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The deliberate assembly of organic small molecules into single-oriented one-dimensional (1D) nanowires is
essential for the large-scale, on-chip integration of organic nanowire-based (opto)electronic devices.
However, achieving single-oriented 1D organic nanowires remains a considerable challenge, predominantly
attributed to the intricate nucleation and growth behaviors of the molecules. Herein, an anchored epitaxial
growth method was developed to facilitate the single-oriented growth of 1D organic nanowires using the
parallel nanogrooves on the annealed sapphire as anchoring seed crystal templates. The depth of the
nanogrooves was greater than the length of the molecules, enabling the molecules to be embedded into
the V-shaped nanogrooves and to form anchored nuclei during the physical vapor deposition process.
Subsequently, these nuclei exhibited directional epitaxial growth along the nanogrooves, resulting in the
formation of single-oriented 1D organic nanowires. Various organic small molecule 1D nanowires with
uniform molecular packing and orientation were obtained and utilized for subsequent device integration.
2,7-Dioctyl[l]benzothiophene (C8-BTBT) was used as a model material, and the flexible organic field-effect
transistor (OFET) based on the single C8-BTBT nanowire exhibited a mobility of up to 1.5 cm? V7 s7%,
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Introduction

One-dimensional (1D) organic nanowires, boasting intrinsic
flexibility, long-range ordered structure, absence of grain
boundaries, and low defect density, hold great promise as
fundamental building blocks for the development of functional
(opto)electronic devices.'™ In particular, owing to their aniso-
tropic geometry, small dimensions and high crystallinity,
devices based on 1D organic nanowires exhibit superior
performance compared with their bulk counterparts.>” Unlike
conventional inorganic nanowires (e.g., silicon nanowires), 1D
organic nanowires can be directionally grown at lower
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temperatures without metal catalysts.**° This allows in situ
growth on the temperature-sensitive flexible substrates.'>'* In
addition, integrating the single-oriented organic single nano-
wires into the functional electronic devices presents new
opportunities for the development of high-performance field-
effect transistors,”® polarized photodetectors,” and the
emerging stretchable artificial synapses® while enabling device
miniaturization for lightweight and compact designs.**"”

Up to now, extensive research has been conducted on a range
of 1D organic nanowires, with a particular focus on crystal
synthesis and structure construction.'®" However, the complex
nucleation and growth behaviors observed in these nanowires
often result in the random alignment of the nanowires, which
in turn limits the potential for the efficient carrier transport
within the material.****

In recent decades, significant research has been conducted
with the objective of aligning and integrating 1D organic nano-
wires into practical planar devices. The relevant methods can be
classified into two principal branches, namely, solution-processing
techniques and physical vapor deposition (PVD) strategies.
Solution-processing techniques make full use of laminar flow,
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capillary force or solvent wetting/dewetting patterns on a substrate
to drive the ordered self-assembly of organic molecules.””>*
Despite the success of solution-processing techniques in
producing aligned nanowires on a variety of substrates,”>* the
single-oriented alignment remains susceptible to disruption by the
turbulent mass transport in organic solution® or structural defects
on the substrate®* due to the relatively weak molecular interac-
tions. Beyond that, the solvent molecules would inevitably be
introduced into the organic nanowires, exhibiting a detrimental
effect on carrier transport.** To achieve the single-oriented growth
of high-quality nanowires, PVD methods have been developed
using seed crystals to guide the epitaxial growth of 1D organic
nanowires.>* Nevertheless, the ability to align as-prepared 1D
organic nanowires needs to be further enhanced due to the weak
confined growth behavior on the target substrate.*** Given the
remarkable anisotropy of the charge transport behavior observed
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in organic crystalline semiconductors,* it is evident that the
mobilities could vary by a factor of several orders of magnitude
along different crystal orientations.* Therefore, the preparation of
single-oriented 1D organic nanowires is very important to facilitate
an improvement in device performance.

