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Abstract

One-dimensional nanostructures of organic semiconductors exhibit distinctive optical and electrical properties. In this
study, thin films containing densely aggregated, uniaxially oriented zinc phthalocyanine (ZnPc) nanowires are fabricated
through vapor deposition on polytetrafluoroethylene (PTFE) friction-transferred films as orientation-inducing templates.
The aggregation behavior of the ZnPc molecules depends on the substrate temperature (T,) during deposition and the
film thickness. Full-coverage aggregated ZnPc nanowires aligned parallel to the friction direction are formed in a film
with a thickness of 20 nm deposited at T, = 120 °C. Within the ZnPc nanowires, a-ZnPc crystals are aligned with the b-axis
along the direction of nanowire growth and the a-axis perpendicular to the substrate. This indicates that the longitudinal
direction of the ZnPc nanowires corresponds to the m—m stacking direction of ZnPc molecules. A model detailing the
growth of ZnPc nanowires on a PTFE film is proposed, elucidating the crystal growth and orientation through graphoe-
pitaxial and epitaxial-like mechanisms. The PTFE friction-transferred film is demonstrated to be an effective template for
the growth of aligned ZnPc nanowires. The uniaxially oriented, full-coverage ZnPc nanowire thin film fabricated on the
PTFE template showed anisotropic electrical properties.

1 Introduction

Dimensionally—controlled nanostructures composed of organic semiconductors can perform functions that are not
achievable in their bulk state [1]. Among these, one-dimensional (1D) nanostructures, such as nanowires, nanorods, and
nanopillars, are anticipated to exhibit anisotropic optical and electrical properties and can be utilized as an active layer
in various optical and electronic devices [2, 3]. For example, nanowires composed of conjugated organic small molecules
realize excellent charge transport along the long axis [4]. Therefore, in-plane uniaxially oriented organic semiconductor
nanowires are promising structures for devices that function through in-plane uniaxial carrier transport, such as organic
field-effect transistors (OFETSs).
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Metal phthalocyanine is an organic semiconductor with extended m-conjugation on its molecular planes [5] and pos-
sesses desirable properties, including nontoxicity [6], superior thermal and chemical stability [7, 8], film formability [9],
and excellent optical properties [10]. These materials find applications in electronic devices such as OFETs [11], organic
solar cells [12], and gas sensors [13]. Phthalocyanine (Pc) molecules tend to aggregate along the stacking direction of
their molecular planes, owing to m—m interactions, which is favorable for charge transport [14]. The 1D nanostructures
of Pc molecules serve as promising building blocks for high-performance and highly integrated nanodevices. Various
studies have reported methods for controlling the 1D nanostructures of Pc molecules, such as physical vapor deposition
(PVD) [15, 16], solution processes [17], and vacuum deposition [18, 19]. In our previous studies, we produced 1D Pc nano-
structures via vacuum deposition by carefully selecting the substrate material and controlling the substrate temperature
(T,) during the Pc deposition process [18, 20]. However, achieving in-plane uniaxially oriented Pc nanowires presents
challenges; therefore, we investigated polytetrafluoroethylene (PTFE) friction-transferred films as templates for achiev-
ing in-plane orientation of the Pc nanowires. The friction transfer technique involves squeezing and sliding a polymer
block or pellet against a heated substrate under pressure, forming a highly oriented polymer thin film on the substrate
surface [21]. In 1991, Wittmann and Smith reported that PTFE films prepared through the friction transfer technique can
be utilized to orient other materials [22]. Since then, these films have been used as orientation-inducing layers for various
low-molecular-weight molecules [23, 24] and polymers [25, 26] in both vacuum [27] and solution-based methods [25].
Additionally, we utilized PTFE friction-transferred films to orient liquid-crystalline semiconductors [28, 29].

Here, we produced full-coverage aggregated Pc nanowires that were uniaxially aligned in thin films. These thin films,
consisting of Pc nanowires, can serve as the active layer in thin-film devices. Several studies have detailed the fabrica-
tion of Pc nanowires through PVD or physical vapor transport (PVT) methods. Li et al. recently created phthalocyanine
nanowires on friction-transferred films through PVD [23], while Liao et al. fabricated aligned Pc nanowires on a sapphire
surface with hydrophobic nanogrooves treated by PDMS gel using the PVT method [30]. Both the PVD and PVT methods
offer simple experimental setups for producing nanowires. However, the Pc nanowires fabricated using PVD or PVT were
not full-coverage aligned Pc nanowires, and they were not realized in a thin film state. Full-coverage aligned Pc nanowire
thin films are more desirable for use as active layers in thin-film devices.

