristine compartments
of the same NW (Figure le,f). The results indicate the
existence of a critical E-beam dose (ED) for modification of
the optical properties in the P3AMT NWs and for E-beam
energy transfer along the NWs. Above the ED¢, the focused
E-beam energy might be actively transferred toward pristine
compartments to change observable optical properties.

The size of the compartments on the P3MT NW treated
with the focused E-beam was controlled through the designed
patterns (including size and position). In Figure 1a,c, the
length of the treated compartments on the NW was 1 and
2 um, respectively. The length of the treated compartments
was also controlled to 0.25, 0.5, 1, 2, 3, 4, 5, and 6 pum in the
same NW (inset of Figure 1c). Similar enhancement and color
variation of light emission was observed for the treated NW
with different compartment lengths (inset Figure 1a,c).
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The averaged LCM PL intensities of the NW compart-
ments, obtained from the line profile of three-dimensional
(3D) LCM PL images, were changed considerably by the E-
beam dose (Figure 2a). The LCM PL intensity of the pristine
P3MT NW was six photon counts, and that of the pristine
compartments in the treated P3MT NW were 7, (34+1),
(265 % 5), and (326 & 14) photon counts for doses of 7.5 x 10'6,
2.5%x10"7,2.5x 10", and 1.0 x 10" electronscm 2, respectively.
The LCM PL intensities of the treated NW compartments
were (70 +3), (185 £6), (24 £1), and (3 £ 1), respectively, for
the doses listed above. The ratios of the LCM PL intensities of
the treated to the pristine compartments in the same NW
were 10.0 and 5.44 with doses of 7.5x10' and 2.5x
10" electronscm 2, respectively. At high doses of 2.5x 10%
and 1.0 x 10" electronscm ™2, the PL intensity ratios of the
pristine to the treated compartments were 11.0 and 108.7, thus
suggesting the existence of a ED and E-beam energy transfer
from the treated to pristine compartments. These results are
in agreement with the color CCD and 3D LCM PL images
shown in Figure 1.

The maximum intensity of the LCM PL spectrum of the
pristine P3MT single NW, excluding sharp Raman peaks at
525 and 569 nm,”! was chosen as a reference (inset of
Figure 2b). The LCM PL peak was gradually red-shifted
from 520-530 nm for the pristine NW to approximately 560
and 590-600 nm for the NW compartments treated with doses
of 7.5x 10" and 2.5x 10" electronscm 2, respectively (Fig-
ure 2b). The intensities of the LCM PL peaks of the treated
compartments with these doses were enhanced up to 25 and
50 times, respectively, with respect to that of the pristine NW.
Below the ED¢, the positions and intensities of LCM PL
peaks were red-shifted and increased with increasing E-beam
dose. However, the emission intensity of the compartments
treated with a dose higher than the ED. (2.5x
10" electronscm ™) was decreased considerably (inset Fig-
ure 2b). This finding confirmed the results of the color CCD
and LCM PL images. Therefore, the PL color and intensity of
the P3MT single NW can be tailored precisely on the
nanoscale as a function of the focused E-beam dose.

Figure 2 c shows the micro-Raman spectra of the pristine
and treated P3MT NW compartments and reveals structural
and doping characteristics. Significant differences in micro-
Raman spectra associated with the focused E-beam treatment
were observed in the range of 1050-1650 cm™'. The intensities
of the Raman peaks at 1192, 1223, and 1361 cm™, corre-
sponding to Cz—H bending, antisymmetric C,—C, ring
stretching, and C;—C; ring stretching deformation modes,
respectively,”!"! decreased with increasing E-beam dose. The
intensity of the doping-induced Q mode at 1404 cm™
decreased gradually with increasing E-beam dose (see the
Supporting Information).” The intensities, positions, and
line widths of the Raman peaks at 1457 and 1510 cm™!,
corresponding to the disorder mode (D) and the antisym-
metric C,=Cj ring stretching mode (v,), respectively,”!*!!
were increased, up-shifted, and broadened with increasing E-
beam dose. The changes in the D and v, vibration peaks
indicate structural modifications of the main polymeric chains
in the NW. The spectra reveal that the focused E-beam
irradiation induces conformational modification of polymer
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Figure 2. a) Averaged LCM PL intensity of PMT NW compartments treated with a focused
E-beam as a function of dose. b) LCM PL spectra of the pristine P3MT NW compartments
and of compartments treated with a focused E-beam at various doses (electronscm™).
Inset: Magnified LCM PL spectra of the pristine compartments and of the compartments
treated with a high dose. c) Normalized micro-Raman spectra for the pristine and treated
P3MT NW compartments at various doses. See text for details. d) Comparison of I-V
characteristic curves of the pristine and treated P3MT single NW with various multiple
serial junctions. Top inset: Schematic diagram of the NW with triple junctions on Au
electrodes. Bottom inset: Voltage dependence of the differential conductance of the

pristine and treated single P3MT NW with various junctions.

chains on the nanoscale and causes a decrease in the doping
level of the polymer (see the Supporting Information).*