In this work, the anchored epitaxial growth strategy was
developed to facilitate the single-oriented growth of 1D organic
nanowires using the parallel nanogrooves on the annealed
sapphire as the anchored seed crystal templates. The depth of
the nanogrooves exceeded the length of the molecules, enabling
the molecules embedded into the V-shaped nanogrooves to
form anchored nuclei during the physical vapor deposition
process. Subsequently, these nuclei exhibited directional
epitaxial growth along the nanogrooves, resulting in the
formation of single-oriented 1D organic nanowires. Various
organic small molecule 1D nanowires with uniform molecular
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Fig. 1
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(a) Structure of the C8-BTBT molecule. (b) Schematic of the single-oriented growth of C8-BTBT nanowire arrays via the physical vapor

deposition method. (c) Schematic of the periodic V-shaped nanogrooves confining the 1D growth of the C8-BTBT molecules. (d) OM image of
the as-grown C8-BTBT nanowire arrays with a consistent orientation on the m-plane sapphire substrate. (e) SEM image of the C8-BTBT
nanowire arrays. (f) High-magnification SEM image of one of the typical C8-BTBT nanowires. (g) AFM image of one of the typical C8-BTBT
nanowires on the m-plane sapphire substrate. (h) Height profile of the C8-BTBT nanowires on the m-plane sapphire substrate. (i) Stitched SEM
images of one of the typical C8-BTBT nanowires on the m-plane sapphire substrate.
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packing and orientation, namely, 2,7-(1-octyl)[1]benzothieno
[3,2-b][1]benzothiophene (C8-BTBT), 2,6-diphenylanthracene
(DPA), 2,9-didecyldinaphtho[2,3-b:2',3'-flthieno[3,2-b]thiophene
(diF-TES-ADT), and 2,8-difluoro-5,11-bis(triethylsilylethynyl)
anthradithiophene (C10-DNTT) nanowires, were notably ob-
tained and were beneficial for subsequent diverse device inte-
gration. Using C8-BTBT as a model material, the flexible organic
field-effect transistor based on the C8-BTBT nanowires exhibi-
ted a mobility up to 1.5 cm® V' * s~ '. Benefiting from high
mobility and uniform orientation, the integrated polarization-
sensitive photodetector arrays based on 1D C8-BTBT nano-
wires exhibited a high dichroic ratio of up to 2.83, which was
higher than those of some investigated 1D nanowires and two-
dimensional materials. This work paves the way for the
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monolithic fabrication of nanowire-based devices through the
development of a novel approach for fabricating single-oriented
1D organic nanowires.

Results and discussion

The key to the successful preparation of single-oriented organic
single-crystalline nanowires is the formation of appropriate
nanostructures on the target substrate surface prior to the
nanowire growth. To this end, the flat M-plane sapphires were
initially subjected to an annealing process at 1400 °C for
a period of 16 hours in ambient air. Due to the thermal insta-
bility of the (1010) planes among the crystal facets of sapphire,*
the spontaneous reconstruction of the surface atoms occurred,
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Fig. 2

(a) OM image of 1D C8-BTBT nanowires transferred to a SiO,/Si substrate. (b and c) Angle-dependent polarized intensity of the 1D C8-

BTBT nanowire. (d) TEM image of an individual C8-BTBT nanowire and its corresponding SAED patterns recorded from two different positions
marked in (d). (e—g) TEM images (top) and SAED patterns (bottom) collected from the different C8-BTBT nanowires. (h) HR-AFM image of 1D C8-
BTBT nanowires. (i) Polarized UV-vis absorption spectra of the 1D C8-BTBT nanowires. (j) Angle-resolved absorbance of the 1D C8-BTBT

nanowires at an incident light wavelength of 362 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting in the formation of the V-shaped nanogrooves on the
sapphire surface (Fig. Slat). Observation shows that the direc-
tion of these nanogrooves was in accordance with the [1010]
orientation of the m-plane sapphire, thereby resulting in
a substrate with an anisotropic character. The periodic nano-
grooves exhibited a thickness of approximately 20 nm (Fig. S1b
and ct).