In this study, we fabricated thin films with uniaxially oriented Pc nanowires to achieve full-coverage aggregationin a
thin film state on PTFE friction-transferred films using the vapor deposition method while controlling the deposition con-
ditions, such as substrate temperature (T,) and film thickness. In this experiment, zinc phthalocyanine (ZnPc), a Pc mate-
rial with a central Zn metal known for its high carrier mobility [31], was utilized. The morphology, absorption spectrum,
and X-ray diffraction (XRD) were examined as structural characterizations of the ZnPc thin films prepared under various
conditions to determine the optimal fabrication conditions for the ZnPc nanowire thin film. Based on these structural
evaluations, we propose a growth model for uniaxially oriented ZnPc nanowires considering the morphology of PTFE
friction-transferred films. The model also considers the crystalline structures of both PTFE films and ZnPc nanowires,
explaining the growth in terms of graphoepitaxial and epitaxial growth mechanisms. Finally, the electrical anisotropy of
uniaxially oriented ZnPc nanowires was examined.

2 Material and methods

2.1 Material

Vacuum-sublimated ZnPc (purity: 98.0%) was purchased from Tokyo Chemical Industries and the chemical structure of
ZnPc is shown in Fig. 1a. Molybdenum (XI) oxide (MoOj;, purity: 99.99%) was purchased from Sigma-Aldrich. All chemical
materials were used as received.

2.2 Preparation of PTFE friction-transferred films and ZnPc thin films

The PTFE blocks utilized for friction transfer were prepared by cutting a 3-mm-thick commercial PTFE plate into 10-mm-
wide pieces. PTFE thin films were fabricated on glass, quartz glass, and silicon substrates through a friction transfer
technique using a hot-melt coating machine (Imoto IMC- 115 A). The friction transfer process was conducted in the air

by pressing and sliding the PTFE block on substrates maintained at 150 °C. The pressure applied during pressing was
4.9 x10° Pa, and the drawing speed was 60 mm/min. A diagram of the friction transfer method is presented in Fig. 1b.
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ZnPc thin films were deposited onto quartz glass (quartz), Si substrates (Si), and quartz and Si substrates on which
PTFE was friction-transferred (quartz/PTFE and Si/PTFE) under vacuum conditions ranging from 1 x 10 to 5x 107 Pa.
The substrate temperatures (T,) were room temperature (RT), 100, 120, 150, and 180 °C, and the deposition rate varied
from 0.01 to 0.03 nm/s. The deposition rate and film thickness were monitored using a quartz crystal microbalance (QCM)
in the chamber, while the substrate temperature (T,) was measured using a thermocouple attached to the substrates.
Subsequently, 3-nm-thick MoO; films were deposited on ZnPc thin films at varied deposition rates of 0.01-0.03 nm/s,
and 80-nm-thick Au electrodes were deposited at varied deposition rates of 0.03-0.05 nm/s. MoO; and Au electrodes
were formed using a shadow mask for patterning the electrodes.

2.3 Characterization of ZnPc thin films

The morphologies of PTFE friction-transferred and ZnPc thin films were examined using atomic force microscopy (AFM)
(JEOL JSPM-5200 & HITACHI SPA400) and field-emission scanning electron microscopy (FE-SEM) (JEOL JSM-7500 F & JSM-
IT800). The optical properties of the ZnPc thin films were analyzed using ultraviolet-visible—near infrared (UV-vis—NIR)
spectrophotometry (JASCO V-670 & V-770), UV-vis spectrophotometry (JASCO V-750), and Fourier transform infrared
(FT-IR) spectroscopy (JASCO FT/IR-600 Plus, FT/IR-600). Out-of-plane and in-plane XRD patterns were measured using a
Rigaku Ultima IV Protectus and a Rigaku Smart Lab’, respectively. CuKa radiation (A =1.5418 A) was used for both out-
of-plane and in-plane XRD. All electrical characterizations were measured using a B2902 A Precision Source/Measure
Unit at a substrate temperature (T,) of 25 °C and atmospheric pressure. The resistance (R) of the ZnPc nanowire thin film
was determined from the slope of the plot of the current as a function of the applied voltage based on the Ohmic law.
The conductivity (¢) of the ZnPc nanowire thin film was derived from R, using Eq. 1:
1 /

o= E X Wt (M
where w is the width of channel, / is the distance between electrodes, and t is the film thickness. The values of w and /
were measured after the electrodes were formed and QCM thickness was used for t.

3 Results and discussion
3.1 Structure of PTFE friction-transferred films

AFM images, line profiles, and three-dimensional (3D) images of PTFE friction-transferred films prepared on glass and Si
substrates are depicted in Fig. 2a and b. The line profiles reveal the roughness along the red arrows in the AFM images.
An SEM image of the PTFE friction-transferred film on the Si substrate is presented in Fig. 2c. Striped structures were
observed along the drawing direction of the PTFE block on both glass and Si substrates. Analysis of the line profiles and
3D images revealed that the depth of grooves was approximately 10 nm, while the width of the grooves in the striped
structure varied from 40 to 80 nm on both glass and Si substrates.
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Fig.2 a, b AFM images (top), line profiles (sections at red arrows in AFM images) (middle), and 3D images (bottom) of PTFE friction-trans-
ferred films fabricated on a glass substrate and b Si substrate. ¢ SEM image of the PTFE friction-transferred films fabricated on Si substrate

