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1 Introduction

ABSTRACT

The single crystalline nanostructure of organic semiconductors provides a very
promising class of materials for applications in modern optoelectronic devices.
However, morphology control and optoelectronic property modulation of high
quality single crystalline samples remain a challenge. Here, we report the
morphology-controlled growth of single crystalline nanorod arrays of perylene-
3,4,9,10-tetracarboxylic dianhydride (PTCDA). We demonstrate that, unlike PTCDA
film, PTCDA nanorods exhibits optical waveguide features, enhanced absorption,
and Frenkel excitation emission in the visible region. Additionally, we measured
the electrical properties of PTCDA nanorods, including the conductivity along
the growth direction of the nanorod, which is roughly 0.61 S'm™ (much higher
than that of pure crystalline PTCDA films).

reactivity [3], and high flexibility [4, 5]. These features
make these materials complementary to their inorganic

Because of their weak intermolecular forces (the -7t
interaction, the charge-transfer (CT) interaction, the van
der Waals force, and H-bands), organic semiconductors
offer many unique advantages such as relative ease
of chemical doping [1, 2], good processability [2], high

counterparts [6, 7] and allow them to be widely applied
in the fabrication of modern optoelectronic devices, for
example, organic light-emitting diodes [8, 9], organic
field-effect transistors [10, 11], and organic solar
cells [12].
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Previously, researchers have noted the size-dependent
photophysical properties [13, 14] and the dielectric
anisotropy of quasi-epitaxial crystalline organic
semiconductor films [15, 16]. However, during the
growth process of organic films, lattice mismatch
originating from the substrate is inevitable and results
in the generation of molecular disorder and increased
grain boundaries. In the preparation process of one-
dimensional (1D) organic nanomaterials using vapor
deposition [17] or organic molecular beam deposition
(OMBD) methods [18], once the initial nuclei are
formed, the organic molecules will be epitaxially
deposited on the nuclei and form single crystalline
1D nanomaterials with an oriented growth direction.
Moreover, the vacuum environment can reduce doping
in organic nanomaterials. These properties effectively
decrease the amount of molecular disorder and grain
boundaries [18]. Consequently, the photophysical and
electrical properties of single crystalline organic 1D
nanomaterials might be superior to those of quasi-
epitaxial organic films. To our knowledge, the correla-
tion between morphology and optoelectronic properties
has not yet been systematically studied [13, 15].

To investigate the morphology-dependent photo-
physical and electrical properties of organic 1D nano-
materials, perylene-3,4,9,10-tetracarboxylic dianhydride
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(PTCDA) was selected as the model molecule. Because
the PTCDA molecule has a planar structure, elements
of perylene, and peripherally rich oxygen atoms (as
shown in Fig. 1(a)), they favor m—m stacking between
the layer-stacked molecules, which creates a basis of
well-defined growth. The unique electronic structure
of the planar m-electron system is usually used as
the model example to investigate interfacial charge
transfer dynamics [19, 20]; PTCDA crystalline films
have already attracted attention and have been used
in light-emitting diodes, where they were reported
to improve charge injection efficiency at the anode
[21, 22]. Herein, we successfully prepared vertically
aligned PTCDA nanorod (NR) arrays and modulated
their morphologies using the OMBD method. We
found that the photophysical properties, especially
the fluorescence feature, strongly depend on NR mor-
phologies. We have also measured the current versus
voltage (I-V) characteristics of individual NRs and
found that the electrical conductivity along the
epitaxial direction of PTCDA NRs was roughly
0.61 S'm-!, which is much higher than that of pure
crystalline PTCDA films. Our experiments provide
important information regarding the fabrication of
optoelectronic devices based on m-conjugated planar
organic semiconductors.

=10}

Figure 1 Chemical structure of PTCDA molecule (a). SEM images of PTCDA NR arrays prepared by setting #, = 5 min (b), 20 min
(c), 45 min (d), and 90 min (e); the insets show enlarged images. Top-view fluorescence microscopy images of the NR array grown for
90 min (f); the inset shows a side-view image of the NRs. All SEM images were taken at a 45° angle (tilted relative to the substrates).
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2 Experimental
21 Preparation of PTCDA NR arrays

PTCDA NR arrays were prepared on anodic aluminum
oxide (AAO) using the OMBD method; four growth
times (tg) of 5, 20, 45, and 90 min were selected. The
substrate and the evaporator source temperatures were
maintained at 280 and 385 °C, respectively, during the
growth processes. AAO was chosen as the substrate,
because the surface of AAO possesses numerous array-
arranged active sites with low curvature radius (i.e.,
high surface energy), which can favor nucleation of
organic molecules [18, 23] and modulation of the aspect
ratio of NRs. Detailed information regarding this pro-
cess is presented (see Figs. S1 and S2 in the Electronic
Supplementary Material (ESM)).

