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ABSTRACT: Dendritic organic heterojunctions with
aluminum tris(8-hydroxyquinoline) (Alq;) microwire
trunks and 1,5-diaminoanthraquinone (DAAQ) nanowire
branches were prepared by a two-step growth process. The
prefabricated Alq; microwires act as nucleation centers for
site-specific secondary vapor growth of DAAQ nanowires,
resulting in the unique dendritic heterostructures. When
the trunk was excited with a focused laser beam, emitted
light of various colors was simultaneously channeled from
the branched nanowires via both waveguiding and energy
transfer. The intensity of the out-coupled emissions was
modulated effectively by changing the polarization of the
incident light.

ne-dimensional (1D) nanomaterials, especially nano-
wires, are ultimately suitable for the transport of photons,
electrons, and excitons and have been demonstrated as building
blocks of optical circuits.'™* Assembling nanowires into
complex heterostructures with high spatial and angular
precision is critical for realizing functional devices, includin
photonic routers,” modulators, and polarization rotators.
Techniques such as micromanipulation” and single-beam
optical traps® have been developed to manipulate and assemble
individual nanowires into heterojunctions. An alternative
method is to create nanowire heterojunctions (NWHJs) via
direct epitaxial growth. For example, several inorganic NWHJs
have successfully been obtained by dendritic crystal growth and
subsequently incorporated into nanoscale photonic devices.”” "
The direct growth of organic NWHJs has not been
extensively investigated to date, although organic nanomaterials
have been shown to have new photonic and electronic
properties."*"> The optical properties of organic nanomaterials
could be effectively tailored through rational molecular design,
and the intermolecular energy transfers between components
with matching energy levels could lead to new optical
properties unique to organic NWH]s.lé For example, the
exciton polaritons formed by the strong coupling between
photons and Frenkel excitons in organic nanowires can
significantly increase the refractive index.'"’ ™ This can help
to break the diffraction limit when the dimensions of the
nanowire optical components are reduced to the subwavelength
scale, which is beneficial to the further miniaturization of optical
devices. In this paper, we report a two-step synthesis of organic
NWH]Js composed of aluminum tris(8-hydroxyquinoline)
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(Alg;) trunks and 1,5-diaminoanthraquinone (DAAQ)
branches. The preformed Alq; microwires, made by self-
assembly in the liquid phase, were used as nucleation centers
for the site-specific secondary epitaxial vapor growth of DAAQ_
branches to give dendritic heterostructures with optical
channeling properties. When the Alq; trunk was excited with
a focused laser, light emission of various colors could be out-
coupled from the branches via optical waveguiding and energy
transfer. The intensity of the out-coupled light varied
sinusoidally when the polarization angle of the incident laser
was rotated in a circle around the long axis of the Alq; trunk.
NWH]J-based optical channels should hold promise for the
construction of various types of multiplexer and circuit
components in future applications."

In our earlier work, it was found that during physical vapor
deposition, the vaporized organic molecules tend to nucleate
preferentially and grow more rapidly on sites with smaller
curvature radii and higher surface energies, such as dusts,
particles, and metal needles.””** Inspired by these results, here
we extended the work further to create dendritic organic wire-
on-wire heterojunctions by a two-step growth process in which
preformed organic microwires are used as seeds for the growth
of vertically aligned organic nanowires of a second compound.
In this work, we chose as model compounds Alq; and DAAQ
(Figure S1 in the Supporting Information), two organic dyes
that are widely used in organic optoelectronic devices. The
absorption spectrum of DAAQ overlaps well with the
photoluminescence (PL) spectrum of Alq; (Figure S2),
ensureing efficient energy transfer between the two compounds
in the heterostructures. The NWH]Js were prepared by a two-
step method (Figure 1A). First, ultralong single-crystal Alqg,
microwires with hexagonal cross sections (Figure 1B) were
prepared using an antisolvent diffusion method combined with
solvent-evaporation-induced self-assembly (Figure $3).** The
wafers with Alq; microwires were subsequently used as
substrates for the secondary growth of DAAQ by physical
vapor deposition (Figure S4). During the deposition, the
vaporized DAAQ_selectively nucleated and grew perpendicu-
larly on the surfaces of the Alq; wires to form NWH]Js.

