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Controlled Molecular Alignment in Phthalocyanine Thin Films

on Stepped Sapphire Surfaces**

By J. Oriol Ossé, Frank Schreiber,* Volker Kruppa, Helmut Dosch, Miquel Garriga, M. Isabel Alonso,

and Fernando Cerdeira

We report a detailed study of the growth and structure of thin films of copper hexadecafluorophthalocyanine (F;4CuPc) on sap-
phire. These films show very good out-of-plane order and have X-ray rocking widths of around 0.02°. If prepared under suitable
conditions on A-plane sapphire substrates, the molecules align without significant azimuthal dispersion. Growth on MgO (001)
and oxidized silicon wafers resulted in a comparable out-of-plane structure, but showed no azimuthal order. We find that the
azimuthal alignment on sapphire is induced by the step edges along the c-axis of the sapphire, which serve as templates for the
growth. For growth at different substrate temperatures, we find a monotonic change of the molecular out-of-plane tilt angle, as
obtained from Raman scattering, which is accompanied by a change of the out-of-plane lattice parameter.

1. Introduction

Due to their attractive electronic and optical properties, or-
ganic semiconductors are presently receiving a lot of attention.
Although several applications have already been demonstrated,
it has also become clear that the performance of a device
depends crucially on the structural definition of these systems.
For the preparation of thin films, organic molecular beam de-
position (OMBD) holds the promise for optimum control of the
structure.'™ Despite much effort in recent years, there are still
several challenges to face, some of which are inherently related
to the nature of these relatively large molecules."?! First of all,
the unit cells of these materials are large compared to those of
typical inorganic substrates, and they exhibit, in many cases, a
very low symmetry. This frequently leads to multiple rotational
and translational domains, which hamper the formation of sin-
gle-domain films. Secondly, the chemical nature of the substrate
is crucial. Strongly interacting substrates usually limit the sur-
face mobility of the molecules during film formation, thus lead-
ing to a high density of grains, whereas weakly interacting sub-
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strates, in many cases, lead to the islanding of the films, i.e.,
morphologies characteristic of dewetting. Only certain systems
and crystallographic orientations appear suitable for the combi-
nation of a smooth and non-dewetting film morphology and
good crystallinity. Even if this is accomplished, in-plane epitaxial
alignment remains a challenge, in particular due to the forma-
tion of multiple symmetry-equivalent domains.!*>¢

In this paper, we report the results of a detailed study of the
growth and structure of thin films of copper hexadecafluoro-
phthalocyanine (F;sCuPc) on A-plane sapphire!”’ with a small
but finite miscut (see Fig. 1). The associated regular surface
steps served as templates for the growth of crystalline F,,CuPc
films, by favoring only one azimuthal orientation. The concept
of stepped substrates® has been used frequently for monolayer
adsorbates;[gl however, here we demonstrate its use for com-
paratively thick films (5 to 50 ML) of relatively large mole-
cules. F14CuPc was chosen since it is considered a good candi-
date as an n-type conducting organic material.'% Being a blue
dye, it is also interesting for optoelectronic applications.[“’u]
Moreover, phthalocyanines exhibit a certain degree of “specific
tunability” due to the central metal ion, which can be changed
over a broad range.'"” The films were investigated for different
thicknesses and preparation temperatures. We found that films
grown under suitable conditions exhibited a smooth morphol-
ogy and no multiple azimuthal domains.

2. Results

We will discuss two sets of films: i) films of fixed thickness
(20 nm) and various growth temperatures; and ii) films of various
thickness grown at a fixed temperature (7, = 230 °C). A study of
the film properties for T} in the range between —150 and 250 °C
revealed that order increases with increasing T,. To analyze this
ordered structure, films with thicknesses d = 5, 12, 20, 25, 30, and
45 nm were grown at T, = 230 °C. In order to obtain a compre-
hensive picture, several complementary techniques, which are
sensitive to different aspects of the ordering, were employed.
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(b) o 1

Fig. 1. a) Molecular structure of copper hexadecafluorophthalocyanine
(F16CuPc). b) Schematic of the film structure (side view), where d is the total film
thickness and a, is the out-of-plane lattice spacing. A magnified view of the inter-
face AlLO;/F;cCuPc shows the step-induced orientation of the molecules.
c¢) Schematic of the film structure (top view). 3, is the angle between the normal
to the molecular plane and the Al,O; c-axis.

