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ABSTRACT

The grain structure of organic thin films is quanti-
tatively studied using atomic force microscopy images.
The grain morphology affects the charge transport of or-
ganic polycrystalline thin film devices due to charges at
grain boundaries. Thus, the grain growth plays a crucial
role for the optimization of organic thin film devices.
Iron phthalocyanine, a planar small molecule, is ther-
mally evaporated and grain distributions for thin films
are measured. The nominal grain size diameter can be
controlled between 30 - 200 nm for samples deposited
between room temperature and 260 oC. The phthalo-
cyanine grains are elongated and can be approximated
by an ellipsoid. The grain size distributions are ana-
lyzed with a watershed algorithm that provides the grain
area and volume. The grain volume distribution can be
fit to a lognormal distribution. The minor and major
axes distribution of the areal ellipse differ and best fit
a normal and lognormal distribution, respectively. The
anisotropic growth is attributed to the asymmetry of the
small molecule.
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1 INTRODUCTION

Polycrystalline organic thin films have many techno-
logical applications, such as gas sensors, flexible pho-
tovoltaics, and organic light emitting diodes.[1] Recent
advances have shown that the charge transport of or-
ganic semiconductors shows a variety of new concepts
due to the interaction of the π-electronic structure and
its thin film morphology.[2]–[4] Therefore, a quantitative
understanding of the film growth and grain structure is
pertinent to improve device fabrication. Furthermore,
it allows for a better understanding of intrinsic charac-
teristics such as bias stress, trap levels, defects, adsorp-
tion rates and other properties of π-conjugated mate-
rials. In organic field-effect transistors the first mono-
layers form the charge transport channel.[5] Recently,
quantitative analyses using atomic force microscopy in
pentacene thin films have shown diffusion limited ag-
gregation for the growth of the first few layers.[6] Also,

Figure 1: Atomic force microscopy images for iron ph-
thalocyanine thin films deposited at room temperature
(left) and 200 oC (right). The 1 × 1µm2 image shows
small rounded grains at room temperature, whereas the
4× 4µm2 image shows elongated grains growing in ran-
dom directions at high deposition temperatures.

polycrystalline silicon films can be fabricated by ther-
mal annealing from amorphous precursors. The crystal-
lite area distributions are measured with transmission
electron microscopy and reveal lognormal-like distribu-
tions.[7] This process can be understood with a random
nucleation and growth model and yields analytical so-
lutions for kinetics and grain size distributions.[8], [9]
Such models and simulations provide important insight
in the time-dependent growth process. Yet, these ex-
amples and most other experimental data are limited
to two-dimensional grain area distributions ignoring the
full details of the crystallite structure. From a theoreti-
cal point of view, important model and simulation veri-
fication comes from the precise three-dimensional struc-
ture.[10] In the following a quantitative analysis of the
three-dimensional grain volume of phthalocyanine thin
films is presented based on an atomic force microscopy
analysis that includes height information.

2 EXPERIMENT

In order to study grain size distributions, thin films of
iron phthalocyanine (FePc) were deposited by thermal
evaporation in vacuum. Metallo-phthalocyanines (M-
C32N8H16) are the archetype of planar and π-conjugated
small molecules.[11] The base pressure of the evapora-
tion chamber was below 7·10−7 mbar. The FePc powder
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Figure 2: Watershed processed atomic force microscopy
image of an iron phthalocyanine thin film deposited at
room temperature. The image is 1× 1µm2 in size. The
partial edge grains are removed from the statistics using
the information from the bounding box. The height
information from the original AFM image is used to infer
the grain volume for each grain outlined in the image.

was purchased from Sigma-Aldrich and then purified in
three cycles using a thermal gradient vacuum tube fur-
nace. The substrate surface is carefully cleaned before
all depositions. The deposition rate was between 0.3
and 0.4 Å/s. X-ray diffraction data of the FePc thin
films show a pronounced peak at 2θ = 6.8o for films
deposited on both silicon and sapphire substrates and
confirm the polycrystalline nature of the thin film.[12] In
particular, the (200) peak indicates that the plane of the
FePc molecule is perpendicular to the substrate surface;
i.e. the unit cell’s b-axis is parallel to the substrate.[13]
The thin films are subsequently analyzed using atomic
force microscopy (AFM) employing a NanoScope III
MultiModeTM in tapping mode.[14]

