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ABSTRACT: The ability to control the properties of organic thin
films is crucial for obtaining highly performant thin-film devices.
However, thin films may experience post-growth processes, even
when the most sophisticated and controlled growth techniques 1000+
such as organic molecular beam epitaxy (OMBE) are used. Such
processes can modify the film structure and morphology and, thus,
the film properties ultimately affecting device performances. For
this reason, probing the occurrence of post-growth evolution is
essential. Equally importantly, the processes responsible for this 104
evolution should be addressed in view of finding a strategy to
control and, possibly, leverage them for driving film properties.
Here, nickel-tetraphenylporphyrin (NiTPP) thin films grown by
OMBE on highly oriented pyrolytic graphite (HOPG) are selected
as an exemplary system exhibiting a remarkable post-growth morphology evolution consistent with Ostwald-like ripening. To
quantitatively describe the growth, the height—height correlation function (HHCF) analysis of the atomic force microscopy (AFM)
images is carried out, clarifying the role of the post-growth evolution as an integral part of the whole growth process. The set of
scaling exponents obtained confirms that the growth is mainly driven by diffusion combined with the presence of step-edge barriers,
in agreement with the observed ripening phenomenon. Finally, the results together with the overall approach adopted demonstrate
the reliability of the HHCF analysis in systems displaying post-growth evolution.
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B INTRODUCTION

In the last few decades, organic semiconductors have been the
focus of many research activities in the field of optoelectronics,
thanks to their nowadays well-established advantages com-
pared to inorganic semiconductors."

Organic electronics typically relies on thin films used as
active layers in devices,”’ whose performances are found to be
highly dependent on the film structure and morphology,
directly dictating the optoelectronic properties.”” For a
successful integration in devices, control over the film growth
is, therefore, crucial.’° One of the best techniques to obtain thin
films with high control on structure and morphology is organic
molecular beam epitaxy (OMBE), which allows fine-tuning of
the growth parameters.””'' Nonetheless, even films grown via
OMBE may experience a post-growth evolution in a controlled
environment and/or in ambient conditions, through different
processes such as wetting,'> dewetting,'® or ripening,'*~'°
often characterized by a change in the morphology and/or
structure,'”~>* which may affect device performance and long-
term stability. It is, therefore, important to determine the
occurrence of such processes and characterize them to find a
strategy to control them. Several factors may contribute to the
possible post-growth evolution in thin films, such as the type of
substrate, the substrate surface energy, the shape of the
molecule chosen, and the film thickness. Another relevant
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factor is represented by the environmental conditions
(vacuum, inert, or ambient atmospheres) which could also
play a fundamental role.”* In any case, evolution comes from a
combination of all of the mentioned elements. Interestingly,
the possibility of achieving a fine control on post-growth
phenomena with a proper sample preparation protocol has
been recently demonstrated.'”*>~**

One of the easiest and most useful techniques to probe and
monitor film morphology is atomic force microscopy (AFM).
A judicious use of suitable methods for the analysis of AFM
images, such as fractal-based ones, also enables the modeling of
the growth process.””** In particular, the theoretical approach
based on the modeling of height fluctuations, applied to
experimental data through the height—height correlation
function (HHCF),” *° is an established powerful method
that provides a description of the growth process through a set
of scaling exponents. These exponents characterize and
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quantify the surface spatial correlation, together with the
temporal evolution of the lateral correlation length and the
roughness. Although this method was originally designed to
describe self-affine surfaces, its validity has already been
extensively demonstrated also for non-self-affine surfaces, e.g.,
mound-like surfaces, which possess a characteristic length.”®
This approach, commonly applied to inorganic and stable
films, has also been proposed as a successful strategy to get a
description of organic film growth,>*"***7~** in most cases
displaying good post-growth stability.

In the present work, a detailed investigation of the growth
process of organic semiconductor thin films affected by post-
growth phenomena is carried out by the careful use of HHCEF.
Nickel-tetraphenylporphyrin (NiTPP)*'~** deposited via
OMBE on highly oriented pyrolytic graphite (HOPG) is
selected here as a paradigmatic example of a system showing
evident post-growth evolution on a long time scale (on the
order of weeks), as observed via ex situ AFM monitoring.
Building on these findings, a quantitative description of the
whole growth process is obtained by applying the HHCF
analysis, assuming that the post-growth evolution is an integral
part of the growth process itself.