2.1. Atomic Force Microscopy

Atomic force microscopy (AFM) was used to investigate the
morphology of the films and the substrates. Figure 2b shows the
AFM image of a 12 nm film grown at 230 °C. Parallel stripes
with a typical separation of about 100 nm were observed in all
the films grown at this temperature. Comparing this image
(Fig. 2b) with that of the substrate surface (Fig. 2a), it is easily
seen that the film’s morphology follows the stepped substrate
surface and the terraces are propagated through the F;sCuPc
film. The images were analyzed using local slope histograms
(LSH) to quantify the anisotropic morphology of the films. A ra-
dial integration (Fig. 3b) of the LSH image for each azimuth in
Fig. 3a allowed us to quantify the directionality of the local
slope, i.e., it shows the anisotropy of the “waves” building up the
surface roughness. The symmetry of the surface morphology of
the film from Figure 2b is evident in the LSH shown in Figure 3.

Apart from the substrate-induced steps, the films tend to
exhibit a smooth morphology and smaller roughness at higher
temperatures, suggesting that the system can be viewed as “wet-
ting”, in contrast to, e.g., 3,4,9,10-perylenetetracarboxylic di-

1]} 200 400 B0 800 1000
nm

Fig. 2. a) AFM image of an Al,O; surface before film growth. Non-contact AFM
images of F;,CuPc films on Al,O; grown at b) 230 °C and c) 150 °C.

anhydride (PTCDA) on various substrates.”®l However, as the
film thickness was increased, a small but monotonic increase in
roughness from 0.3 nm, at d = 12 nm, to 1.2 nm at d = 45 nm
was found by AFM, which is consistent with the X-ray data. A
strong morphology change was observed when the growth tem-
perature was decreased to —150 °C. The stripes described above
for films grown at 230 °C were not present for low-temperature
films. Instead, as can be seen in Figure 2c, more or less rounded
crystallites were observed, forming a rougher surface. Whereas
the root mean square (rms) roughness ¢ determined from
Figure 2b (T, =230°C) was as low as 0.3 nm, for Figure 2c (7, =
-150°C) o was 2.8 nm.

2.2. X-ray Scattering

X-ray scattering is sensitive to the crystalline order and the
interface quality of a film. Measurements along the surface nor-
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Fig. 3. a) Local slope histogram (LSH) of Figure 2b. This method evaluates the
direction of the surface normal, 7i. Defining a coordinate system with the x and y
axes in the image plane, and a, (a,) as the angle(s) between the projection of the
vector /1 on the x-z(y—z) plane and the z-axis, then the orientation of 7 is defined
by a, and a,, and 71 can be correlated with a point in the plane a, — a,, where a,,
ay € [-90°, 90°]. Following this procedure at each point of the AFM image, the
LSH was obtained, where the intensity at a given point (ay, a,) is proportional to
the number of projections of 7 with these values. b) Radial integration of the
LSH.

mal (Fig. 4) revealed an out-of-plane lattice spacing a, around
15 A. This suggests an arrangement with the molecules “stand-
ing” essentially upright, as shown schematically in Figure 1b.
The exact value of a; depended on the growth conditions. This
orientation is interesting for applications, since it supports in-
plane charge transport, due to the overlap of the m-orbitals in
the film plane. Figure 4 shows a typical scan in the reflectivity
regime, with well-defined Kiessig interferences and the first-or-
der Bragg reflection with accompanying Laue oscillations. The
inset shows a rocking scan with a width as low as 0.012°.