2.2 Characterization of morphologies and photo-
physical properties of PTCDA NR

Scanning electron microscopy (SEM) images and
fluorescence images were obtained using an FEI
NanoLab 600i SEM/FIB dual-beam system and IX
70 inverted fluorescence microscope, respectively.
Ultraviolet visible (UV-Vis) absorption and photo-
luminescence (PL) spectra were acquired using a
Shimadzu DUV-3700 spectrophotometer and a Jobin
Yvon Fluorolog-3-21 fluorescence spectrophotometer,
respectively. X-ray diffraction (XRD) patterns were
collected using a Rigaku-TTR3 X-ray diffractometer.

2.3 Preparation and electrical characterization of
NR devices

NR devices were fabricated using an FEI NanoLab
600i SEM/FIB dual-beam system. PTCDA NRs were
first transferred onto a heavily doped Si substrate
with a 500-nm SiO, dielectric layer. Then, platinum
(Pt) stripes, acting as electrodes, were deposited on
a randomly selected NR; further details regarding
this process are given in Fig. 53 (in the ESM). The I-V
characteristics were obtained using a probe station in
a glove box at ambient temperature (argon atmosphere,
H,O < 0.1 ppm, O, < 0.1 ppm) and a Keithley 2612A
digital source-meter.
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3 Results and discussion

3.1 Morphology evolution of NRs with growth time

Figures 1(b)-1(e) show the SEM images of the PTCDA
NR arrays grown for 5, 20, 45, and 90 min, respectively.
In the early stage grown for 5 min, a layer of vertically
aligned NRs was formed on the AAO surface with an
average length of roughly 180 nm. Several longer NRs
can also be seen in the low magnification image; they
are related to the induced nucleation effect on the
active sites (see Figs. S4 and S5 in the ESM). At the
given substrate temperature of 280 °C, active sites with
relatively large curvature induce the preferable for-
mation of initial nuclei on the AAO surface (which
has a higher surface energy), which then epitaxially
grow relative long NRs. The areas with relatively small
curvature typically induce the laggard formation of
initial nuclei, which grow into shorter NRs. At grown
time (f;) = 20 min, the NR width remains almost
unchanged, whereas the NR length increases to
approximately 800 nm, and the NR number increases.
At t; = 45 min, the NRs almost completely cover the
AAO surface; NRs are roughly 2 um long. For NRs
grown for 90 min, the length of NRs reaches roughly
5 um, and their width noticeably increases. SEM results
suggest that both the length and the number of PTCDA
NRs increase with t,, and that some adjacent NRs
combine together to form wider NRs.

3.2 Optical waveguide features

Figure 1(f) shows the top view of the PTCDA NR
array, which was grown for 90 min on AAO under
fluorescence excitation. The small bright lights emitting
from the NR tips indicate good vertical growth of
PTCDA NRs. To display the whole-body fluorescence
feature, an image of the horizontally laid NRs is shown
in the inset of Fig. 1(f). The fluorescence of PTCDA
NR was brighter at the tips and weaker at the bodies,
which is typical of the optical waveguide behavior
reported by Zhao et al. and Takazawa et al. [23, 24].
Typically, layer stacking of planar molecules in
single crystalline 1D nanostructures can produce optical
waveguide features. Note that the majority of NRs
located at the pore openings of the AAO have a
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quasi-hexagonal cross-section, indicative of single cry-
stalline morphology (see Figs. S6 and S7 in the ESM).
To verify the crystal structure, we assessed the PTCDA
NR array grown for 90 min by XRD, using Cu Ka
radiation. Figure 2 shows the XRD result: Two peaks,
at 26.60° and 27.66°, which are associated with (111)
and (102) planes, respectively, can be identified. The
peak at 27.66° is stronger, which indicates that the
preferential orientation lattice plane in PTCDA NR is
the (102) plane. The distance between the layer-stacked
molecules is roughly 3.22 A. The XRD result coincides
with that of PTCDA nanostructures grown at roughly
290 °C, as reported by S. Heutz et al. (see Fig. 3 in Ref.
[13]). The m*~m type transition in the PTCDA molecules
combined with the transition of intermolecular CT
excitons leads to strong fluorescence emission in the
visible region [25-27]. Moreover, the PTCDA molecules
stack layer-by-layer along the growth direction of
crystalline NRs, and the distance (3.22 A) between
molecular stacks is smaller than both the other lattice
constants and the size of PTCDA molecules [15, 16, 25].
This property causes strong interactions of m-electrons
within the stacks [25]. Upon excitation, the resulting
PL emission can be self-guided along the growth
direction of the PTCDA NRs. Furthermore, in these
crystals, the qualitative differences between Frenkel
excitons (FEs) and CT excitons become small [25].

