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Crystal structure analysis in solution-processed uniaxially oriented
polycrystalline thin film of non-peripheral octahexyl phthalocyanine
by grazing incidence wide-angle x-ray scattering techniques

Masashi Ohmori, Takashi Uno, Mitsuhiro Nakatani, Chika Nakano, Akihiko Fujii,a)

and Masanori Ozaki
Division of Electrical, Electronic and Information Engineering, Graduate School of Engineering,
Osaka University Suita, Osaka 565-0871, Japan

(Received 20 July 2016; accepted 30 September 2016; published online 12 October 2016)

Uniaxially oriented thin films of metal-free non-peripherally octahexyl-substituted phthalocyanine

(C6PcH2), which exhibits high carrier mobility, have been fabricated by the bar-coating technique,

which is a simple solution process. The molecular orientation and molecular steps in the thin film

were observed by the polarized spectroscopy and the atomic force microscopy, respectively. The

three-dimensional molecular packing structure in the thin film was investigated by the grazing inci-

dence wide-angle X-ray scattering technique with an in-plane sample rotation. The crystal orienta-

tion was clarified, and the three-dimensional molecular packing structure of the thin film was found

to match the single crystal structure. Moreover, the X-ray diffraction patterns of the oriented thin

films were simulated by using the lattice parameters of C6PcH2 single crystal to reproduce the

observed X-ray diffraction patterns. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4964741]

Phthalocyanines are well known as low-molecular-

weight organic semiconductors. Some of them tend to form

columnar structures, which possess a p-electron stacking sys-

tem along their column axis.1 Electronic devices based on

phthalocyanines, because of their stable optical and electrical

properties such as solar cells and thin film transistors, have

been reported.2–4 Conventional basic phthalocyanines, that

is, unsubstituted phthalocyanines, have low solubility in typi-

cal organic solvents; therefore, methods for preparing uni-

form thin films are limited to dry processes.3 To realize

practical applications, a solution process should be adopted

because of the potential advantages of low-weight films,

flexibility, low equipment cost, and large-area product.5

As an example of recent progress toward the application

of phthalocyanines in solution-processed electronic devices,

the introduction of alkyl substituents at non-peripheral posi-

tions of a phthalocyanine core has been studied.6–10 Some

non-peripherally alkyl-substituted phthalocyanines demon-

strate high solubility and potential to fabricate thin films by a

wet process.9 Moreover, they exhibit high carrier mobility in

the order of 10�1 cm2/V s owing to their molecular packing

structure based on the self-assembled columnar stacks.11

In particular, the non-peripherally hexyl-substituted

phthalocyanine 1,4,8,11,15,18,22,25-octahexylphthalocyanine

(C6PcH2) exhibits a hole mobility of 1.4 cm2/V s and an elec-

tron mobility of 0.5 cm2/V s, which were evaluated by the

time-of-flight measurement.12 In addition, an organic thin film

solar cell with a bulk hetero junction using C6PcH2 exhibited

a high efficiency of 4.2%.13–15 Molecularly oriented uniform

thin films are desirable for realizing high-performance elec-

tronic devices16–18 because the origin of the electrical proper-

ties is strongly related to their molecular stacking structure,

which has been studied by the X-ray diffraction (XRD) mea-

surement19–22 However, controlling the molecular alignment

of C6PcH2 in thin films still needs to be carried out.

Although spin-coating is a typical and simple method of

obtaining uniform thin films, the polycrystalline or amor-

phous films are formed on substrates because of rapid film

formation, even if materials with a strong intermolecular

interaction are used. There have been several reports on the

fabrication of oriented thin films by printing processes, such

as inkjet and blade-coated processes.23–25 Controlling the

nucleus formation, crystal growth direction, and film forma-

tion rate is important for the crystal growth in thin film

fabrication.

In this study, molecularly oriented thin films of C6PcH2

were fabricated by using the bar-coating method, which is a

well-known technique for the formation of uniform and large-

area films.26 The direction of film formation was uniaxially

fixed by the sweep direction of the wire bar, and the condi-

tions of film fabrication, such as the speed of film formation,

the solvent, and the substrate temperature, were adjusted. In

most cases of the XRD analysis, the azimuthal distribution of

samples cannot be determined because the samples are fixed

on a stage. In this study, the three-dimensional molecular

packing structure in the obtained film was determined by

applying the grazing incidence wide-angle X-ray scattering

(GIWAXS) technique to the rotating sample. Moreover, the

XRD patterns of the film were in excellent agreement with the

results of a simulation based on the data of the single-crystal

structure.22

Figure 1(a) shows the molecular structure of C6PcH2,

which was synthesized by a previously reported method.12 The

C6PcH2 thin films were fabricated in the following manner.