3 RESULTS

The grain size and surface morphology of FePc thin
films are strongly influenced by the deposition temper-
ature. From the atomic force microscopy images, small
rounded grains are measured in samples deposited at
room temperature (Fig. 1). The nominal grain size di-
ameter ranges from 20 - 50 nm and only a small asym-
metry is apparent. However, it should be noted that
the stacking order implies that the major axis contains
four to five times more molecules as compared to the
minor axis. This is due to the planarity of the molecule.
At elevated deposition temperatures, the grain size dra-
matically increases for nominally equal films as shown
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Figure 3: The grain volume is plotted for an iron ph-
thalocyanine thin deposited at room temperature. The
distribution is fit with three parameters to the lognor-
mal function (line), where the mean is 5676 nm3 and
the standard deviation 0.49.

in Fig. 1. The mean grain size increases by almost one
order of magnitude such that there are 650 molecules on
average in a grain along the major axis and 70 molecules
along the minor axis. The shape of the grain is strongly
elliptical, as the major axis grows much faster than the
minor axis with deposition temperature. From the line
trace of the atomic force microscopy image, individual
plateaux appear that are spaced 1.3 nm corresponding
to the molecule’s size.[15]

Since the resolution of atomic force microscopy (AFM)
images generally limits the number of grains to at most a
few hundred per image, several AFM images were com-
bined to produce statistics of several thousand grains.
The grain boundaries are determined with a watershed
algorithm[16] and partial grains at the edge of the im-
age are removed from the analysis, see Fig. 2. For each
grain, the perimeter, area, and bounding or Zingg box
are determined to build distributions. Using the ex-
plicit AFM height information, each grain is integrated
over its area to sum up the total grain volume under
the assumption that no smaller grains are hidden un-
derneath. This assumption appears to be mostly true
for thin films with the thickness less than the mean grain
size diameter. It should be noted that the grain volume
is systematically overestimated due to the finite AFM
cantilever tip size and the tip-sample interaction. In
this fashion, the distribution of more than 2200 grains
for an iron phthalocyanine thin film deposited at room
temperature is summarized in Fig. 3. The lognormal
distribution has a lower reduced χ2 of 86 compared to
211 for a best fit to a normal distribution. The asym-
metry of the grains is further analyzed by fitting an
ellipse of equal area to each grain. The major axis has a
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Figure 4: The grain is fit to an ellipse and the dis-
tributions of the major and minor axis are fit with 3
parameters each. The lognormal distribution describes
the major axis length better and yields a mean of 42.3
nm and a standard deviation σ = 0.25. For the mi-
nor axis a normal distribution has a lower reduced χ2

value with a mean of 30.5 nm and a distribution width
of σ = 16.5 nm.

mean value of 42 nm versus the minor axis length, which
is only 30 nm. However, the circularity decreases dra-
matically with deposition temperature as more kinetic
energy allows the molecules to diffuse farther and form
longer chains evolving into the characteristic needle-like
shapes seen in micrographs.

The separated distributions of the major and minor
axes differ; the major axis fits better to the lognormal
distribution, whereas the minor axis grain distribution
has a lower reduced χ2 for the normal distribution as
demonstrated in Fig. 4. This is evidence for the asym-
metric growth of grains and crystallites in phthalocya-
nine thin films.

4 CONCLUSIONS

The distributions of iron phthalocyanine grains of
polycrystalline thin films are studied quantitatively. A
watershed-based algorithm is employed to determine grain
boundaries of atomic force microscopy images. The AFM
height information is integrated to determine not only
the grain area, but importantly the grain volume. In a
simple model, the grains are evaluated as ellipsoids hav-
ing three axes. The major and minor axis in the plane
are best described with a lognormal and normal grain
distribution respectively. The grain volume fits well the
lognormal distribution. This analysis provides detailed
experimental data to improve the understanding of grain
growth, grain boundaries, and volume.
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