B EXPERIMENTAL DETAILS

Polycrystalline NiTPP powder is purchased from Sigma—Aldrich and
used to grow thin films on zyb-grade HOPG (Union Carbide
Corporation) substrates, mechanically exfoliated by adhesive tape and
kept at room temperature during film growth, carried out by means of
OMBE. The OMBE apparatus works under high vacuum, with a base
pressure of ~10~7 Torr, and is equipped with an effusion cell kept at
307 °C. The nominal thickness of the growing films is monitored with
a quartz microbalance. A set of six samples with thickness from 0.5 to
5 nm is deposited, keeping the deposition rate constant (1.6 + 0.2 A/
min). Right after the deposition, the samples are maintained in a
dynamic vacuum condition (~107* Torr) for about 3 h, which is the
minimum time needed for the apparatus to cool down, and then
extracted for characterization. The surface morphology of each sample
is then monitored ex situ (in ambient conditions) by AFM with a
Nanoscope V MultiMode (Bruker) instrument. An important
parameter for the description of the monitoring is the aging time,
hereinafter labeled as t,, which is the time elapsed since the sample
extraction from the vacuum chamber. AFM images are collected in
intermittent-contact mode in air with an AS-130 (“J”) piezoelectric
scanner (maximum scan size: 125 X 125 ym? vertical range: S pum)
and R-TESP 300 Sb-doped Si probes (nominal resonance frequency:
300 kHz; nominal elastic constant: 40 N/m). All of the AFM images
are analyzed by using WSxM* and Gwyddion.*® To get good
statistical reliability, for each sample, up to ten AFM images, collected
in different zones on the surface, are considered. Finally, to carry out
the HHCF analysis, the data sets extracted from each image (20 X 20
um?) are averaged.

B RESULTS AND DISCUSSION

Film Morphology. In Figure 1a, the morphology of a 2 nm
thick film of NiTPP at ¢, = 1 h is reported: the film is rather
uniform and composed of polygonal-shaped islands with a
mean lateral size on the order of tens of nm; it is characterized
by a 30% coverage and a total volume of about 10° nm* (over
the scanned 5 X 5 um? area). Most of the islands, at this early
stage of aging, have a height ranging from a few nm to around
20 nm and frequently show flat top surfaces, as illustrated in
the profile reported in Figure 1b. The neat edges and flat top
surfaces suggest that the islands are crystalline.

The film morphology is monitored every 0.5 h for the first 3
h, then after 24 h, and at least once a day for 10 days. In Figure

3267

30 nm

0 nm

(b)

20

£

=

= 10
Ok ‘ ! I I "
0 02 04 06 08 1 12 14

X [um]

Figure 1. (a) 5 X § ym* AFM image of a 2 nm thick NiTPP film,
taken at t, = 1 h. The profile along the blue line is highlighted in (b).

2, a set of AFM images of the same 2 nm thick film as that in
Figure 1 is reported, representative of various ¢,

In Figure 2a (t, = 3 h), the film shows a very similar
morphology as seen in Figure la, with a total film volume of
about 10® nm® (over the 5 X 5 um? area); the majority of the
islands are flat and with a height less than 20 nm (see the green
profile in Figure 2e). At longer t, a gradual post-growth
evolution is noticeable, and the volume is conserved. Indeed, in
Figure 2b (t, = 24 h), the substrate coverage is reduced to 20%,
and two different families of islands are distinguishable: the
first one is composed of flat and polygonal-shaped islands, very
similar to those observed in Figures la and 2a, and the other
one consists of bigger islands reaching heights of 50—70 nm
and lateral sizes ranging from hundreds of nm to almost 1 ym.
Such an evolution goes on. In Figure 2c, collected at ¢, = 8
days, the first family of islands is still present, but drastically
reduced in number, while the total volume is maintained. In
contrast, the islands of the second family have grown further,
reaching lateral sizes of 0.5—2 pm and heights from 60 to 100
nm. These islands frequently show irregular top surfaces, with
edges higher than the central region. Furthermore, at this stage,
the coverage is reduced to ~6%. Finally, Figure 2d shows the
film after f, = 10 days: only the biggest islands are observed,
while the other ones have disappeared after gradually reducing
in number with f,. The final coverage is ~5% and the total
volume is still conserved, as expected. As suggested by the
profile in Figure 2e (blue line), the islands at this stage are
characterized by heights above 80 nm and irregular surfaces,
very different from the initial flat ones (green line). It is also
important to note that since no further evolution is detected
after t, = 10 days, at this stage of aging, the film is considered in
a steady state.

Monitoring of all films with different thicknesses shows the
same post-growth evolution, with the only difference that, by
increasing the nominal thickness, the coverage is higher and
the steady state is reached after longer t, up to 14 days
(Figures S1—S3 in the SI). In all of the films, the morphology
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Figure 2. AFM height images of a 2 nm NiTPP thin film on HOPG representative of different t,: (a) 3 h, (b) 24 h, (c) 8 days, and (d) 10 days. For
each image, the height scale and the image size are set to improve the visibility of the islands. In panel (e), the profiles along the lines highlighted in

the images (a) (green line) and (d) (blue line) are reported.

is therefore seen to evolve via an Ostwald-like ripening process,
whereby a mass redistribution leads to the growth in the size of
some of the islands at the expense of the smaller and less stable
ones, possibly with a different structure. Notably, an analogous
behavior was also observed in previous studies of organic
molecules (including porphyrins) deposited on different
substrates."* """

Analysis and Modeling. To obtain a model of the growth
dynamics of the NiTPP films on HOPG, the AFM images are
analyzed by means of the HHCF.