3.3 Photophysical properties of PTCDA NRs

To analyze the morphology-dependent photophysical
properties of PTCDA NRs, we performed mea-
surements of both UV-Vis absorption and PL spectra.

Figure 3(a) shows the UV-Vis absorption spectra
of the annealed AAO, PTCDA film, and the PTCDA
NR arrays. There is no absorption band in the spectrum
of clean AAO; however, there is a sharp and isolated
peak at 554 nm (2.24 eV), a broad feature between
400 and 535 nm (2.31-3.10 eV), and two high-energy
peaks at 371 nm (3.34 eV) and 356 nm (3.48 eV), which
appear once the PTCDA NR arrays or film are formed.
The sharp feature at 554 nm (2.24 eV) originates from
the CT-dominated charge-transfer-Frenkel mixing
(CT-FE) mechanism (CTyg), whereas the broad band
between 400 and 535 nm (2.31-3.10 eV) originates from
the FE-dominated CT-FE mechanism (FEc7) [14, 25-27].
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Figure 2 XRD pattern and optical image (inset) of AAO substrate
for PTCDA NR array grown for 90 min.
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Figure 3 (a) UV—vis and (b) PL spectra of clean AAO, PTCDA
film, and vertically aligned PTCDA NR arrays with different
lengths. (NR-1 (180 nm), NR-2 (800 nm), NR-3 (2,000 nm), and
NR-4 (5,000 nm) were prepared at ¢, = 5, 20, 45, and 90 min,
respectively; the excitation wavelength was 450 nm).
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The two high energy peaks at 371 nm (3.34 eV) and
356 nm (3.48 eV) should arise from the intrinsic transition
of PTCDA molecules. With increasing t,, the center of
the broad absorption band shows red-shift, whereas
the positions of the other absorption peaks change
slightly. The volume of PTCDA NRs increases with
the growth time, and thus, induces an enhanced
intermolecular overlap of PTCDA molecules, which
subsequently results in the energy decrease (i.e., red-
shift) of the FE¢; transition.

Figure 3(b) shows the PL spectra of annealed AAO,
PTCDA film, and PTCDA NR arrays. One broad
emission at 501 nm (2.48 eV) appears for clean AAO.
Two comparable emissions at 528 nm (2.35eV) and
603 nm (2.06 eV) appear for the shortest NR array. The
emission at 663 nm (1.87 eV) becomes predominant
as the average length of the NRs increases to 800 nm;
its intensity continues to increase as the NR length
increases further.

To better analyze the morphology-dependent PL
spectra of PTCDA NRs, we consider the modulation
mechanism of the dominant emission. It is known
that the emission of AAO originates from an oxygen
vacancy (F*) [28, 29]. The in situ luminescence studies
of ultrathin PTCDA film [30] suggest that the high
energy emission at 528 nm (2.35eV) for relatively
short NR arrays derives from the isolated monomer
transition (IMT); the emissions at 603 nm (2.06 eV)
and 663 nm (1.87 eV) are, respectively, assigned to the
transitions of the analogous non-relaxed state of the
CT (CT-nr) de-excitation between the stacked PTCDA
molecules in different unit cells and FE de-excitation
within the same molecule [14, 27]. The continuous
growth of PTCDA NRs enhances the overlap between
PTCDA molecules, thereby reducing the number of
monomer excitons and the energy of FE de-excitation.
This results in a decrease in the intensity of the 528-nm
(2.35 eV) band, and red-shift of the FE emission.

Here, we modulated both the morphology and the
PL feature of PTCDA NRs. Because the intermolecular
interactions that determine the concentrations and
de-excitation energies of excitons can be tuned based
on NR morphology, it is reasonable to believe that NR
morphology is one of the decisive factors in tuning
the PL feature.

Nano Res. 2016, 9(7): 1948-1955

3.4 Mechanisms of absorption and emission
enhancement of PTCDA NR array

We note that although the coverage rate of PTCDA
NR arrays on the AAO surface grown for 20 min is
much less than that of PTCDA films (see Figs. 54 and
56 in the ESM), the absorbencies of PTCDA NR arrays
and PTCDA films are almost equivalent. This result
indicates that, in the visible region of 400 to 535 nm,
the absorption efficiency of PTCDA NR arrays is much
higher than that of PTCDA film.