In the first step, the growth of the Alq; microwires can be
finely controlled since the slow evaporation of the antisolvent
ensures a proper degree of saturation of the solution.”* Figure
SS reveals the time-dependent morphology evolution of the
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Figure 1. Schematic illustration and corresponding SEM images
showing the growth process of the dendritic organic NWH]Js. (A) Step
1: Alq; microwires are made by liquid-phase self-assembly. Step 2:
Site-specific nucleation and epitaxial growth of vertical DAAQ
nanowires on the surfaces of Alq; by physical vapor deposition. (B—
E) SEM images of (B) Alq; microwires formed in step 1 and (C—E)
different stages of DAAQ_growth in step 2. DAAQ first nucleates on
the Alq; wire surfaces to form some isolated clusters, seeding
subsequential molecular deposition to form the final vertical nanowire
branches. All scale bars are 2 ym.

Alq; crystals. First, the Alq; molecules aggregated to form small
particles with the initial solvent evaporation. The vapor
pressure of the antisolvent allowed a continuous dissolution
equilibrium for the particles, enabling them to grow and
recrystallize step-by-step to form 1D microstructures. When the
assembly process continued for over 10 h, single-crystalline
microwires with hexagonal cross sections and smooth surfaces
(Figure 1B), which are favorable for optical waveguiding
purposes, were finally obtained.

Alg; microwires dispersed onto silicon and quartz wafers
were used as the substrates for the epitaxial vapor growth of
DAAQ. Figure 1 and Figure S6 show that DAAQ _selectively
nucleated and grew on the surfaces of the Alq; wires, especially
at the arrises of the hexagonal prisms, and almost no DAAQ
products were obtained on the smooth wafer areas. The Alq,
microwires played the role of condensation nuclei to help the
precipitation, similar to the role of Agl in artificial rain. As
illustrated in Figure 1A,C, the small curvature radii and organic
nature of Alq; make the microwires the preferential sites for
condensation of the DAAQ vapor over the smooth surface of Si
wafers. DAAQ first nucleated on the Alq; wire surfaces to form
some isolated clusters at the initial stage of the deposition. In
the following stage, the vapor diffusion was much faster than
the self-nucleation of DAAQ _clusters. In addition, the surface
energies determined that the [100] length direction should
increase much faster than the diameter dimensions, which is a
favorable condition for the growth of long wires.>* According to
the growth process, the length and positioning density of the
DAAQ branches could be modulated by changing the growth
time (Figure 1C). As shown in Figure S6, we were also able to
achieve precise control of the growth density of DAAQ_ wires
with fixed lengths by tuning the growth temperature.

Figure 2A,B shows typical scanning electron microscopy
(SEM) images of Alq;—DAAQ NWH]Js prepared by growing
the DAAQ branches at 185 °C for 6 min. The average length
and diameter of the DAAQ branches are 5 ym and 350 nm,
respectively. The interface between the DAAQ_nanowires and
the Alqg; trunks is sharp and can be clearly identified. The
transmission electron microscopy (TEM) images and selected-
area electron diffraction (SAED) patterns of the NWH]Js in
Figure 2C show the diffraction patterns of Alq; and DAAQ
from the trunk and the branches, respectively. The branches
grew perpendicularly to the trunks. The SAED patterns (Figure

2881

D\
] f““"

'rmiu

Figure 2. Characterization of the organic heterojunctions. (A, B) SEM
images of the Alq;—DAAQ dendritic heterostructures. Scale bars: (A)
S pm; (B) 1 pm. (C) TEM image of a single NWH]J. Scale bar is S ym.
Insets: SAED patterns of the Alg; trunk and DAAQ branch. The Alqgs
and DAAQ_ have single-crystal structures; Alq; grew in the [011]
direction, while [100] was the preferential growth direction for the
branch component of DAAQ. (D) PL microscopy images of the
NWHJs excited with the UV band (330—380 nm) of a mercury lamp.
Scale bar is 100 gm. The green emission is from the Alq; trunks and
the red emission from the DAAQ branches.

2C insets) also indicate that both the trunks and branches were
single-crystalline, growing along their [011] and [100]
directions, respectively. Energy dispersive X-ray spectroscopy
(EDS) analysis (Figure S7) further testified that the chemical
compositions of the trunks and branches were Alq; and DAAQ,
respectively. In the PL microscopy images taken under UV
excitation (Figure 2D), the dendritic structures appear to have
green-emitting trunks and red-emitting branches, consistent
with the PL spectra of the two components (Figure S2).