Glass substrates were cleaned with water, chloroform, acetone,

and isopropyl alcohol by ultrasonication and then treated with

UV-ozone. The C6PcH2 thin films were fabricated on the glass

a)E-mail: afujii@opal.eei.eng.osaka-u.ac.jp. Tel.: þ81-6-6879-7758. Fax:

þ81-6-6879-4838.
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substrates by the bar-coating method. A schematic diagram

of the bar-coating process is shown in Fig. 1(b). The sub-

strate temperature was maintained at 40 �C. A 9.6-mm-diam-

eter coating bar, around which a 0.05-mm-diameter metal

wire was wound, was fixed on the glass substrate. C6PcH2

was dissolved in p-xylene at a concentration of 60 mg/ml,

and the solution was added dropwise onto the coating bar,

and then the glass substrate was moved in the horizontal

direction at a speed of 30 lm/s. A small amount of the solu-

tion passed through the space between the wound metal wire

and the glass substrate, resulting in the formation of a uni-

form film with a thickness of approximately 170 nm.

The film thickness and surface morphology of the thin

film were observed by an atomic force microscope (AFM)

(KEYENCE VN-8000 or Digital Instruments Nanoscope

IIIA). Polarizing optical microscopic images and polarized

absorption spectra of the thin film were obtained with a

polarized optical microscopic system (Nikon Eclipse LV100

POL) and an attached spectrometer (Hamamatsu PMA-11).

The GIWAXS measurement of thin film was carried out

at room temperature in the BL46XU beamline at SPring-8.

Figure 1(c) shows the schematic diagram of the GIWAXS

measurement setup. The wavelength of the X-ray was 1.0 Å

and the incident angle was 0.12�. A two-dimensional position-

sensitive detector (Dectris PILATUS 300K) was used as an

X-ray detector. The GIWAXS measurement was carried out,

while the thin film was rotated counterclockwise at a speed

of 24�/min.

The XRD patterns were simulated in the following man-

ner. The simulation was carried out by using the crystal struc-

ture measured by the single-crystal X-ray structure analysis,

which is the monoclinic structure with a space group P21/n,

a¼ 20.74 Å, b¼ 9.80 Å, c¼ 36.10 Å, a¼ 90�, b¼ 93.9�, and

c¼ 90�.22 The peak positions were decided from the lattice

spacing d and dihedral angle u of the lattice planes, which

were calculated by the following equations:27

1

d2
¼ 1

sin2b

h2

a2
þ k2 sin2b

b2
þ l2

c2
� 2hl cos b

ac

� �
; (1)

cosu¼ d1d2

sin2b

h1h2

a2
þ k1k2 sin2b

b2
þ l1l2

c2
� l1h2þ l2h1ð Þcosb

ac

� �
;

(2)

where a, b, c, and b are lattice parameters and d1 and d2 are

the lattice spacings of the (h1 k1 l1) and (h2 k2 l2) planes,

respectively. The peak intensity was simulated with the

RIGAKU PDXL 2.6 software.

The positions of the peaks in the azimuthal direction

were simulated in the following manner. The reciprocal lat-

tice vector G were calculated by

G ¼ ha*þ kb*þ lc*; (3)

where h, k, and l are Miller indices and a*, b*, and c* are

basic reciprocal lattice vectors. Intersection points of the

reciprocal lattice vector and Ewald sphere were calculated

by

usam ¼ cos�1 kjGj2

4p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2

x þ G2
y

q � tan�1 Gx

Gy
; (4)

where usam is the rotating angle of the measured sample and

Gx and Gy are Qx and Qy components of the reciprocal lattice

vector, respectively. From these equations, the positions of

the XRD peaks can be calculated.

Figure 2(a) shows typical polarized optical microscopic

images of the thin film observed with the crossed polarizers.

Some striations, which were caused by the friction of the

bar-coating machine, were observed. The results show that

the thin film consisted of poly-crystal. The observed image

of the thin film was uniformly dark, when the polarizer was

FIG. 1. (a) Molecular structure of

C6PcH2. (b) Schematic diagram of the

bar coating process. (c) Schematic dia-

gram of the GIWAXS measurement

setup.

FIG. 2. (a) Polarized optical microscopic images of the thin film observed

with crossed polarizers. (b) Polarized absorption spectra of the aligned thin

film. The incident light was parallel (black line) or perpendicular (red line)

to the crystal growth direction. (c) AFM image and surface profile of the

aligned thin film. The profile corresponds to the white line in the image.
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parallel to the crystal growth direction and became bright

when the polarizers were rotated by 45�, which indicates that

a uniform and uniaxially oriented poly-crystalline thin film

with a large area was fabricated. The polarized absorption

spectra of the thin film are shown in Fig. 2(b). When the

polarization direction of the incident light was parallel or

perpendicular to the crystal growth direction, the absorbance

based on the Q-band of phthalocyanine was minimum or

maximum, respectively. The absorbance should become

maximum if the polarization direction of the incident light is

parallel to the in-plane direction of the phthalocyanine core.

Therefore, it is considered that the column axis was parallel

to the crystal growth direction.

Figure 2(c) shows an AFM image and surface profile of

the thin film. Terraces and steps with a height of 2 nm, which

corresponded to the lattice spacing of the (002) plane in the

C6PcH2 single crystal,22 were observed. This result implies

that the crystal growth occurred during the film formation by

the bar-coating method; moreover, the lattice vector of the

(002) plane was perpendicular to the substrate.

