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Abstract: The solvent vapor annealing (SVA) technique is one of the useful post

processing techniques of a thin film, which is an alternative technique of the thermal

annealing one. SVA has a great advantage that the molecular rearrangement in the film is

made moderately by employing an appropriate solvent without the sample heating. The

moderate processing is expected to yield a benefit that the molecular coalescence would

be suppressed, which would readily keep the continuous surface topography of the film

during the annealing, and another benefit that a metastable structure would be obtained.

To make the best use of the SVA-specific characteristics, in the present study, a material

having a metastable structure is chosen. The sample is zinc tetraphenylporphyrin (ZnTPP)

that yields a metastable triclinic crystal structure, which can easily be converted to a

monoclinic crystal structure by thermal annealing. A triclinic-structure film of ZnTPP by

the combination of a wet process and the thermal annealing has thus never been reported.

By choosing a fluorine-containing solvent, which has a low affinity to ZnTPP, a triclinic-

structure film has first been obtained by a wet process while the surface continuity is

protected.
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1. Introduction

To improve the performance of organic thin-film devices, structural control of the

organic semiconductor layer is a crucial technology, which has extensively been studied

thus far [1-14]. In particular, an ordered thin film with a high crystallinity is needed for

improving both exciton diffusion length and charge transfer [7,15]. As a useful technique

for improving the crystallinity and the molecular orientation of an organic

semiconductor layer, a thermal annealing and a solvent vapor annealing (SVA) are often

employed [4,16-20].

A thermal annealing is the most commonly used as a post-processing technique

because of the technical simplicity that the crystallinity and the molecular orientation of

the thin film can be improved simply by heating the organic semiconductor layer.

Heating, however, sometimes causes a side effect of structural deterioration of the

semiconductor layer due to unexpected grain growth and coalescence of the grains,

which induces discontinuous surface topography [21]. For example, a spin-coated film

of zinc tetraphenylporphyrin (ZnTPP; Chart 1a) cannot keep the continuous surface

topography after a thermal annealing at 100°C as found in Fig. la and b. Heating

sometimes induces chemical degradation such as oxidation [22,23] and decomposition

[24] of the compound, which makes the device performance poorer [23,24].



To avoid these side effects via heating, SVA can be an alternative annealing

technique. By employing SVA, the crystallinity and the molecular orientation of the thin

film can be improved at ambient temperature by exposing the organic semiconductor

layer to the solvent vapor [4,16-20]. Although SVA can easily be performed, choosing

an appropriate annealing solvent is difficult. For example, when a good solvent of

chloroform (Chl; Chart 1b) is employed for the annealing of the spin-coated thin film of

ZnTPP, the molecules in the annealed film are coalesced, which makes the film

topography discontinuous as shown in Fig. 1¢. The coalescence implies that the ZnTPP

molecules are made to have an unnecessarily high molecular mobility after the solvation

by Chl.

Another side effect of using a good solvent is that the annealed molecules attain

the thermodynamically stabilized crystal structure represented by the monoclinic

crystallite with the herringbone packing of ZnTPP [25,26] (Fig. 2a). In other words, a

metastable crystal structure is passed by due to the large molecular mobility induced by

the solvation. For example, in a ZnTPP thin film, the metastable triclinic phase with the

face-to-face stacking [27] (Fig. 2b) is difficult to be prepared by a wet process using a

good solvent [25]. Although the triclinic one can be obtained by the vapor deposition

technique [28], a wet process is better when considering the merit of efficient mass-



production.

Crystal structures having a herringbone packing or face-to-face stacking are found

in other organic semiconductor materials such as phthalocyanine [29] and its derivative

[30], which have a similar macrocycle molecular structure. The performance of the

device is directly influenced by the molecular packing: the triclinic crystal with the face-

to-face stacking of the phthalocyanine skeleton is calculated to have a higher carrier

mobility than the monoclinic crystal with the herringbone packing [30]. To have the

face-to-face stacking, the triclinic crystal structure of ZnTPP is a good candidate for the

device development.

To obtain the metastable triclinic crystal phase by a wet process without breaking

the continuous surface topography, an appropriate solvent for SVA should be searched

for. For this purpose, a solvent with an appropriately weak molecular affinity to the film

compound should be appropriate.