This unique dendritic heterostructures exhibit optical
channeling properties.>>® The schematic illustration in Figure
3A shows the concept of the optical channels from such
NWHJs. When the trunk is excited with an input laser signal,
the emitted green light propagates toward its distal ends. The
green light is out-coupled to the branches via two processes:
The first is Fster resonance energy transfer (FRET), whereby
the red PL of DAAQ is excited at the interfaces of the junctions.
The second is photon reabsorption, in which the Alq; emission
guided in the microwire may be scattered at the junctions and
injected into the DAAQ_nanowires, causing absorbance along
the nanowire cavities. As a result, the PL of Alq; is partially
quenched, and the green and red emissions are guided toward
the tips of the branches. Therefore, different color signals are
output from each branch depending on the relative fraction of
the two types of emissions as the propagation length increases.
Figure 3B shows a single typical NWH] used for the photonic
characterizations, which consisted of more than 100 DAAQ
branches grown on a single Alq; trunk with an average spacing
of ~1 um. Both the trunk and branches exhibited typical
characteristics of active optical waveguides with bright
luminescence emission at the tips. The guided light could
indeed be output simultaneously from the tips of the trunks and
different branches when the middle area of the Alq; wire was
excited with a 351 nm focused laser beam (Figure 3C).

The spatially resolved PL spectra in Figure 3D demonstrate
the propagation-length-dependent out-coupling emission. The
spectrum taken locally from the excited spot shows the typical
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Figure 3. Optical routing via the organic NWH]Js. (A) Schematic
illustration of the Alg;—DAAQ NWH]J-based optical routers. A UV
laser beam is focused on the Alq; microwire to excite its fluorescence,
which propagates along the trunk and channels to the DAAQ
branches. (B) PL microscopy image of a single NWH]J excited with the
UV band of a mercury lamp. (C) PL image of the NWHJ in (B)
excited with a 351 nm focused laser beam, demonstrating the optical
channeling illustrated in (A). The blue boxes indicate the areas
selected for collection of spectra. The scale bar is 25 um. (D) PL
spectra of the excited spot (I) and the output signals from the DAAQ
branches (II-IV) and the Alq; tip (V) taken from the regions marked
in C. The inset shows the variation of the CIE coordinates with the
propagation length. (E) PL decay profiles of the S1S nm Alg,
emissions indicating the variation of the energy transfer efficiencies
from Alq; to DAAQ at different propagation lengths.

emission of Alq; in the 450—700 nm region. The emission can
propagate efficiently along the trunk and couple to the
branches. At the branch tips, the DAAQ red emission (600—
850 nm) emerges at the expense of that from Alq;. This
indicates that an efficient FRET process took place at the
interfaces of the junctions and photon reabsorption along the
DAAQ_nanowires occurred, resulting in the diffusion of the
photogenerated excitons from Alg; to DAAQ.'® The out-
coupled light from the branch tips is a superposition of the
green and red emissions from the two compositions. It is
noteworthy that the Alq; emission part showed an obvious red
shift with increasing guided length because the shorter-
wavelength portion was absorbed more efficiently by the
DAAQ branches during propagation, as proved by the spectral
overlap shown in Figure S2. The coupled light from the trunk
tip is a red-shifted Alq; emission with some waveguided modes
beween 530 and 560 nm. The CIE coordinates of the coupled
light calculated from the PL spectra (Figure 3D inset) clearly
showed variations of the output signals.