The crystal structure in the thin film was investigated by

the GIWAXS method. Figure 3(a) shows the XRD patterns,

when the incident X-ray was parallel to the crystal growth

direction in the bar-coating method, where Qx,y and Qz are

the wave numbers in the in-plane and out-of-plane directions

of the thin film, respectively. Wave numbers, Q, were given

by the equation Q¼ 2p/d, where d is the lattice spacing.

Spotty XRD patterns were detected because the C6PcH2

molecules were aligned on the glass substrate. Periodic XRD

peaks were detected at Qx,y¼ 3.10 nm�1 (20.2 Å) in the in-

plane direction. The periodic structures in the in-plane direction

correspond to the lattice constant a (20.7 Å) of the C6PcH2 sin-

gle crystal, as shown in Fig. 3(b).22 Moreover, a strong XRD

peak, which corresponds to the (002) plane of the C6PcH2 sin-

gle crystal (18.0 Å), was detected at Qz¼ 3.52 nm�1 (17.8 Å) in

the out-of-plane direction. From the coincidence between the

two-dimensional lattice spacings evaluated from the XRD pat-

tern and the lattice constants reported previously, it is consid-

ered that the molecular packing structure in the thin film was

similar to that of C6PcH2 single crystal and that the molecular

stacking was parallel to the crystal growth direction.

Figure 3(c) shows the azimuthal dependence of the

XRD pattern, obtained by integrating the XRD patterns for

the in-plane direction, while the thin film was rotated by

360�. Using the GIWAXS technique involving sample rota-

tion, it was possible to determine the azimuthal distribution

in the film, which is not possible using the conventional

GIWAXS technique with a fixed sample. A spotty XRD

pattern was clearly obtained owing to the small azimuthal

distribution based on the high orientational order in the thin

film. The XRD peaks with the periods of 3.13 nm�1 (20.1 Å)

and 6.26 nm�1 (10.0 Å) were detected, which almost corre-

sponded to the lattice constants a (20.7 Å) and b (9.80 Å)

of C6PcH2 single crystal, respectively. Therefore, it was

clarified that the fabricated thin films possessed a uniaxial

orientation.

Figures 4 and 5 show the XRD patterns measured by the

GIWAXS method and simulated using the data for C6PcH2

single crystal, when the thin film was rotated counterclock-

wise by 0�, 30�, 60�, 90�, 120�, and 150�. The simulation

was carried out assuming that the (002) plane was parallel to

the Qz direction. The shape of the peak in the simulation was

postulated to possess a normal distribution, the standard

deviation of which was assumed to be 0.01 nm�1 in the out-

of-plane and in-plane directions and 2� in the azimuthal

direction. The spotty XRD patterns in the longitudinal direc-

tion can be clearly observed in Figs. 4 and 5 because the

Miller index l is independent of the azimuthal (Qx,y) direc-

tion. The values of Qx,y at the XRD peaks and the angles of

rotation of the thin film at which the peaks appeared

depended on the Miller indices h and k. The values of Qz at

the XRD peaks mainly depended on the Miller index l. The

Miller indices estimated by using the single crystal structure

are shown in Fig. 4. From the comparison of Figs. 4 and 5,

the simulated peak positions reproduced the observed ones.

The comparison of the observed peak intensities and the sim-

ulated peak intensities were also carried out. The value of

the R-factor calculated was 0.48, which was higher than the

case of using the single crystal; however, this value was of

the same level compared with the reported value of the pre-

vious study by using the highly oriented thin film.28 The

quality of the crystal in the bar-coated thin film was inferior

to the single crystal; however, the highly oriented polycrys-

talline thin films can be fabricated.

It is considered that such uniform and uniaxially ori-

ented thin films were obtained as a result of the properties

of C6PcH2, such as high solubility, high crystallinity, and

uniaxial crystal growth along the molecular packing direc-

tion. The uniaxially oriented thin film is expected to be

used in the electronic device applications, such as organic

thin film transistors. A detailed study of the electrical prop-

erties of the thin films is now in progress, which will be

reported elsewhere.

A uniform and uniaxially oriented thin film of C6PcH2 was

fabricated by the bar-coating method, and its three-dimensional

crystal structure was investigated by the GIWAXS method with

FIG. 3. (a) XRD patterns of the thin

film when the incident X-ray was par-

allel to the crystal growth direction of

the bar coating method. (b) Molecular

packing structure of C6PcH2 single

crystal. (c) Azimuthal dependence of

the XRD patterns of the thin film.
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a sample rotation. The fabricated thin film exhibited opti-

cally anisotropic properties over a large area and possessed

molecular-size steps on the surface. From the analysis of the

XRD patterns and the results of GIWAXS measurement and

by comparison with the simulated results, it was clarified

that the molecular packing structure in the thin film three-

dimensionally coincided with that of C6PcH2 single crystal

and that the molecular stacking was parallel to the crystal

growth direction.
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