The molecular affinity can be interpreted as the molecular interactive forces such

as hydrogen bonding, dispersion force and dipole-dipole interactions [31]. For the case

of ZnTPP having phenyl groups, the intermolecular interaction is mostly driven by the

dispersion force [32], which is common to Chl [33]. This is why Chl works as a good

solvent for ZnTPP in fact. Since the dispersion force is related to a hydrocarbon part and



a large-radius element like chlorine, in the present study, a solvent having some C—F

bonds should be used considering a smaller molecular polarizability of the C—F bond,

which yields a weak dispersion force [31,34]. In the present study, HCFC-225 (see

Experimental; Chart 1c¢) is chosen for this reason. As expected, this solvent exhibited a

poor solubility for ZnTPP.

As a result, the metastable triclinic phase of ZnTPP has readily been obtained as

the major component of the SVA treated film, and the surface continuity is kept without

a significant damage. This is the first report that the triclinic crystal of this compound is

obtained in a continuous wet-processed film to our knowledge. The molecular structure

in the film is analyzed in detail in terms of both crystal structure and the molecular

orientation by using the grazing incidence X-ray diffraction technique equipped with a

two-dimensional array detector (2D-GIXD) and infrared (IR) p-polarized multiple-angle

incidence resolution spectrometry (pMAIRS [35-37]) technique, respectively.

2. Experimental methods

2.1 Materials: Zinc (II) tetraphenylporphyrin (ZnTPP) (Chart 1a) was purchased from

Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan), and it was used without further

purification. Chloroform (Chl) (Chart 1b) was the ACS spectrophotometric grade with a



purity of > 99.8%, which was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Hydrochlorofluorocarbon (HCFC)-225 (Chart 1c¢) was purchased from Wako Pure
Chemical Industries, Ltd (Osaka, Japan).

2.2 Film Preparations: The silicon substrate, which was provided by Valqua FFT Inc.
(Tokyo, Japan) was sonicated for 60 seconds in each pure water, ethanol, acetone, and
1,2-dichloroethane, successively. The spin-coated films were prepared by dropping 20 puL
of a Chl solution of ZnTPP at 10.0 mM onto the substrate spun at 2000 rpm. All films
were prepared on a rectangle silicon substrate (40 x 20 mm?) in ambient air (25 °C). For
the SVA treatment, the coated layer on the substrate was faced down to the solvent surface
with a distance of ca. 5 mm in an open system. The exposure time to the HCFC-225 vapor
is 12 h at ambient temperature, which is much longer than the conventional annealing
time [4,16-19] for attaining the thermodynamic equilibrium.

2.3 Atomic Force Microscope Measurements: Atomic force microscopy (AFM)
measurements were performed on a Seiko Instruments (Chiba, Japan) NanoNavi IIs probe
station equipped with a probing microscope unit (Nanocute), which was set on an anti-
vibration stage. The dynamic force mode was employed for the scanning of the surface
topography. The force constant and resonance frequency of the silicon cantilever are 19

N m™! and 143 kHz, respectively.



2.4 2D-GIXD measurements: 2D-GIXD experiments were carried out at the beamline,

BL46XU, of a synchrotron radiation facility “SPring-8” (Harima, Hyogo, Japan). A

radiated X-ray having the energy of 12.39 keV (4 =0.1 nm) was irradiated on the sample

at a fixed angle of incidence of 0.12° from the surface parallel, and the diffracted X-ray

was led through a Huber (Rimsting, Germany) diffractometer to have diffraction patterns

that were detected by a Pilatus 300K (Baden-Dattwil, Switzerland) two-dimensional

imaging detector.

2.5 pMAIRS measurements: IR pMAIRS spectra were measured by using a Thermo

Fischer Scientific (Madison, WI, USA) Nicolet 6700 FT-IR spectrometer equipped with

a Thermo Fisher Scientific (Yokohama, Japan) automatic MAIRS equipment (TN10-

1500). The light source was made modulated IR light with a frequency of 60 kHz. The p-

polarized light was obtained by passing through a PIKE Technologies (Madison, WI,

USA) manual polarizer (090-1500). The p-polarized IR light was transmitted through the

sample substrate with the angle of incidence changing from 9° to 44° by 5° steps [38].