The PL decay behavior was measured to study the photon
and exciton interactions between the trunk and the branches.
Figure 3E depicts the PL decay profiles taken from the different
positions marked in Figure 3C monitored with the Algs
emission at 515 nm. The PL lifetime at the excited spot (z,)
was 19.16 ns, revealing the intrinsic exciton lifetime of Alg;
without extrinsic PL. quenching.*” At the output channels, the
lifetime (z,,) was decreased to 10.0S, 12.21, and 12.95 ns,
respectively in the presence of the DAAQ energy acceptor.'®
The energy transfer efficiencies (7,,) at different channels were
calculated using the equation #, = 1 — 7.,/7, which gave
efficiencies of 47.5, 36.3, and 32.4% at II, III, and IV,
respectively. The efficiency decreased with increasing prop-
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agation length because the red shift of the Alq; emission
decreased the spectral overlap integral as shown in Figure S2,
resulting in the fluctuation of the green and red emissions.
The dendritic structure offers a model system for
demonstrating that the output from the nanowire channels
can be actively controlled by modulating the input. The fast-
developing optical technology provides a solution to the
bandwidth and capacity limitations that the modern computing
industry is approaching.**® The photon is a fundamental carrier
of information, possessing numerous information-carrying
degrees of freedom (frequency, phase, polarization, etc.). In
this work, polarization, one of the most essential properties of
light, was adopted to modulate the color and intensity of the
output signals from the branch channels simultaneously. The
optical measurements were carried out with a home-built
optical microscope system (Figure S8). Figure 4A schematically
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Figure 4. Modulation of the output intensity by variation of the
incident polarization angle. (A) Schematic illustration of the
experimental setup for polarized excitation. 6 is the angle between
the incident light polarization and the long axis of the Alq; wire. A
single NWH] was excited with a linearly polarized laser beam at input
1, and the modulated light signals were collected at two different
output channels 2 and 3. (B) PL images of the NWH]J taken by
exciting the middle area 1 at different polarization angles (6 = 0—
360°). Light channeling from the trunk to the wire branches can be
clearly observed. The emission intensity varied in an oscillatory
manner between maximum and minimum values. The vertical scale bar
is 20 ym. (C) Polarization-angle-dependent PL intensity measured
from the branch channel 2 (red, 720 nm) and the trunk channel 3
(green, 542 nm). The highest PL intensities of these two outputs were
observed at @ = 15°. The PL intensity decreased gradually with
increasing @ and reached its minimum at @ = 105° indicating a
sinusoidally modulated out-coupling with a period of 180°.

shows a typical experiment in which a single NWH] was excited
with a linearly polarized laser beam. The parameter 0 refers to
the angle between the long axis of the Alq; wire and the
incident polarization, which was adjusted using a half-wave
plate. Light channeling from the trunk to the wire branches was
clearly observed. The emission intensity varied in an oscillatory
manner between a maximum and minimum value (Figure 4B),
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implying a strong polarization dependence of the in-coupling
efficiency. Figure 4C shows the emission intensities from wire
ends 2 and 3 as functions of 0. It indicates that the highest PL
intensities of these two outputs were observed at 8 = 15°,
giving an insight into the preferred direction of the 7-
conjugated alignment in the Alq; crystalline trunk. The PL
intensity decreased gradually with increasing € and reached its
minimum at @ = 105°, indicating a sinusoidally modulated out-
coupling with a period of 180°.

It was observed that the light emission could be varied from a
maximally emitting “on” state to a minimally emitting “off”
state. The on/off ratio R = I /I, (where I, and I,
represent the intensities of the light polarized parallel and
perpendicular to the transition dipole moment, respectively)
was determined to be as large as 6.7. For a quantitative analysis
of the modulation of the output emission, a parameter p called
the polarization ratio was defined as p = (R — 1)/(R + 1).%
Here, p = 0.74 was obtained for the output of the branch
channels. This ratio is larger than those of the previously
reported conjugated polymer nanowires (p = 0.6)*° and
inorganic semiconductor CdSe nanowires (p ~ 0.6).>' In this
way, propagating light in the NWHJs can be specifically
modulated by controlling the incident polarization. We believe
this concept can be further generalized and expanded to more
complex structures that can combine several kinds of optical
signals simultaneously. A multiple-input, multiple-output
optical channel might serve as an efficient splitter, switcher,
and/or multiplexer in future photonic networks designed for
computing and information processing.

In conclusion, we have reported a two-step wire-on-wire
approach for the synthesis of branched nanowire hetero-
structures of two organic materials. Site-specific nucleation and
epitaxial growth of DAAQ on the prefabricated Alq; microwires
can be controlled to form dendritic heterostructures with
desired spatial positioning. Simultaneous coupling of the
photogenerated excitons from the trunk to the branches via
waveguiding and energy transfer lead to optical channeling with
multiple outputs, which may be useful for optical routers in
miniaturized photonic circuits. The output intensity from the
wire channels varied sinusoidally upon rotation of the incident
polarization. Such controllable optical channels and routers
may find numerous applications in nanoscale optical devices,
circuits, and networks.
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