As illustrated in Fig. 1a, the C8-BTBT molecule is composed
of rigid m-conjugated skeletons and soft alkyl chains. This
structural configuration enables the anisotropic interactions
that exist within the crystals, namely, the out-of-plane weak van
der Waals interactions between the alkyl chains and the in-
plane strong intermolecular interactions between -conju-
gated skeletons. In accordance with the principles of crystal
growth kinetics, the rate of growth is greater on higher-energy
faces. Consequently, the C8-BTBT molecules exhibited
a proclivity for two-dimensional stacking and underwent
spontaneous growth into lamellar crystals. To fabricate 1D
organic nanowires with the single crystallographic orientation,
the annealed sapphire, featuring the periodic V-shaped nano-
grooves, was used as the growth template to confine the 1D
growth of the molecules (Fig. 1b and c). Herein, high-purity C8-
BTBT powder was used as a precursor, and a mixture of Ar and
H, was used as the carrier gas. The C8-BTBT powder was heated
to 120 °C in order to realize the phase transition into the
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smectic liquid crystal. More details regarding the preparation
of the nanowires can be found in the Experimental section
(ESI).t Fig. 1d and e show the optical microscopy (OM) and
scanning electron microscopy (SEM) images of 1D C8-BTBT
nanowires grown on the m-plane sapphire substrate, demon-
strating that the long-axis direction of the 1D C8-BTBT nano-
wires is aligned with the nanogrooves. Furthermore, the width
of the nanowires exceeded the width of the nanogrooves,
reaching up to 1 pm (Fig. 1f). The height of the 1D nanowire was
100 nm, as confirmed by the results of the atomic force
microscopy studies (Fig. 1g and h). As shown in Fig. 1i, the
length of the nanowire could extend up to 0.6 mm, which is
beneficial for the subsequent device construction.

The crystallinity of the 1D C8-BTBT nanowires was initially
characterized by utilizing the cross-polarized optical micro-
scope (POM), which has been proven to be a highly effective
instrument for the identification of materials exhibiting
packing anisotropy.*’?®* In order to eliminate any potential
influence of the birefringence in the underlying M-plane
sapphire on the results (Fig. S3t), the single-oriented 1D C8-
BTBT nanowires were transferred to a SiO,/Si substrate via the
water-soluble polyvinyl alcohol (PVA) film. As shown in Fig. 2a,
the 1D nanowires retained the single orientation even after the
transfer process. The brightness of the nanowires homoge-
neously and regularly changed after 45° rotation (Fig. 2b and c),
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Fig. 3

(a—e) OM images of 1D C8-BTBT nanowires grown for different growth time periods. Insets: corresponding AFM images, scale bar: 1 pm.

(f) 1D C8-BTBT nanowire length depends on the growth time. (g—i) Growth mechanism of C8-BTBT molecules aligned and grown as 1D

nanowires on the m-plane sapphire substrate.
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indicating the packing anisotropy in C8-BTBT nanowires. The
transmission electron microscopy (TEM) image in Fig. 2d
reveals the compact structure of the nanowire. The single-
crystalline feature was confirmed by the ordered diffraction
spots in the selective-area electron diffraction (SAED) patterns
collected from two regions in the 1D C8-BTBT nanowires.
Moreover, the crystallographic direction of the 1D C8-BTBT
nanowire can be identified as zone axes [020]. Furthermore,
the SAED patterns of the different C8-BTBT nanowires were
examined on the same Cu grid. Identical diffraction patterns
observed for all the nanowires (Fig. 2e-g) indicated that they are
single crystals with uniform orientations. The in-plane crystal-
lographic structure of 1D C8-BTBT nanowires was studied
through high-resolution atomic force microscopy (HR-AFM).
The HR-AFM image in Fig. 2h reveals that 1D C8-BTBT nano-
wire has the cell parameters of ¢ = 0.61 nm and » = 0.78 nm,
which are consistent with the previously reported herringbone
structure of C8-BTBT crystals.™

Notably, despite the fact that several aligned inorganic
nanowires have been grown directly on the sapphire surface via
a lattice-matched graphoepitaxy mechanism, the -crystallo-
graphic growth orientations of the nanowires were often
inconsistent.*® To ascertain the molecular orientation infor-
mation pertaining to the C8-BTBT nanowires, the detailed
examination of their polarized UV-vis absorption properties was
conducted. As shown in Fig. 2i, the higher intensity of the 0-
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0 vibrational peak in comparison to the 0-1 peak suggests the
formation of J-type aggregates, indicating robust intermolecular
interactions within the C8-BTBT nanowires.** With the gradual
variation in the polarization angle from 0° to 90°, an evident
blue shift was observed in the 0-0 vibration peak, which could
be attributed to the Davydov splitting along the a and b axes.*®
Furthermore, there were notable periodic changes in the
intensity of the absorption peak with strong anisotropy, giving
rise to a dichroic ratio of about 2.98 (Fig. 2j). Therefore, it can be
concluded that all C8-BTBT nanowires have the same crystal
structure and consistent crystallographic orientation on the
sapphire.