The transmitted light was detected by a mercury-cadmium-telluride (MCT) detector,

which is cooled for more than 2 h by liquid N2 in advance. The detected signal was

accumulated 500 times for each angle. The IP (in-plane) and OP (out-of-plane) spectra

were simultaneously obtained by pMAIRS analysis [39]. The IP spectrum exhibits the



parallel component of a transition moment to the substrate; whereas the OP spectrum is
for the perpendicular component to the substrate, which is the surface selection rule of
the pMAIRS technique. When the optimum incident angles are employed, the orientation
angle of a transition moment is readily calculated by the band intensity ratio of the IP to

OP spectra (41p/Aop) using Equation (1) [40]

¢ = tan! | (1)

3. Results and Discussion

Fig. 3 shows AFM images of the surface topography at different stages in the film
preparation process. Fig. 3a and b show the surface image of a bare silicon substrate and
an as-spun film on the substrate, respectively. In Fig. 3b, a continuous flat film is readily
obtained without forming apparent crystalline grains, which is a typical feature of an
amorphous film [41,42]. In fact, in the 2D-GIXD measurement, no peaks are found in the
diffraction pattern of the film (Fig. 4a). This clearly indicates that the film has an
amorphous structure. The film has a very flat surface with a root mean square (rms)
roughness of 0.28 nm. This is even flatter than that of the bare silicon substrate (rms =
1.18 nm).

Fig. 3c is the surface image after the SVA with the use of HCFC-225 (denoted as



HCFC-SVA). The ZnTPP film after HCFC-SVA readily keeps the continuous surface
topography in Fig. 3¢, which has not been obtained by the conventional thermal annealing
or SVA using Chl (denoted as Chl-SVA). Since HCFC-225 has a low molecular affinity,
the ZnTPP molecules in this film should have a low mobility because of weak solvation.
As a result of having a low mobility, the moderate aggregation is induced without
breaking the continuous topography.

When the molecules have a low mobility on the substrate, the metastable structure
is expected to be obtained in the film. To investigate the crystal structure generated in the
ZnTPP thin film induced by HCFC-SVA, 2D-GIXD measurements are performed.

After the HCFC-SVA treatment, on the other hand, the diffraction pattern of the
film is drastically changed to have many strong peaks (Fig. 4b), which clearly indicates
that the molecules are highly crystallized. By referring to the calculated X-ray powder
diffraction patterns of a single crystal [25-27], as expected, most of these peaks are readily
assigned to the metastable triclinic crystal structure (denoted by ‘T’ in Fig. 4; CCDC
Refcode: ZZZTAYO02 [27]), as well as the two monoclinic crystal structure (CCDC
Refcode: ZZZTAY03 [26] and ZNTPORO3 [25]) denoted by ‘Ma’ and ‘Mb’ respectively.
There are many T peaks with dominantly stronger intensities than those of the Ma and

Mb peaks. The triclinic crystal structure is thus concluded to be the major component in
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the film after the HCFC-SVA treatment.

According to our former study, in a thin film, the monoclinic (Ma) phase has a
thermodynamically stable structure; whereas the triclinic one has a metastable one [28],
and no report is available for obtaining the triclinic one in a wet-processed film. The
present study is thus the first report that the triclinic crystal is readily prepared by a ‘wet
process’ in a thin film. This implies that ZnTPP has been made to have a low molecular
mobility to be stabilized at the metastable structure by using HCFC as the solvent of SVA.

The diffraction pattern gives us another structural information of the ‘crystal
orientation’ by referring the direction of the scattering vector, g, to that of the reciprocal
lattice vector of the crystal structure. The gxy and ~¢: axis in Fig. 4 are parallel and normal
to the substrate, respectively. As presented in Fig. 4b, the triclinic component has the 010
peak appeared mostly on the gy axis (¢ = 0.50 A™!); whereas the 100 peak appears roughly
in the ~g: axis direction with a slight shift of £6° from the ~g¢- axis (¢ = 0.63 A™!). Since
the reciprocal lattice vector has a direction vertical to the crystal plane, this result means
that the (010) plane is perpendicular to the substrate, and the (100) plane inclines 6° from
the substrate. The angle between the two planes is thus analyzed to be 84° or 96°, which
is consistent with the triclinic structure with the ¢ axis parallel to the surface as

schematically drown in Fig. 5a. [27]. By rotating the schematic in Fig. 5a about the z axis,

11



the angle between the porphyrin ring and the substrate is found to be about 45°. Therefore,
in the crystallized region, since the triclinic crystal is major component, the most of
ZnTPP molecules should have this orientation.

Since a ZnTPP thin film can have an amorphous component [25] that does not
appear in the GIXD pattern, the pMAIRS technique is employed for revealing the
average molecular orientation of the entire region involving the crystal and the
amorphous portions. In addition, the pMAIRS spectra are also correlated with the
polymorph, and the key bands appear in the region of the y(C—H) modes of a conjugate
system [25].