3.2 Substrate temperature (T,) dependence of ZnPc thin film morphology

The surface morphologies (SEM and AFM images) of 50 nm ZnPc thin films fabricated on Si and Si/PTFE substrates at
T,=RT are shown in Fig. 3a and b, respectively. The ZnPc thin film on the Si substrate consisted of small particles with
diameters ranging from 20 to 40 nm (Fig. 3a). On Si/PTFE, particles measuring 20—70 nm were observed, exhibiting a

-
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Fig.3 SEM and AFM (inset) images of ZnPc thin films deposited on a Si substrate at T,= RT and b Si/PTFE substrate at T,= RT. SEM images of
ZnPc thin films deposited on ¢ Si at T,= 120 °C, d Si/PTFE at T,= 100 °C, e Si/PTFE at T,= 120 °C, f Si/PTFE at T,= 150 °C, and g Si/PTFE at T,=
180 °C. Red arrows indicate the direction of friction transfer
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slight alignment similar to the striped structure of the PTFE friction-transferred films. Some particles were larger than
those on Si due to the low surface free energy of PTFE, facilitating the likelihood of molecular diffusion and aggregation
on the substrates [23, 32].

Figure 3c shows an SEM image of a 20 nm ZnPc thin film fabricated on a Si substrate at T,= 120 °C. Figure 3d-g exhibit
SEM images of 20 nm ZnPc thin films fabricated on Si/PTFE at T,= 100, 120, 150, and 180 °C, respectively. In the Si/ZnPc
thin film at T,= 120 °C (Fig. 3¢), the particle size ranged from 60 to 90 nm, larger than the particle sizes of that at T,= RT
(Fig. 3a). Generally, vapor-deposited thin films form through the nucleation and growth of molecules reaching the sub-
strate in the vapor phase [33]. As the substrate temperature (T;) increases, the kinetic energy of the molecules reaching
the substrates increases, promoting the aggregation of ZnPc molecules through m—m interactions [32-34]. Consequently,
it is considered that the particles in the Si/ZnPc thin film deposited at T, = 120 °C (Fig. 3¢) are larger and dispersed in-plane
compared to those in the Si/ZnPc thin film deposited at T,=RT (Fig. 3a).

On the heated Si/PTFE substrate, the morphology of the ZnPc thin films underwent significant changes. At T,= 100 °C
(Fig. 3d), nanowires measuring 25—40 nm in width grew to several micrometers, but oriented nanowires were partially
formed, and crystals grew randomly in some areas. At T,= 120 °C (Fig. 3e), nanowires with a width of 30—50 nm and a
length of several micrometers aligned uniaxially along the friction direction of the PTFE film in many regions. At T,=
150 °C (Fig. 3f), most nanowires, with a width of 50—80 nm, aligned uniaxially similar to those at T,= 120 °C, although
some nanowires grew in other directions. Additionally, the boundaries between nanowires were not well defined in
some regions, indicating coalescence of adjacent nanowires growing across the width direction or crystal growth in
directions other than the PTFE grooves. Upon the deposition of ZnPc molecules on the PTFE friction-transferred films,
the low surface energy of PTFE reduces the interaction of the film with ZnPc molecules, leading to a higher tendency for
aggregation due to m—m interactions among ZnPc molecules [23, 32]. Upon deposition at T,= RT, the particles aligned
along the groove structure of PTFE (Fig. 3b); however, with increasing T,, m—m interactions promoted molecular stacking
and growth into wire-like crystals on the PTFE surfaces (Fig. 2d—f). At T, = 180 °C (Fig. 3g), the formation of uniaxially ori-
ented nanowires became challenging due to the perturbation caused by the random growth of nanocrystals. Uniaxially
oriented nanowires were successfully fabricated on the PTFE friction-transferred films at T,= 120 °C.

3.3 UV-vis spectra of ZnPc thin films

ZnPc thin films primarily exist in the metastable a-form or stable B-form, as shown in Fig. 4a. Both polymorphs exhibit
distinct absorption spectra [35]. To analyze the crystal forms of the thin films, we measured the UV-vis spectra of ZnPc thin