Upon increasing T,, a monotonic increase of the lattice con-
stant, a,, from 14.6 A for samples grown at room temperature
to 15.3 A for samples grown at 250 °C was found. This is consis-
tent with the Raman results, as explained below. For films
grown at —150 °C, a broadened Bragg reflection revealed a low-
er out-of-plane coherence length, and a larger mosaicity (0.1°).
The Kiessig interferences and the Laue oscillations were more
pronounced for films grown at elevated temperature, implying
better defined interfaces and crystalline coherence. Thus, from
both AFM and X-ray scattering results, significant structural
differences were found for low T, compared to high 7.
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Fig. 4. a) Reflectivity scan on a 20 nm film grown at 230 °C on SiO, including a
fit (solid line) according to the Parratt formalism. b) First order Bragg reflection
at g, = 0.424 A~ The inset shows a rocking scan on the Bragg reflection.

Grazing incidence X-ray diffraction (GIXRD) measure-
ments (Fig. 5) using 4 = 0.71 A revealed an in-plane Bragg re-
flection at 20 = 12.87° for samples grown at T, = 230 °C, which

16 | d=12nm —2— 10
d=45nm —e—

14 |
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Fig. 5. In-plane Bragg reflection at 20 = 12.87° (. = 0.71 A) for films grown at T,
=230°C, on Al,O3 with thicknesses of 12 and 45 nm. The scan for the 12 nm film
has been multiplied by a factor of 5 for clarity. The accuracy in 2@ of this scan
was 0.11°. The inset shows the rocking scan of the 12 nm film, where f is the azi-
muthal orientation relative to the Al,Oj3 c-axis.
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corresponds to a lattice spacing of a) = 3.2 A. The radial width
of the peak was found to be A@ = 0.27°, which corresponds to
coherent domains of at least 15 nm, without a strong depen-
dence on film thickness. The inset of Figure 5 shows an azi-
muthal scan across the in-plane Bragg reflection, showing the
preferred orientation of the structure. The width, i.e., the de-
gree of azimuthal disorder, was found to decrease with
increasing film thickness, as shown in Figure 6a, from 10° for
d =12 nm down to 4° for d = 45 nm. Obviously, once a certain
degree of order has been induced by the substrate, for subse-
quent growth the film prefers to adopt a well-defined crystal-
line orientation.
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Fig. 6. a) Full width at half maximum (Ap,) of the 12.87° reflection obtained
from X-ray scattering, and 1-v, as a function of film thickness. b) Values of the
out-of-plane lattice constant a, obtained from X-ray scattering, together with the
values of a, derived from Raman scattering, for a 20 nm film.

The (0001) reflection from the Al,O3 substrate was used to
determine the angle 3, between the direction of the lattice
planes of the film and the c-axis (see Fig. 1c). From GIXRD,
values of around 2° were found. Similar values were obtained
from Raman and ellipsometry data.l"*! Note that GIXRD mea-
sures the angle between the lattice planes and the c-axis, rather
than the angle between the molecular plane and the c-axis, as
Raman scattering does for the modes under consideration. For
films on Si/SiO,, the same in-plane Bragg reflection around
12.87° was found, but on this amorphous flat surface the films
are, of course, azimuthally isotropic.

2.3. Raman Scattering

Raman spectra of the F;sCuPc films show several lines
between 150 and 1600 cm™. The observed line positions were
essentially independent of the substrate. The line intensities for
the films grown on Si/SiO, and MgO substrates were similar
and independent of the azimuthal angle, 3, but, for samples
grown on sapphire, the scattered intensities displayed a charac-
teristic dependence on /3, which was used to analyze the mole-
cules’ orientation. For the quantitative analysis appropriate
expressions!?! for the angular variation of the intensity were
derived from the selection rules corresponding to either the
tetragonal point group of the F;sCuPc molecules, or to the
monoclinic group in which metal-phthalocyanines typically
crystallize. The azimuthal dependence agrees with the expected
variation of the scattered intensity for molecular modes with
A, symmetry:

