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Abstract: The phase and texture of a newly developed solution-processed copper
phthalocyanine (CuPc) thin film have been investigated by two-dimensional grazing
incidence X-ray diffraction. The results show that it has  phase crystalline structure, with
crystallinity greater than 80%. The average size of the crystallites is found to be about
24 nm. There are two different arrangements of crystallites, with one dominating the
diffraction pattern. Both of them have preferred orientation along the thin film normal.
Based on the similarities to the vacuum deposited CuPc thin films, the new solution
processing method is verified to offer a good alternative to vacuum process, for the
fabrication of low cost small molecule based organic photovoltaics.
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1. Introduction

Small molecule based organic photovoltaics (OPVs) have better stabilities than polymer based
OPVs due to their intrinsic thermal and chemical properties [1,2]. However, small molecule based
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OPVs are usually prepared by a more costly vacuum deposition process, as opposed to solution
process for polymer based OPVs [3,4]. It is therefore desirable to make low cost small molecule based
OPVs by solution processing. Due to the limited solubility, surfactants are usually necessary to
dissolve small organic molecules, which would decrease the conductivity, resulting from the presence
of surfactants blocking the electron/hole transport [5], thus affecting negatively the performance of
small molecule based OPVs.

To resolve the problem, a new method has recently been proposed in our group, to fabricate small
molecule based thin films without surfactants, via precipitation and spray-coating of a concentrated
copper phthalocyanine (CuPc) acid mixture [6]. In order to achieve the same level of performance, it is
necessary to confirm, before the device fabrication, that the new films have similar structure and
morphology to that of vacuum deposited thin films. Prepared by a careful control of deposition
parameters, the vacuum deposited films are usually highly crystalline, with uni-axial orientation along
the surface normal [7-9]. The application of X-ray diffraction (XRD) analysis is necessary to fully
characterize the crystallite phase and orientation information, which is crucial in device fabrication
[10]. To accomplish this goal, grazing incidence X-ray diffraction (GIXRD) has been used, since it
offers more direct information than, e.g., selected area electron diffraction performed by transmission
electron microscopy [11], where the crystal structure and orientation cannot be obtained without the
substrate removal. In addition, a two-dimensional (2-D) area detector has been employed here, to
obtain more complete crystal information than the diffraction intensity versus 26 plot [12] where
crystallite orientation cannot be obtained as efficiently.

It is therefore the purpose of this report to present crystal phase and orientation studies of our newly
developed solution processed CuPc thin film. Various phases can be obtained depending on different
processing parameters [13]. In our solution processed -phase CuPc thin film, two different crystallite
fiber orientations ([201] and [001] normal to surface) were found to co-exist, with (201) orientation
dominating the diffraction pattern. Compared to the vacuum deposited a-phase CuPc thin films with
(100) and (110) fiber orientations [9], our new crystalline thin films have similar crystallite sizes [3,7].
The similarities clearly show that the new solution processing method offers an excellent alternative to
vacuum process, for the fabrication of low cost small molecule based OPVs.

2. Results and Discussion
2.1. Crystal Structure of Solution-processed CuPc Thin Film

Figure 1a shows the two-dimensional (2-D) diffraction pattern of the thin film obtained by grazing
incident X-ray (incident X-ray angle at 2°), performed on the newly developed solution-processed
CuPc thin film ( thickness: ~100 nm) on top of an indium tin oxide (ITO) conducting glass substrate
(ITO thickness: ~50 nm; glass thickness: ~1 mm). The diagonal from the top left to the bottom right
shows the side view of sample holder (Figure 1a). The frame shows strong diffraction spots from four
sets of lattice planes, with 20 peak width varying between 0.4° and 1.1°. The chi spread of (001) is
18.7°, and 28.8° for (201), obtained by GADDS software [14]. Very weak (001) signals can be
observed in Figure la near the plane of the thin film. The crystallinity of the thin film is found to be
greater than 80%, calculated again by GADDS software [14].
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While these diffraction features are produced by the reciprocal lattice points intercepting the Ewald
sphere, they do not necessarily represent a single crystal, due to the arbitrary choice of ¢ angle.
Because the typical diffraction pattern does not vary with ¢ (Figure 1b), the spots in Figure 1a actually
represent polycrystalline fiber-type arrangements, with a preferred orientation along the thin film
normal (from the center to the upper—right), and random crystallite orientation in the plane of the film.