Fig.4 a Schematics of
molecular packing of a-form
and B-form ZnPc. UV-vis
spectra of b quartz/ZnPc and
c quartz/PTFE/ZnPc thin films
deposited at T,= RT, 100, 120,
150, 180 °C
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020 |
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films fabricated at different substrate temperatures (7). Figure 4b and c show the UV-vis spectra of 20 nm ZnPc thin films
deposited on quartz and quartz/PTFE at T,=RT, 100, 120, 150, and 180 °C. The absorption peak at around 340 nm, known
as the B-band, corresponds to the m-m* transition involving an electron transition from a,, to ;. The absorption band at
550—800 nm, referred to as the Q-band, corresponds to the m-m* transition with an electron transition from b, to e, [36].
Owing to Davydov splitting, the Q-band absorption manifests as a doublet peak [37], with Q1 representing the lower
wavenumber peak and Q2 the high wavenumber peak. The band gap energy of ZnPc has been reported to be 1.8 eV and
ZnPc is generally known to be a p-type semiconductor [38, 39]. Jungyoon et al. reported that in the a-form, Q1 exhibits
higher absorbance than Q2, while Q2 becomes predominant after thermal annealing, signifying a phase transition to
the B-form. They also observed a red shift in both peaks [40]. In the quartz/ZnPc thin films (Fig. 4b), annealing below 180
°C favored the a-form, evident from the higher absorbance in Q1 compared to Q2. The presence of a shoulder at 740 nm
in Q2 at 180 °Cindicates an increasing proportion of the B-form. In the quartz/PTFE/ZnPc thin films (Fig. 4c), the a-form
predominated at T, = RT, 100, 120, and 150 °C, while a red-sift to 745 nm was observed in Q2 at 180 °C, with a shoulder
around 710 nm. Additionally, the absorbance ratio of Q2 to Q1 increased compared to the spectrum below T,= 150 °C.
These trends are characteristics of quartz/PTFE/ZnPc films, suggesting that deposition on PTFE friction-transferred films
may promote the formation of the B-form. Given that the a-form of ZnPc exhibits superior conductivity [41], it is deemed
more suitable for device applications compared to the B-form. The T.-dependent morphology and UV-visible spectra
of the thin films indicate that depositing ZnPc at T,= 120 °C on PTFE friction-transferred films results in the formation of
uniaxially oriented nanowires predominantly in the a-form.

3.4 Dependence of ZnPc thin film morphology on film thickness

We investigated the morphological variations concerning the film thickness of the deposited ZnPc thin films on Si/PTFE
substrate at T, =120 °C, which was identified as the optimal temperature for ZnPc nanowire formation. Figure 5a—d show
the SEM images of ZnPc thin films fabricated at T,= 120 °C with QCM film thicknesses of 5, 20, 30, and 50 nm on the Si/
PTFE substrates. In the 5 nm thin film (Fig. 5a), a discontinuous wire-shaped morphology with a width of 10—20 nm and
a length of several hundred nanometers was observed along the friction direction. This phase is considered to be the

Fig.5 SEM images of Si/PTFE/
ZnPc thin films deposited at
T,=120 °C with film thick-
nesses ofa’5nm,b 20 nm, c
30nm,d 50 nm
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initial stage of crystal growth due to the presence of non-continuous nanowires, as indicated by sections surrounded
by red circles. At 20 nm (Fig. 5b), highly uniaxially oriented nanowires extended further along the friction direction. A
larger area of the same thin film in Fig. 5b is shown in the SEM image in Fig. S1, showing densely aligned nanowires that
covered a wide area. The nanowires had a width of 30—50 nm and reached a maximum length of approximately 3.5 um.
Even at 30 nm (Fig. 5¢), a wire-shaped morphology persisted along the friction direction, with nanowire widths expanding
to 40—70 nm and the coalescence of adjacent nanowires growing in the width direction. In the case of 50 nm (Fig. 5d),
the uniaxial growth of nanowires was confirmed, although some nanowires exhibited random growth patterns without
alignment in a single direction. Cross-sectional SEM images of the Si/PTFE/ZnPc thin films deposited at T,= 120 °C are
shown in Fig. S2 (a) and (b). In the 20-nm-thick Si/PTFE/ZnPc thin film, the nanowires ranged in height from 10 to 40 nm,
and no out-of-plane growth of the ZnPc nanowires was observed, indicating solely in-plane nanowire growth (Fig. S2 (a)).
However, in the 50-nm-thick Si/PTFE/ZnPc thin film, out-of-plane growth of the ZnPc nanowires was evident (Fig. 52 (b)).

During ZnPc deposition on the PTFE friction-transferred films at T, = 120 °C, nanowires formed and aligned along the
friction direction from the initial stage. Uniaxially oriented nanowires were formed with a QCM film thickness of approxi-
mately 20 nm. Beyond this thickness, non-uniform growth of ZnPc nanowires in the in-plane direction was observed.
Further increasing the film thickness to 50 nm, resulted in growth in the out-of-plane direction. These findings suggest
that the deposition of ZnPc on the PTFE friction-transferred films with a 20 nm thickness at T,= 120 °C is suitable to
produce full-coverage, uniaxially oriented ZnPc nanowires.