1(B) = A*(sin® ag cos’(B-B) + cos” ag)* + C 1)

where ay and f§, are defined in Figure 1. ag is not defined in
Figure 1. A and C, respectively, are parameters for the Ay,
mode strength and the background (from the disordered part
of the sample). In Figure 7, the azimuthal dependence of the

d =20 nm, T, =230°C
61 w=733cm" 2

intensity (a.
w N

N

Fig. 7. The measured dependence of the backscattered intensity on the sample
azimuth for the 733 cm™ Raman line in direct polarization. The solid line is a fit
of the experimental data (circles) to Equation 1.

733 em™' mode is shown. A similar dependence was observed
for practically all the Raman lines. o, ranged between 56 and
66°. In Figure 6b, the a, values for the 20 nm films are shown
as a function of T,. To quantify the observed structural order,
we defined the parameter v = A%(A* + C). Values of v ranged
from 0.93 to 0.99, and increased with increasing growth temper-
ature. As shown in Figure 6a, the thickness dependence of the
disorder (1-v) from the Raman data correlates with the azi-
muthal disorder obtained from GIXRD, i.e., they both de-
crease with increasing d.
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2.4. Spectroscopic Ellipsometry

The substrate-induced controlled alignment of the F;,CuPc
molecules in the films should give rise to pronounced anisotro-
pies of the collective optical properties. This was indeed re-
flected in the spectroscopic ellipsometry data, as shown in Fig-
ure 8. Anisotropic behavior was found for all films grown on
A-plane sapphire at high temperature. These films behaved as
optically biaxial media with two principal axes in the sample

'd =45 nm, T, = 230°C

tan¥

cos A

1 2 3 4 5
energy (eV)

Fig. 8. Dependence of the ellipsometric parameters on the sample azimuth f,
measured at an angle of incidence of 60°. The spectra polarized along the step
edges (solid lines) exhibit the most pronounced features, especially visible in
tan¥, associated with electronic transitions within the molecular planes.

surface, essentially coinciding with the substrate c-axis direc-
tion and the axis perpendicular to it. The main spectral features
were polarized in the latter direction, in agreement with mole-
cules “standing-up” essentially parallel to the step edges. Gen-
erally, spectra taken at four different sample azimuths along
the principal axes are sufficient to demonstrate the anisotropy
and to extract the in-plane components of the optical function
tensors.’*! No dependence on sample azimuth was found for
samples grown on MgO and SiO; substrates.

3. Summary and Conclusions

We have studied thin films of F;sCuPc grown on stepped
Al,Oj3 surfaces. If prepared under suitable conditions, a strong
in-plane anisotropy was obtained, as observed by the tech-

niques used (AFM, X-ray scattering, spectroscopic ellipsom-
etry, and Raman scattering). This anisotropy appears to be
induced by the specific stepped morphology of the Al,O3 sur-
face. The step edges act as a template for the first few mono-
layers, aligning the molecules in a preferred orientation. This
behavior has been observed for other systems, mostly using
smaller molecules!™*" or monolayers."! The fact that the an-
isotropy increases with film thickness suggests that successive
layers continue with the pattern defined by the earlier layers,
suppressing the formation of azimuthal domains. For the pres-
ent system, the step-induced alignment was only found in high-
temperature films, presumably since only for these was the dif-
fusion of the ad-molecules on the terraces sufficiently large.
When the growth temperature was decreased, a higher azi-
muthal disorder and a rougher morphology were obtained,
accompanied by a monotonic decrease of the out-of-plane lat-
tice spacing and tilt angle.