Figure 1. (a) Two-dimensional grazing incidence X-ray diffraction image obtained with
the incident X-ray almost parallel to the surface of the solution-processed copper
phthalocyanine (CuPc) thin film (incident X-ray angle at 2°). The dark shadow results from
using a fixed goniometer (y,= 54.7°). (b) The geometry definition of the angles related to
the location of the diffraction patterns.
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Figure 2. Diffraction intensity versus 20 plot (obtained by the integration of Chi (0—180°)
with GADDS software [14] and PowderCell software [15]).
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To analyze the phase composition, the diffraction intensity versus 20 plot (Figure 2) was obtained
by integrating Chi from 0 to 180° from Figure 1a and 1b, using GADDS software [14] and PowderCell
software [15]. Our solution-processed CuPc has been determined to be the [ phase. The lattice

parameters are as follows: a = 19.407 A, b =4.7900 A, c= 14.628 A; B = 120.560° + 0.003°,
a =y = 90° non-standard space group: P2,/a, Z = 2 [13,16]. The four peaks (Figure 2) represent the
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(001), (201), (200) and (202) lattice planes, located at 20 of 7.03°, 9.21°, 10.59° and 12.54°,
respectively. Compared to the a-CuPc thin film usually obtained by vacuum deposition, the B-CuPc
phase we obtained by the solution process is a more thermodynamically stable structure, which is
usually formed above 210 °C or under the influence of organic solvents [13]. The average crystallite
size is found to be about 24 nm, calculated from the full width at half-maximum (FWHM = 0.35°) of
the peak at 20 of 9.21°, using the Debye-Scherrer formula [17]. This is correlated to Kewei Wang et
al.’s results obtained from scanning electron microscopy (SEM) [6]. It is similar to that of the vacuum
deposited a-CuPc thin films, which have crystallite sizes between 10 and 50 nm, depending on the
substrate temperatures [3,7,9,18].

2.2. Preferred Orientation of the Crystallites

As described above, the thin film had strong textures (highly preferred orientations of crystallites),
as shown by the limited Chi intensity distribution.

To analyze the preferred orientation, the intensity distribution of each lattice plane with respect to
the sample coordinates in stereographic projection was plotted (using GADDS software [14], assuming
fiber geometry), as a pole figure. As shown by the three-dimensional (3-D) surface plot of the (201)
pole figure (Figure 3a), enhanced pole intensity (marked with brighter color) is located exactly in the
center of the figure. It reveals that the p-CuPc crystallites were oriented with the (201) planes parallel
to the substrate. In addition, the 3-D surface plot of (001) pole figure (Figure 3b) demonstrates that the
(001) planes were parallel to the substrate.

However, within a single crystallite, (001) planes cannot be parallel to (201) planes, as they form an
angle of 99.656°. Therefore, there must be two different fiber textures coexisting in our thin film. A
possible reason for the two types of fiber textures observed is that the arrangement of CuPc crystallites
is more stable along (001) and (201) directions. The indium tin oxide (ITO) substrate does not affect
the fiber textures, since the ITO glass did not receive any further pretreatment except for cleaning, and
the ITO glass itself is polycrystalline with no preferred orientation.

Moreover, the four diffraction features in Figure la, resulting from (200) and (20 2) planes,
correlate with the (201) fiber orientation (Figure 3¢ and d), and represent the intersection of rings of
diffraction with the 2-D detector [19]. The weak (001) signal near the plane of the thin film in Figure
la comes from (201) fiber orientation as well. As a result, (201)-normal orientation dominates the
diffraction pattern in Figure la. Only a small fraction of crystallites were found to be in the (001)-
normal orientation, thus the (200) and (202) diffraction intensities were too low to be observed from
the crystallites in (001) orientation.