3.5 Out-of-plane orientation of ZnPc molecules in thin films

The out-of-plane molecular orientation of ZnPc in the thin films was analyzed using transmission FT-IR spectroscopy.
Figure 6a shows the transmission IR spectra of ZnPc powder in a KBr pellet and ZnPc thin films on the Si and Si/PTFE
substrates at T,= 120 °C and a thickness of 20 nm. Molecular vibrations were strongly detected in the in-plane direction
of the substrate, while those in the out-of-plane direction were difficult to detect [10]. The spectrum of ZnPc powder in
Fig. 6a (i) reveals absorption peaks corresponding to the Pc backbone between 700 and 1200 cm™'. The absorption bands
at 726 and 775 cm™! are attributed to the out-of-plane C-H deformation mode. Additionally, the absorption bands at 755,
1060, 1090, 1118, and 1165 cm™' correspond to the C-H in-plane bending mode [10, 35]. Specially, the focus was on the
out-of-plane (perpendicular to the molecular plane) C-H deformation mode at 726 cm™" and the in-plane (parallel to the
molecular plane) C-H bending mode at 1118 cm™'. The transmission FT-IR spectra of Si/ZnPc and Si/PTFE/ZnPc thin films
are presented in Fig. 6a (i) and (iii). Absorption peaks at 726 and 1118 cm™' were clearly observed in the ZnPc powder
spectrum. However, in the transmission spectra of Si/ZnPc and Si/PTFE/ZnPc thin films, strong peaks for the out-of-plane
C-H bending mode were observed at 720 cm™', while small absorption peaks for the in-plane C-H bending mode were
observed at 1118 cm™". These results indicate that ZnPc molecules are adsorbed obliquely with an edge-on orientation
in both the Si/ZnPc and Si/PTFE/ZnPc thin films.

We conducted out-of-plane XRD measurements to analyze the out-of-plane crystalline structures of the ZnPc thin
films. The XRD patterns of the Si/ZnPc and Si/PTFE/ZnPc thin films deposited at T,= 120 °C and 20 nm-thick are shown
in Fig. 6b. A diffraction peak was observed at 20=7.03° in the Si/ZnPc thin film and at 26= 6.95° in the Si/PTFE/ZnPc
thin film. The lattice spacing was calculated as d= 1.257 nm for the Si/ZnPc thin film and d=1.271 nm for the Si/PTFE/

Fig.6 aTransmission FT-IR
spectrum of ZnPc powder

in KBr pellets, Si/ZnPc and
Si/PTFE/ZnPc thin films
deposited at T,= 120 °C, with
a thickness of 20 nm. b Out-
of-plane XRD patterns of Si/
ZnPc and Si/PTFE/ZnPc thin
films deposited at T,= 120 °C
and with a thickness of 20 nm.
The inset shows the schematic
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ZnPc thin film. This diffraction peak was assigned to the (200) plane of the monoclinic a-ZnPc phase [42], indicating that
the a-axis of the unit cell was perpendicular to the substrate. Transmission FT-IR spectra and out-of-plane XRD patterns
revealed that ZnPc molecules formed a-form crystals with the a-axis oriented perpendicular to the substrates. The mol-
ecules exhibit an edge-on orientation in ZnPc nanowire thin films because ZnPc molecules lean around 65° against the
b-axis in the unit cell [35, 43].

3.6 Polarized absorption spectroscopy

Polarized UV-vis absorption measurements were conducted, and the measurement setup is depicted schematically in
Fig. 7a. In the case of the quartz/PTFE/ZnPc thin film, the friction direction corresponds to the longitudinal direction of
uniaxially oriented nanowires, and the configuration in which the friction direction and polarization were parallel was
labeled as 0°. UV-vis spectra were collected by incrementally rotating the quartz/PTFE/ZnPc thin film in 10° until the
friction and polarization directions were perpendicular (90°). For the quartz/ZnPc thin film, an arbitrary direction was
defined as 0°, and the spectrum was recorded from 0° to 90° in 10° increments by rotating the film.

Figure 7b and ¢ show the polarized UV-vis absorption spectra of 20-nm-thick ZnPc thin films deposited at 7,= 120 °C
on the quartz and quartz/PTFE substrates, respectively. Both thin films exhibit a B-band around 340 nm and a Q-band
at 550—800 nm. For the quartz/ZnPc thin film (Fig. 7b), absorbance remains consistent across all polarization directions
from 0° to 90°. Conversely, in the quartz/PTFE/ZnPc thin film, absorbance increases with the change in polarization direc-
tion from 0° to 90°. The dichroic ratio (DR =Agq/Aye) [44] was calculated as 0.97 for quartz/ZnPc and 1.26 for quartz/PTFE/
ZnPc thin film based on Q1 absorbance at 0° and 90°. There have been reports of optical polarization of nanomaterial
thin films [45-47]. However, the polarized UV-vis spectra of the PTFE friction-transferred films, which are nanostructured
templates, showed no optical absorption without anisotropy in the UV region (Fig. S3). Therefore, the difference of
absorbance depending on polarization direction of the quartz/PTFE/ZnPc thin film is due to the orientation of the ZnPc

(a)