To verify the orientation alignment mechanism of the 1D
nanowires grown on m-plane sapphires, the surface
morphology evolution of the nanowires was investigated as
a function of the growth time, and the corresponding orienta-
tion distribution of the as-grown nanowires was tracked.
Fig. 3a—e shows the OM and AFM images of the as-grown crys-
tals at the growth time ranging from 30 min to 150 min,
respectively. Clearly, the morphologies of the nanowires
underwent a significant transformation over time. For example,
after 30 min growth, the small-sized organic crystals emerged in
the V-shaped nanogrooves. As the growth time increased, the
length of the nanowires increased in a linear fashion, reaching
an average length of 460 um after 120 min (Fig. 3f and S47).
Upon further prolongation of the growth time, the average

a b c
DPA =
©
:; (100)
‘@
3
a6 10 =
Length (um)
- 50 3144 2 um : 1'0 1'5
= 26 (degree)
d e f
B 5l (001)
£ 8
1 >
2 B
g
£
" - : 10 15
26 (degree)
g h i
— ° 3 §;(001)
g E‘t \(2
s 2 ®
: s
_ = <
- ' 10 15
26 (degree)

Fig. 4

(a, d and g) OM images of DPA, diF-TES-ADT, and C10-DNTT nanowire arrays with consistent orientation on the m-plane sapphire

substrate. (b, e and h) AFM images of DPA, diF-TES-ADT, and C10-DNTT nanowires with smooth surfaces on the m-plane sapphire substrate. (c, f
and i) GIXRD images of DPA, diF-TES-ADT, and C10-DNTT on the m-plane sapphire substrate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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length of the nanowires remained unaltered, while the width of
the nanowires increased markedly to 5 um, which could be
attributed to the merging of adjacent nanowires. Moreover, the
effect of growth temperature and gas flux on the orientation
alignment of the nanowires on the sapphire was investigated. It
was observed that the length of the nanowires increased rapidly
with the slight increase in the growth temperature and gas flux
(Fig. S5 and S61). Nevertheless, no discernible impact was noted
on the orientation of the nanowires. The aforementioned
results illustrate that the nanoscale grooves on the sapphire
play a crucial role in the single-oriented growth of 1D nano-
wires. Thus, the formation of these directional 1D nanowires
can be understood from the following aspects: the vapor
precursors initially deposit and are embedded into the V-
shaped nanogrooves of the sapphire substrate (see Fig. 3g),
thereby forming the anchored seed crystals. Subsequently, the
V-shaped nanogrooves facilitate the directionally epitaxial
growth of these seed crystals, leading to the generation of C8-
BTBT nanowires with a single orientation of [020] (Fig. 3g and i).

In light of the aforementioned characterizations and
discussions, we present evidence that the orientation of the
nanowires could be well controlled by the nanoscale grooves on
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the sapphire substrate, indicating that this method has a high
potential to facilitate the single-oriented growth of other
organic semiconductor materials. In a growth behavior similar
to that observed for the C8-BTBT nanowires, the single-oriented
growth of the other three molecules (DPA, diF-TES-ADT, and
C10-DNTT molecules) into 1D crystalline nanowires were ach-
ieved on the sapphire substrate (Fig. 4a, d and g). All the
aforementioned nanowires were aligned along the nano-
grooves, with a height exceeding 100 nm and smooth surfaces
(Fig. 4b, e and h). Furthermore, the XRD results confirm that
these nanowires exhibit ordered crystal structures. These
results indicate that these molecules could be assembled into
organic nanowires without lattice matching between the
substrate.

In order to examine the carrier transport properties of the as-
fabricated samples, the C8-BTBT nanowires were transferred
from the sapphire substrate to the PVP dielectric substrate for
the construction of the top-contact bottom-gate flexible OFETs
(Fig. 5a). 5 nm F4-TCNQ was deposited between the C8-BTBT
nanowires and Ag electrodes. As depicted in Fig. S10,f the
HOMO level of the C8-BTBT nanowires (—5.7 eV) was lower than
the LUMO level of F4-TCNQ (—5.2 eV).*® This energy difference
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(a) Schematic of the top-contact bottom-gate flexible OFETs. (b) OM image of the top-contact bottom-gate flexible OFETs based on 1D