Figure 4 qualitatively illustrates the mechanism of
absorption enhancement of the PTCDA NR array.
FE is one type of neutral excited state, in which the
electron and hole are placed on the same molecule
[25]. To generate FE in PTCDA NRs, the charge should
transfer between donor and acceptor in the same
PTCDA molecule plane. It is well known for light (i.e.,
electromagnetic waves), that the electric field vector
(E,) is perpendicular to the propagation direction. In
this work, PTCDA NRs were grown almost vertically
on the AAO surface, and the incident light was
projected vertically onto the AAO surface during the
experimental measurement processes of absorption
spectra. Consequently, E, was, to a large extent, parallel
to the molecular plane. This phenomenon resulted in
enhanced absorption.

Furthermore, although the absorbance of the PTCDA
NR array grown for 20 min was almost equal to that
of the PTCDA film, the FE emission intensity of the
PTCDA NR array was stronger, indicating enhanced
FE emission of the PTCDA NR array. We believe that
the enhanced FE emission originates primarily from
the following three properties: high crystallinity, optical
waveguide features, and vertical growth of PTCDA
NRs. The high crystallinity reduces the concentration
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Figure 4 Diagram of absorption enhancement mechanism. (L;:
transmission light, L;: incident light)
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of crystal defects and grain boundaries in PTCDA NRs,
which allows the excitonic species to diffuse further
within the crystal NRs. The optical waveguide features
cause the luminous energies to tend to propagate along
the growth direction of the single crystalline NRs and
emit primarily from the NR tips. The vertical growth
of NRs favors fluorescent emission along the growth
direction of the PTCDA NRs (i.e., normal to the AAO
surface).

3.5 Electrical properties of PTCDA NRs

The layer-stacking of planar molecules in organic
single crystals can also induce anisotropy in electrical
conductivity. In quasi-epitaxial crystalline PTCDA
films, the in-plane conductivity was found to be at least
six orders of magnitude lower than the conductivity
perpendicular to the film plane [16, 31]. To investigate
the electrical performance in the growth direction of
PTCDA NRs, we performed transport measurements
on individual PTCDA NRs.

Figures 5(a) and 5(b), respectively, show the SEM
image of the micro-device and the I-V curves of both
PTCDA NRs and the SiO, dielectric layer as measured
using the two-terminal technique. The I-V curve of
the SiO, dielectric layer between the Pt electrode and
the Si substrate shows insulating behavior, even when
the voltage was swept from —100 to +100 V; the [-V
curves of the PTCDA NRs measured at five different
voltage ranges show good repeatability of electrical
performance and confirm the typical semiconductor
characteristics of PTCDA NRs. The current at a

52° tilted

s | mag BB | d HY ()
0% 5000x  10ps  10.00KkV | 4.1 mm m

Figure 5 (a) SEM image of a single NR with Pt-electrodes deposited by FIB. The length, wide and thickness of the PTCDA NR are about

7.8 pm, 580 nm and 250 nm respectively, the distance of the inner two Pt electrodes is about 5.7 pm. (b) /-V curves of PTCDA NR on

SiO, dielectric layer. (a) is located in the marked part in (b) inset which is the optical image of the device.
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maximum voltage of 90V is roughly 7.5 x 107 A; it
can be calculated that the rated electric field intensity
and the rated electric current density are roughly 1.58
x 107 V-m™ and 5.17 x 10° A-m™, respectively.

The conductivity of PTCDA NR calculated based
on the curve slope (G = AI/AV = 0.155 x 10 S) of the
black short dashed lines (the fitted curve in the -V
curve’s linear region) is roughly 0.61 S'm™, which is
much higher than that of the pure crystalline PTCDA
film [32]. This high conductivity should originate from
both the strong m—mt interaction between the layer-
stacked PTCDA molecules (which favors charge
transport perpendicular to the molecular planes) and
the perfect crystalline structure of PTCDA NRs (which
effectively avoids carrier scattering from defects and
boundaries).

4 Conclusions

We prepared vertically aligned single crystalline
PTCDA NR arrays using the OMBD method, and
modulated the NR morphology by controlling the
growth time. The m*-m transition and the intermolecular
CT transition are believed to lead to strong PL emission
in the visible region. Because of the strong m—electrons
interactions between molecular stacks, the PL emission
tends to be self-guided along the PTCDA NRs. The
morphology slightly affects the intrinsic absorption
features of PTCDA NRs, but strongly affects their PL
features. Moreover, when the electrical field plane of
the incident light is parallel to the molecular plane,
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absorption enhancement occurs. The high degree of
crystallinity, the optical waveguide features, and the
vertical growth of the PTCDA NRs can result in
enhanced FE emission along the growth direction of
the PTCDA NRs. Specifically, the I-V characteristics
are repeatable, because the rated electric field
intensity and the rated current density are lower than
1.58 x 107 V-m™ and 5.17 x 10° A-m™, respectively. The
electrical conductivity of the PTCDA NRs is roughly
0.61 Sm™.
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