Rotating sample

Friction ’) by 10° each
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T I L 90°
| =
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Fig.7 a Schematic of polarized UV-vis measurement of quartz/PTFE/ZnPc thin film. Polarized UV-vis spectra from 0° to 90° of b quartz/ZnPc
and c quartz/PTFE/ZnPc thin films deposited at T,= 120 °C and with a thickness of 20 nm
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molecules in uniaxial alignment of ZnPc nanowires. In the quartz/ZnPc thin film, the transition dipole moments of ZnPc
molecules were misaligned, indicating a lack of in-plane orientation. In contrast, the quartz/PTFE/ZnPc thin film exhibited
a maximum absorbance at 90°, indicating that the transition dipole moment aligns perpendicular to the friction direc-
tion within the plane of the substrate. This alignment suggests that the ZnPc molecules are aligned with their molecular
planes perpendicular to the friction direction owing to their in-plane transition dipole moments [48]. The FT-IR spectra
and out-of-plane XRD patterns revealed that the ZnPc molecules adopt an edge-on orientation and were adsorbed to
the substrates, leaning at an angle of approximately 65° against the substrate surface. Consequently, absorption occurs
even at 0°, resulting in a DR as low as 1.26.

3.7 Characterization of in-plane orientation of ZnPc thin film

We conducted in-plane XRD (20 /¢ scan) measurements to analyze the in-plane molecular orientation. A diagram of the
measurement setup is illustrated in Fig. 8a. The incident X-ray is nearly parallel to the diffracted X-ray, while the detector
rotates along the 26y direction, and the sample rotates around the ¢ axis during the measurement [49]. The incident
angle remained constant at 0.22° throughout the scan. In this experiment, we measured diffraction from lattice planes
parallel and perpendicular to the friction direction for the Si/PTFE/ZnPc thin film, as shown in Fig. 8b. For the Si/ZnPc
thin film, diffraction was measured from arbitrary directions and perpendicular to them.

The in-plane XRD patterns of 20-nm-thick Si/ZnPc or Si/PTFE/ZnPc thin films deposited at T,= 120 °C are shown in
Fig. 8c. The XRD patterns of the Si/ZnPc thin film are shown by red and blue lines, while those of the Si/PTFE/ZnPc thin
film are indicated by green (parallel to the friction direction) and orange (perpendicular to the friction direction) lines.
A diffraction peak at 26 = 7.08° was observed in all patterns, corresponding to the (002) plane of a-ZnPc [50] with a lat-
tice spacing of d=1.249 nm. The diffraction intensity of this peak is similar in both directions for the Si/ZnPc thin film. In
contrast, the intensity in the direction parallel to the friction direction was significantly higher than that perpendicular
to the friction direction in the Si/PTFE/ZnPc thin film (Fig. 8c). These findings suggest that an unoriented structure was
formed on the Si/ZnPc thin film, while the (002) planes were aligned along the friction direction, indicating an oriented
structure in the ZnPc nanowire thin film deposited on the PTFE friction-transferred film. Analysis of the out-of-plane and
in-plane XRD patterns suggests that a unit cell of a-ZnPc should be positioned as shown in Fig. 8d on the PTFE friction-
transferred films. The (200) plane (purple plane) is parallel to the substrate, and the (002) plane (yellow plane) is parallel
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Fig.8 a Schematic of in-plane XRD (28x/¢ scan) setup. b Diffracted lattice planes (represented by red lines) on PTFE friction-transferred
films. ¢ In-plane XRD patterns of 20-nm-thick Si/ZnPc and Si/PTFE/ZnPc thin films deposited at T,= 120 °C. d Schematics of ZnPc crystalline
orientation on PTFE friction-transferred film
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to the friction direction. According to this model, the ZnPc molecules were stacked along the b-axis, corresponding to
the friction direction, maintaining an edge-on orientation against the substrates, and the nanowires grew in that direc-
tion. This model demonstrates that anisotropic growth of nanowires was achieved on the structural induction templates.

Figure S4 shows the in-plane XRD patterns of the 20-nm-thick Si/ZnPc and Si/PTFE/ZnPc thin films deposited at T, =
150 °C. In the parallel direction of the Si/PTFE/ZnPc thin film deposited at T,= 150 °C, a diffraction peak from the (002)
plane is present in addition to a peak at 26 = 9.16°. Shahiduzzaman et al. reported that the diffraction peak of the (201)
plane appeared at 26 = 9.3° in out-of-plane XRD results for a polymorph of ZnPc transited to a -form [51]. Therefore, the
diffraction peak at 26 = 9.16° was considered to the (201) plane of a monoclinic B-ZnPc phase, indicating that the b-axis
of the unit cell was oriented along the friction direction. This diffraction peak was observed in the PTFE transferred films
and did not appear in the Si/ZnPc thin film. These results suggest increasing T, and depositing films on PTFE friction-
transferred films resulted in the increase of the B-form in the nanowire thin films. In addition, these results indicate that
T,=120 °C is suitable for fabricating uniaxially oriented nanowires because the B-form exhibits inferior conductivity
compared to the a-form.