Fig. 6 presents IR pMAIRS spectra of the as-spun and after HCFC-SVA films
where the red and blue curves correspond to the IP and OP spectra, respectively. In the
as-spun film, the amorphous structure is readily confirmed by four key bands at 798,
752,719 and 700 cm™! in Fig. 6a, which are known to be specific to the amorphous state
(marked by ‘A’) [25,28]. In the HCFC-SVA film, on the other hand, the marker bands
appear at different positions, and instead some characteristic bands of the triclinic phases
(marked by ‘T’) appear apparently accompanying monoclinic phases (marked by ‘Ma’)
with a very minor intensity, as found in Fig. 6b. These characteristics basically agree

with the crystal structures revealed by the 2D-GIXD analysis.

12



Note that the y(C—H) mode has a transition moment perpendicular to the
porphyrin or phenyl ring [25]. The IP and OP bands of the as-spun film have comparable
intensities for the four key bands (Fig. 6a), which indicates that the ZnTPP molecules
are randomly oriented in the film [25]. After the HCFC-SVA treatment, the OP bands at
797 and 716 cm™! are apparently larger than the IP ones (Fig. 6b) implying an oriented
stance. Since these modes are localized on the porphyrin ring [25], the porphyrin ring is
revealed to align parallel to the substrate, i.e., the face-on orientation on considering the
surface selection rule of pMAIRS (see the Experimental section). The molecular
orientation of ZnTPP in the thin films is analyzed quantitatively by using Eq. (1) as a
function of the intensity ratio of the y(C—H) bands in the pMAIRS-IP and -OP spectra.
The orientation angle of the plane of the porphyrin ring from the substrate surface
depicted in Fig. 5b is calculated to be 43° by using the intensity ratio of the y(C—H) band
at 797 cm™'. This angle agrees fairly well with the angle revealed by the 2D-GIXD
analysis (ca. 45°). The quantitative agreement between the IR pMAIRS and the 2D-
GIXD techniques in terms of the molecular orientation apparently implies that the

amorphous portion is ignorable in the film.

4. Conclusion
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In the present study, the SVA treatment using HCFC-225 has readily made the

ZnTPP film have a triclinic crystal structure without breaking the continuous surface

topography, which cannot be attained by the thermal annealing or Chl-SVA, either.

Another note is that the annealed film by HCFC-SVA has a metastable crystal structure

as the major component. This result is understandable by considering the molecular

mobility depending on the solvation by the solvent used in SVA. In the HCFC-SVA

treatment, the ZnTPP molecules have a low mobility due to a weak solvation.

After the structural analysis in detail using 2D-GIXD and IR pMAIRS, the results

of both polymorph and molecular orientation are found common to the two analytical

techniques. In particular, the quantitative agreement of the molecular orientation of the

porphyrin ring in the film has readily revealed that the film comprises the triclinic

crystallite as the major component with a very minor component of the monoclinic

crystallite, and ignorable portion of amorphous is found.
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Figure captions:

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

AFM images of (a) as-spun film, (b) after thermal annealing at 100 °C, and
(c) SVA using Chl.

(a) Triclinic and (b) monoclinic crystal structures of ZnTPP.

AFM images of (a) a silicon substrate before spin-coating, (b) as-spun (rms =
0.38 nm), and (c) after SVA using HCFC-225 (rms = 26 nm).

2D-GIXD patterns of ZnTPP thin films for (a) as-spun, and (b) SVA treated
using HCFC-225. ‘T’ and ‘Ma’, ‘Mb’ represent the peak of a triclinic and two
different monoclinic phases, respectively.

The schematics of molecular orientation of the triclinic crystallite from the
parallel viewpoint to the substrate plane. (a) The ¢ axis is aligned parallel to
the viewpoint direction. (b) On the same crystallite, the viewpoint direction
is rotated about the z axis, so that the porphyrin planes are made parallel to
the direction.

IR pMAIRS spectra in the y(C—H) region of (a) the as-spun film, and (b) the
film after HCFC-SVA. The red and blue curves correspond to the IP and OP

spectra respectively.
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Chart 1 Chemical structures of (a) zinc tetraphenylporphyrin (ZnTPP), (b)
Chloroform (Chl) and (c) HCFC-225, which is the mixture of HCFC-225ca
(left) and HCFC-225c¢b (right).
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(a) as-spun (b) after thermal annealing  (c) after Chl-SVA
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Fig. 2 K. Tomita et al.
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(a) silicon (b) as-spun (c) after HCFC-SVA
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Fig. 3 K. Tomita et al.
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Fig. 4 K. Tomita et al.
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Fig. 5 K. Tomita et al.
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