To examine the effect of the focused E-beam treatment on
electrical properties, current-voltage (/-V) characteristics
were measured for multiple 1D serial junctions of the P3AMT
single NW, in which single, double, and triple junctions were
made in the same NW depending on the number of treat-
ments (top inset of Figure 2d). The dose of the focused E-
beam was 1.0 x 10" electrons cm 2, which was below the ED¢
to minimize the E-beam energy transfer effect. As the
number of the treated compartments (i.e., junctions)
increased, the current levels of the P3MT single NW
decreased dramatically, and the nonlinearity of the I-V
curves became severe (Figure 2d). The results were similar
to those reported for heterojunction nanomaterials with
multiple 1D serial compartments and superlattice structur-
es.l“*121 The voltage dependence of differential conductance in
the low bias region was reduced and sharpened when the
number of junctions was increased (bottom inset of Fig-
ure 2d). The results suggest that the treated compartment acts
as a tunneling barrier for charge transport.!12*%)

The focused E-beam irradiation on the TiO, single NW
was performed using the same methods in the case of the
P3MT NW. The same TiO, single NW was irradiated with a
focused E-beam at three different doses. The PL intensity of
the pristine and treated compartments of the NW was clearly
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TiO, NW compartments was up to 19 times
higher than that of the pristine NW (Fig-
ure 3d), and periodic luminescence alterna-
tion similar to that of a light-emitting barcode
NW was detected.['!

The peak LCM PL spectra of the pristine
TiO, single NW compartments was detected
at approximately 480 nm,™ which red-
shifted gradually from about 500 to about
680 nm when the E-beam dose was increased
from 1.0x107 to 5.0x 10" electronscm™
(Figure 3¢). The line width of the LCM PL
spectrum of the treated NW compartments
increased with increasing dose. The average LCM PL
intensities of the NW compartments treated with doses of
1.0x107, 50x10Y, 1.0x10% 50x10® and 1.0x
10" electronscm 2 were (23 +£1), (106 +2), (148+3), (51+
1), and (27 +4) photon counts, respectively (Figure 3 f). The
LCM PL intensities of the treated TiO, NW compartments
increased  rapidly between 1.0x107 and 5.0x
10" electronscm 2 (Figure 3 f). Similar to the single P3MT
NW treated with the E-beam, an ED. for E-beam energy
transfer in the TiO, NW might exist between 1.0 x 10'® and
5.0 x 10" electronscm . The results suggest that the focused
E-beam treatment of the TiO, NW induced defects, such as
vacancies or interstitials, which contributed to the change in
optical properties of TiO, NW.515:16]

Focused E-beam irradiation of designated positions of the
P3MT and TiO, NWs at various doses resulted in the
nanoscale tailoring of the intrinsic characteristics. We
observed that below the ED¢, the PL efficiency of the organic
P3MT and inorganic TiO, NW compartments treated with the
focused E-beam increased with increasing dose. Above the
EDg, the focused E-beam energy was transferred actively to
the pristine compartments. The treated compartments in the
single PAMT NW acted as a tunneling barrier for charge
transport. The results in this study suggest applications to
light-emitting nanoscale barcodes, nanoscale optoelectronic
devices, and 1D superlattices. Focused E-beam irradiation as
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length under high-vacuum conditions (<7.8x107° torr) at room
temperature.

The nanoscale and solid-state PL images and spectra of the single
P3MT and TiO, NWs were measured using a LCM with 2D (x-y)
Piezo-Scanner (E-501 Modular Piezo Controller, Physik Instrument).
The PL color CCD images of the single NWs were measured using a
cooled CCD color camera (INFINITY3-1C, Lumenera) and mercury
arc lamp (see the Supporting Information).’*!”™ The I-V character-
istics for the pristine and treated P3MT NWs were measured using a
Keithley 237 SMU at room temperature under moderate vacuum
(£1.0x 1072 torr; see the Supporting Information for details).
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Figure 3. a) Color CCD image of a single TiO, NW treated with a
focused E-beam at three different doses (given in electronscm™).
Inset: Color CCD image of the single TiO, NW treated with a high
dose. b) Corresponding LCM PL images of the same samples.

c,d) Color CCD (c) and 3D LCM PL (d) images of the treated TiO, NW
with 23 compartments. The arrows indicate the compartments treated
with the focused E-beam. The color scale bar on the right-hand side
represents photon counts. €) Normalized LCM PL spectra of the
pristine and treated TiO, NW compartments with various doses.

f) Averaged LCM PL intensity of the TiO, NWs as a function of the
dose.

a postsynthesis manipulation procedure is a promising
technique for fine tailoring of the intrinsic properties of
nanosystems.

Experimental Section

P3MT NWs of approximately 240 nm diameter were fabricated using
an electrochemical polymerization method based on an anodic
alumina oxide (ALO;) nanoporous template (see the Supporting
Information).”®!'”! The anatase TiO, NWs of approximately 290 nm
diameter were fabricated by electrospinning (see the Supporting
Information).™®!

The p-type doped Si or Si/SiO, wafers were patterned by
photolithography including gold deposition and a lift-off process.
The gold layer with the wafers was used as a conducting substrate for
the focused E-beam treatment. The shape of the pattern was designed
to determine the exact position of the target single NW. After loading
the target single NW onto the substrate, the position of the target NW
with reference to the Au pattern was examined by optical microscopy.
The focused E-beam, generated from a conventional E-beam
lithography instrument (Tescan VEGA TS 5130 MM with ELPHY
Quantum Pattern Generator), was used to irradiate the intended
positions in a single strand of P3MT or TiO, NW normal to their
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