It is well-known that electronic transport properties, particu-
larly the charge carrier mobility, depend strongly on the degree
of structural order."'®! The charge transport in F;sCuPc poly-
crystalline thin film devices has been shown to be controlled by
grain boundary effects.!"”’ Generally, many organic thin film
systems encounter complications due to multiple symmetry-
equivalent domains, which result in grain boundaries. These
problems may be overcome by suitably stepped substrate sur-
faces, as demonstrated in the present work. We expect that this
concept will prove to be fruitful for efficient in-plane charge
carrier transport and a number of applications based on it.

4. Experimental

The films were grown in an ultra high vacuum (UHV) chamber with a base
pressure of 10 mbar. The F;sCuPc powder was purchased from Aldrich Chem-
ical Co. and purified twice by gradient sublimation prior to evaporation from a
custom-built Knudsen cell. During deposition, the cell temperature was kept
above 400°C and the pressure in the chamber typically rose to ~3 x 10~ mbar.
The film’s thickness and deposition rate were monitored by a quartz-crystal
monitor (QCM) placed close to the substrate. Films of different thicknesses were
prepared over a temperature range from —150 to 250 °C, with an impingement
rate of about 4 A/min. All films were grown simultaneously on three different
substrates, namely on Al,O5 (1120) (A-plane), and, for comparison, on Si (100)
with native oxide, and on MgO (100). Prior to film growth, the A,O5 (1120) sub-
strates were annealed to 1500 °C for 48 h, in air. As a consequence of the surface
miscut, a step pattern was induced. As shown in Figure 2a, the surface after an-
nealing exhibited terraces ~130 nm wide and ~1.8 nm in step height. The miscut
of the substrate series used was 0.57, as determined by X-ray diffraction. Before
growth, the substrates were ultrasonically cleaned with organic solvents (acetone,
ethanol) and heated under UHV to 700 °C, typically for 10 h.

Atomic force microscopy (AFM) was performed in the non-contact mode
(NC-AFM) under UHV in a commercial system (Omicron), using single-crystal-
line Si cantilevers with frequencies from 269 to 311 kHz. The tip radii were typi-
cally around 10 nm. The NC-AFM images shown are unfiltered, except for the
subtraction of a constant background. The X-ray measurements were performed
using in-house X-ray stations in different scattering geometries using CuKa
(A=1.79 A) and MoKa (1 =0.71 A). Specular reflectivity was used to character-
ize the electron density profile, p.(z), along the surface normal, i.e., to measure
film thickness and density, the interfacial roughness, density, out-of-plane lattice
spacing, and crystalline coherence length. The reflectivity data were analyzed
using the Parratt formalism, which takes into account multiple scattering effects
[20]. GIXRD [21] was used to determine the in-plane structure and degree of
epitaxial alignment of the film.

Raman scattering measurements were carried out using the 514.5 nm line of
an Argon-ion laser focused with a microscope objective (x50) to a spot size of
about 2 um in diameter, with an incident power density of ~1.5 x 10* W/cm?. The
backscattered light was collected with the microscope and analyzed with a triple
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spectrometer (Jobin Yvon T-4000 XY) and a charge coupled device detector
cooled with liquid nitrogen. Polarization dependent measurements were done in
the 150 to 1600 cm™ spectral range, with a resolution of ~2 cm™. For a quantita-
tive analysis of the angular dependence of the Raman scattered intensity, samples
were mounted on a goniometer and rotated around the surface normal, i.e., the
direction of the incident light.

Spectroscopic ellipsometry measurements were performed with a rotating
analyzer ellipsometer using a 75 W high-pressure Xe lamp as the light source and
a 750 mm equivalent focal length double prism/grating spectrometer. As detec-
tors, we used a multialkali photomultiplier for the UV-vis range, and a GalnAs
photodiode below 1.4 eV, which covered the spectral range from 0.7 to 5.1 eV,
with a resolution of around 1 meV. Data were taken at an angle of incidence of
60 or 70°. To assess the in-plane film anisotropy, the sample holder was mounted
on a goniometer and spectra were taken at different sample azimuths.
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