3.8 ZnPc nanowire growth model on the PTFE friction-transferred films

Based on the experimental results, we propose a mechanism of ZnPc nanowire growth on the PTFE friction-transferred
films. Uniaxially oriented ZnPc nanowire growth at T,= 120 °Cis illustrated in Fig. 9. ZnPc molecules reaching the substrate
in the vapor phase diffuse to the interfaces between the PTFE and the substrate, where the surface free energy is relatively
high, leading to nucleation of ZnPc molecules. The low surface energy of PTFE promotes the diffusion of ZnPc molecules
on its surface. As mentioned in Sect. 3.2, at higher T, the kinetic energy of the ZnPc molecules increases, resulting in
a decrease of nucleation on the PTFE friction-transferred films. Following nucleation, ZnPc molecules align along the
molecular chain of PTFE through m—m interactions, initiating growth in the nanowire morphology. These phases occur at
a deposit thickness of 5 nm, representing the initial step of crystal growth (Fig. 9a). With the deposition of more ZnPc mol-
ecules, the nanowires grow due to the adsorption and diffusion of ZnPc molecules, forming uniaxially oriented nanowires.
At a deposit thickness of 20 nm, uniaxially oriented ZnPc nanowires are observed on the PTFE friction-transferred films
along the friction direction, corresponding to the b-axis of ZnPc (Fig. 9b). In the 20—30 nm deposit thickness range, the
ZnPc nanowires grow in both width and length due to the adsorption and aggregation of ZnPc molecules and adjacent
nanowires grow along the width direction and coalesce (Fig. 9b). As the number of adsorbed molecules increased and
film thickness reached over 30 nm (Fig. 9¢), nucleation of ZnPc crystals occurred on the nanowires [52], with molecules
gathering and aggregating at these nuclei. In addition, collisions occurred between the nanowires growing in the plane
along the friction direction, leading to random growth of ZnPc nanowires including out-of-plane direction. At film thick-
ness of 30—50 nm, some ZnPc nanowires were observed along the friction direction, in addition to other nanowires
growing along the out-of-plane direction (Fig. 9¢). In-plane uniaxially oriented ZnPc nanowire thin films are fabricated
by controlling the substrate temperature and deposition film thickness on the PTFE friction-transferred films. The PTFE
friction-transferred films serve as a high-quality structural induction template for the deposition of ZnPc films. It should
be noted that nanogrooves with a depth of only approximately 10 nm induce the graphoepitaxial growth of ZnPc.

On the PTFE friction-transferred films, molecular orientation primarily occurs through a graphoepitaxial mecha-
nism. Ueda et al. reported that copper phthalocyanine molecules align via a graphoepitaxial mechanism on the PTFE

(a) 5nm (b) 20-30 nm (c) 30-50 nm
. " collision
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Fig.9 Schematics of the models of nanowire growth on PTFE friction-transferred films: a initial phase (thickness =5 nm), b middle phase
(thickness =20—30 nm), and c last phase (thickness =30—50 nm)
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friction-transferred films [53]. Here, we validate the potential of epitaxial growth in addition to graphoepitaxial growth.
Generally, epitaxial growth is often encountered during crystal growth between inorganic —inorganic interfaces [54].
The epitaxial growth of organic thin films on inorganic substrates has also been reported [55]. Furthermore, epitaxial
growth between organic —organic interfaces has been investigated, such as the growth of oligothiophene and hexa-
peri-hexabenzocoronene (HBC) derivatives on PTFE friction-transferred films [56, 57]. Therefore, we focused on the lattice
matching between ZnPc and PTFE. Ueda et al. reported that the c-axis (c = 19.50 A) of the hexagonal PTFE phase aligns
with the friction direction in PTFE friction-transferred films [53]. Additionally, we confirmed that the b-axis of monoclinic
a-ZnPc (b =3.78 A) and monoclinic B-ZnPc (b =4.85 A) align with the friction direction [58]. The spacing of five unit cells
of a-ZnPc is 18.90 A, and that of four unit cells of B-ZnPc is 19.40 A. Both spacings are close to the lattice spacing of the
c-axis (19.50 A) of PTFE, indicating favorable lattice matching in the growth direction of ZnPc nanowires, with B-ZnPc
showing closer values than a-ZnPc. These results suggest that the lattice matching influences the formation of 3-ZnPc
on PTFE friction-transferred films at lower substrate temperatures (T,) compared to Si or quartz substrates, despite the
usual requirement for high-temperature annealing for transition to the 3-form [40, 59]. In Fig. 4c, a red-shift of the Q2
peak in the UV-vis spectrum was observed for the quartz/PTFE/ZnPc thin film deposited at 180 °C. In Fig. S4, a diffrac-
tion peak of (201) of B-ZnPc was observed on the Si/PTFE/ZnPc thin film deposited at 150 °C. No B-ZnPc-derived peaks
were observed in the spectra of ZnPc thin films deposited on quartz or Si substrates at the same T, indicating that the
favorable lattice matching between B-ZnPc and PTFE may promote the growth of 3-ZnPc crystals on the PTFE friction-
transferred films. In the case of ZnPc nanowire growth on the PTFE friction-transferred films, molecular orientation is
believed to occur not only through a graphoepitaxial mechanism but also through an epitaxial-like mechanism. PTFE
friction-transferred films can induce oriented structures owing to their nanogroove morphology, low surface energy
resulting from their hydrophobicity, and crystalline structure, facilitating both graphoepitaxial growth and epitaxial
growth with lattice-matching.