C8-BTBT nanowires. (c) Transfer characteristic of a typical 1D C8-BTBT nanowire-based OFET. (d) Schematic of the phototransistor based on 1D
C8-BTBT nanowires. (e) Current—voltage characteristics of the 1D C8-BTBT nanowire-based photodetector with different UV illumination
intensities. (f) Linear dynamic range (LDR) of the C8-BTBT nanowire-based photodetector. (g) Response time of the C8-BTBT nanowire-based
photodetector. (h) Responsivity (R) of the C8-BTBT nanowire-based photodetector. (i) Current—voltage characteristics of the 1D C8-BTBT

nanowire-based photodetector with different polarization angles.
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drives the electrons from the C8-BTBT crystal to F4-TCNQ,
leading to the efficient generation of holes in C8-BTBT. In
addition, the dopant F4-TCNQ can effectively fill the surface
trap states, thereby enhancing charge injection and reducing
contact resistance. The channel length and width of the OFETs
were 250 and 5 pm, respectively. The transfer curves of the C8-
BTBT OFET exhibited the standard p-channel characteristics
associated with effective modulation under gate voltage
(Fig. 5¢). The extracted mobility in the saturation regime was
about 1.5 cm” V' 57!, accompanied by an on-to-off current
ratio of 10° and V,;, of —0.37 V. The distinct saturation behavior
of the output curves in Fig. S111 further verifies the excellent
device performance of the OFETs. Although the mobility is
lower than those reported previously,>**** a substantial
enhancement in mobility can be realized through the optimi-
zation of the nanowire thickness, achieved by further refining
the growth techniques and the substrates. Furthermore, high
mobility and uniform orientation of the 1D C8-BTBT nanowires
enable their integration into polarization-sensitive photode-
tector arrays on the sapphire (Fig. 5d). A commercial 365 nm UV
light source was employed for the induction of a photocurrent.
Fig. 5e depicts a series of current-voltage (I-V) curves obtained
under 365 nm UV light illumination at varying intensities. The
photocurrent demonstrates a linear relationship with the
applied voltage for each intensity. Moreover, the slope of the
curves exhibits a marked rise with increasing light intensity,
indicating a notable light intensity-sensitive response. For
instance, as illustrated in Fig. 5f, the photocurrent of the device
exhibits a linear increase with light intensity when a bias voltage
of 15 V is applied. The calculated linear dynamic range (LDR) is
46.3 dB. Fig. 5g shows that the calculated responsivity (R)
declines in conjunction with the intensification of light inten-
sity, and the maximum R is 122.8 AW The response speed is
another parameter that can be used to evaluate the performance
of a photodetector. As shown in Fig. 5h, the calculated rise and
decay times are 0.4 s and 8 s, respectively. In addition, the
excellent optical anisotropy of the nanowires allows for the
evaluation of the photodetector's performance for polarization
detection by monitoring the variation in photocurrent with
varying polarization angles. Herein, the dichroic ratio (DR) of
photocurrent was used to evaluate the performance of the
polarized photodetectors. It was found that the DR value of the
photodetector based on 1D C8-BTBT nanowires was 2.83, which
was higher than those of some investigated 1D nanowires**™**
and two-dimensional materials.*”>* These results indicate that
the anchored epitaxial growth strategy is an effective approach
for the fabrication of high-performance (opto)electronic
devices.

Conclusions

In summary, we developed the anchored epitaxial growth
strategy to facilitate the single-oriented growth of 1D organic
nanowires using the parallel nanogrooves on the annealed
sapphire substrate as anchoring seed crystal templates. Due to
the depth of the nanogrooves exceeding the length of the
molecules, the molecules could be embedded into the V-shaped

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanogrooves to form the anchored nuclei during the physical
vapor deposition process. Subsequently, these nuclei exhibited
directional epitaxial growth along the nanogrooves, resulting in
the formation of the single-oriented 1D organic nanowires.
Various organic small molecules 1D nanowires with uniform
molecular packing and orientation, namely, C8-BTBT, DPA, diF-
TES-ADT, and C10-DNTT nanowires, were obtained and were
beneficial for the subsequent diverse device integration. Using
C8-BTBT as a model material, the flexible organic field-effect
transistor based on single C8-BTBT nanowires exhibited
a mobility of up to 1.5 cm® V' s, Benefiting from high
mobility and uniform orientation, the integrated polarization-
sensitive photodetector arrays based on 1D C8-BTBT nano-
wires exhibited a high dichroic ratio of up to 2.83, which was
higher than those of some investigated 1D nanowires and two-
dimensional materials. This work paves the way for the mono-
lithic fabrication of nanowire-based devices through the devel-
opment of a novel approach for fabricating single-oriented 1D
organic nanowires.
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