Therefore, it is found that B-CuPc crystallites, in the newly developed thin film, have two preferred
orientations with one dominating. A similar situation exists in the vacuum deposited thin film, where
the (100) and (110) orientations of the a-phase are the commonly preferred axial orientations [9].
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Figure 3. Three-dimensional surface plots of the pole figures (constructed by GADDS
software [14]) for the planes (a) (201); (b) (001); (¢) (200); (d) (202).
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2.3. The Arrangement of CuPc Crystallites in the Thin Film

From the discussion above, it becomes evident that two different types of preferred orientations can
be found in the newly developed solution-processed CuPc thin film .The (201) and (001) orientations
of the crystallites are characterized by the (201) and (001) lattice planes parallel to the substrate.
Therefore, the molecular arrangements of B-CuPc can be depicted, as shown by Figure 4. CuPc
molecules aggregate as tilted stacks (along [010]), with an almost rectangular cross-section. A majority
of crystallites are arranged in the (201) orientation as described by Figure 4a. A minority of crystallites
are arranged in the (001) orientation, as illustrated by Figure 4b. The packing of the molecular stacks
on their (201) surface allows the molecules to lie at a shallower angle to the surface. The only other
packing option is for the stacks to rotate approximately 90 degrees on axis and lie on the (001) surface.
In this less populated orientation the molecules are at a much higher inclination to the surface.
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Figure 4. (a) The primary arrangement of CuPc crystallite in the (201) orientation.
(b) The secondary arrangement of CuPc crystallite in the (001) orientation (CuPc single
crystal diffraction information was found in database, and then was input into Mercury 2.4

software [20] to display).

(b)
3. Experimental Section

As for the strategy we used to prepare CuPc thin films, we firstly precipitated CuPc-H,SO4 mixture
into water to obtain the surfactant-free CuPc nanoparticles. Then, the CuPc nanoparticles were washed
by water, dried in a vacuum oven at 70 °C, and were deposited on the substrate by spray coating [6].
Two-dimensional grazing-incidence X-ray diffraction was employed to measure the thin film texture
[19]. The orientation distribution of several crystallographic planes over a range of angles was
measured simultaneously; in addition the textures were observed directly from the 2-D diffraction
frame. Figure 5 shows a schematic illustration of the two-dimensional grazing-incidence X-ray
diffraction measurement employed in our experiment.

Figure 5. Schematic illustration of two-dimensional grazing-incidence X-ray diffraction
(2-D GIXRD) measurement (incident X-ray angle at 2°, a fixed goniometer at y, = 54.9°).
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The distance between the 2-D detector and the sample mount was 16.715 cm (Figure 5). The
experiment was performed at room temperature on a Bruker Smart 6000 CCD 3-circle D8
diffractometer with a Cu RA (Rigaku Ru200) parallel focused X-ray source (A = 1.5418 A). The data
were collected at still mode with 300 seconds per frame and processed with GADDS software [14].

Since the 2D diffraction image of our CuPc thin film shows a distribution of orientation, in GADDS
software, “External Method” is used for a relative measurement of crystallinity. By determining the
boundaries of the amorphous region and crystalline region, with the same 20 limits and different chi
range, the GADDS software can calculate the crystallinity by employing specified areas of frame data
[14]. The calculating result shows that the crystallinity of our CuPc thin film is greater than 80%.

4. Conclusion

To summarize, the crystalline phase and orientation information has been analyzed for our newly
developed solution-processed CuPc thin films by 2-D grazing incidence X-ray diffraction. The results
show that the film has a crystallinity greater than 80%, and an average crystallite size about 24 nm,
similar to that of the vacuum deposited thin films. In addition, crystallites in the thin film had two
preferred orientations (201) and (001), with (201) dominating. The crystallites in both orientations
have a preferential ordering along the substrate normal, and are randomly oriented in-plane. Thus, our
new method to prepare CuPc thin film offers an excellent alternative to the vacuum deposited films,
for the manufacture of low cost small molecule based OPVs in the future.
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