We produced uniaxially oriented ZnPc nanowires that formed closely and continuously aggregated thin films, measur-
ing 20 nm in thickness, on the PTFE friction-transferred films. Within the nanowires, ZnPc molecules adsorbed obliquely
with an edge-on orientation, aligning their molecular planes perpendicular to the friction direction. Additionally, a-ZnPc
crystals were oriented with the a-axis perpendicular to the substrate and the b-axis in the direction of nanowire growth.

3.9 Electrical characterizations of a ZnPc nanowire thin film

MoOj; (3 nm)/Au (80 nm) electrodes [60, 61] were deposited on a 20-nm-thick ZnPc nanowire thin film fabricated at T, =
120 °C, and /- V curves were measured to evaluate the anisotropic electrical properties of the uniaxially oriented thin
film. The electrodes were positioned parallel and perpendicular to the friction direction on the ZnPc nanowire thin film
(Fig. 10a). The |-V curves were measured along the long and short axis of the ZnPc nanowire for the parallel (Fig. 10a (1))
and perpendicular (Fig. 10a (2)) setups, respectively. The conductivity was calculated from the resistance results obtained
via the slope of the /- V curves, distance between the electrodes, and the width of electrodes.

Figure 10b shows the current characteristics responded to the applied electric field (E) obtained from the /- V curves
measured using the electrode pairs of (1) and (2). The green and orange lines show the current (/) —electric field (E)
characteristics parallel and perpendicular to the friction direction, respectively. The curves are linear and demonstrate
ohmic contact. The conductivities of the parallel and perpendicular directions were 5.68 x 10~ and 1.48 x 107> Scm™,
respectively. The conductivity along the parallel direction was approximately 3.8 times greater than that along the per-
pendicular direction, indicating superior electrical properties along the longitudinal direction of the ZnPc nanowires.
The anisotropic electrical properties of the uniaxially oriented ZnPc nanowire thin films were revealed using a simple
device structure.

4 Conclusions

In this study, the parameters involved in producing uniaxially oriented ZnPc nanowires on the PTFE friction-transferred
films through vacuum deposition were investigated. By controlling the substrate temperature (T,) and film thickness,
we developed a model for the growth of ZnPc nanowires. ZnPc nanowires and molecular orientations were absent
on substrates lacking PTFE friction-transferred films, which serve as templates for inducing orientation. On the PTFE
friction-transferred films, ZnPc thin films deposited at T, = RT consisted of particles, while ZnPc thin films deposited at
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Fig. 10 a Schematic of the uniaxially oriented ZnPc nanowire device. b Current (/) characteristics in response to the electric field (E), which
was applied parallel or perpendicular to the friction direction on the uniaxially oriented ZnPc nanowire thin film

T,=100—150 °C exhibited uniaxial nanowires aligned parallel to the friction direction. The temperature-dependent
analysis of ZnPc thin film structure revealed that in the ZnPc nanowire thin films deposited at T,= 120 °C, a-form crystals,
known for their superior conductivity among ZnPc crystal polymorphs, were predominant. Additionally, the uniaxially
oriented ZnPc nanowires extended over a large area. The dependence of the thin film structure on film thickness for
films deposited at T,= 120 °C indicated that the optimal film thickness for ZnPc nanowire formation is 20 nm. The ZnPc
nanowires were closely aligned, resulting in a relatively homogeneous thin film. Upon structural evaluation of the ZnPc
nanowire thin films produced under optimal conditions, we observed a-form crystals of ZnPc aligned with their a-axis
perpendicular to the substrate and b-axis parallel to the friction direction. Thus, the n—m stacking direction, which is
favorable for charge transport, was in the longitudinal direction of the ZnPc nanowires. We proposed a growth model of
ZnPc nanowires on the PTFE friction-transferred films, considering both graphoepitaxial and epitaxial growth mecha-
nisms. Our findings suggest that ZnPc crystal growth occurred not only though the graphoepitaxial mechanism but also
through an epitaxial-like mechanism. The PTFE friction-transferred films serve as effective templates for inducing the
molecular orientation and crystal growth of ZnPc, enabling the fabrication of thin films with full-coverage, aligned ZnPc
nanowires in a planar configuration, which has been difficult to achieve in previous studies. The uniaxially oriented ZnPc
nanowire thin films developed in this study exhibited anisotropic electrical properties.

In this study, the electrical properties were evaluated using a device with a simple structure, and further investigation
of the device design is required. ZnPc nanowire thin films demonstrate the potential for application in various devices,
including phototransistors and optical sensors.
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