The HHCF, H(r,t), is defined as the mean square of height
difference in the AFM image of the film between two surface
positions separated by a distance r

H(r, t) = ([h(r, t) — h(0, )T*) (1)

where h(rt) and h(0t) are the height values at the two
positions for a specific deposition time t (note that for the
samples presented here the deposition rate was constant;
therefore, t can also be interpreted as the nominal thickness).
The average in eq 1 is calculated over all of the pairs of points
and therefore heights in the AFM images.

The correlation curves obtained can be, then, fitted to the
following phenomenological function®®

H(r) = 26°[1 — exp(—r/£)*"] @)
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where ¢ is defined as the long-range surface roughness or root-
mean-square (RMS) roughness, ¢ is the lateral correlation
length, and « is a characteristic exponent that describes the
local roughness of the film. A visual description of the physical
meaning of ¢ and a for different roughness values is reported
in Figure S4 in SL

Although the HHCF analysis was originally proposed to
describe self-affine surfaces, it has been successfully adapted to
mound-like surfaces,***® which possess a characteristic length
scale, by slightly modifying eq 2. In the case of island-like
morphology, like the one observed in our NiTPP films (Fi%ure
2), it is reasonable to consider such a modified equation, 249
namely

H(r) = 207[1 — exp(—r/&)*],(22r/2)] 3)
In eq 3, the presence of the islands on the surface is accounted
for by an oscillatory factor, that is, the Bessel function J,, where
A stands for the average separation of the islands. In this case, &
can be considered as the average size of the island***® and,
therefore, must satisfy the relation & < A (the mounds are
separated by at least their size). Further support for the choice
of eq 3 for the present study comes from the application of the
fast Fourier transform to AFM images (see Figure SS).

Crucially, from the HHCF analysis, a set of parameters,
namely, a, f, and 1/z, can be extracted. From their values, it is
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Figure 3. (a) Averaged H(r) data sets for the six samples with various thicknesses, from 0.5 to 10 nm. (b) Values of « as a function of t; the mean
value of a (average of all & values corresponding to the different t) is also shown as a dashed line. (c) log—log variation of ¢ with respect to t (error
bars smaller than symbols) and S value extracted by fitting the o(t) data to eq S. (d) log—log variation of & with respect to ¢ and 1/z value extracted
by fitting the &(t) data to eq 6. Adjusted R* values are reported in panels (c) and (d).

possible to get insights into the growth process of the films.
The first parameter o, present in eqs 2 and 3, is usually found
in the range 0 < a < 1 and describes the local height
fluctuation across the image: when a ~ 0, the film is very
rough in the local scale, and if @ ~ 1, the film is smooth.
However, it is known"® that the use of eq 3 to directly obtain a
leads to an overestimation of its value; for this reason, « is
usually extracted from a linear fit of the log—log plot of H(r) in
the range r < & (as schematically illustrated in Figure S4),
where the following simplified expression for the HHCF can
be used

H(r) ~ Ar** (4)

in which A is a constant. The linear dependence found in the
range r < ¢ indicates that on length scales much smaller than
A, a mounded surface appears self-affine because of the absence
of a characteristic length scale smaller than 4 in that range.”**

The other two important parameters f and 1/z can be
derived from ¢ and ¢ directly obtained by fitting the
correlation curves to eq 3. Namely, o and £ can be expressed
as power functions of "

o(t) ~t! (s)

E(t) ~ /7 (6)

where f and 1/z appear as scaling exponents.

The exponent f, typically defined as the scaling growth
exponent, characterizes the type of growth process, and
defines, for example, the type of roughening or smoothing.
In the literature, different values of f are encountered for
organic films depending on the delposition rate, substrate
temperature, and type of substrate.”’ ** The value # = 0.5
corresponds to the stochastic limit for the kinetic growth, while
B > 0.5 is related to the phenomenon of “rapid roughening”,
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whereby the roughness ¢ increases faster than the natural
deposition limit of the stochastic roughening.’**® The
exponent 1/z, also known as the dynamic exponent, is related
to the evolution of the correlation length. Specifically, 1/z is
sensitive to local effects, such as the occurrence of diffusion.
Together, the exponents # and 1/z describe and quantify the
evolution of the islands during growth.

An important consideration must be made on the samples
investigated here before feeding the corresponding AFM data
into eq 3. Namely, as discussed in the previous section, NiTPP
films grown on HOPG experience evident post-growth
evolution, reaching the steady-state condition at different t,
for different film thicknesses. Therefore, at ¢, ~ 0, ie., right
after the extraction, the stage of the post-growth evolution for
each sample with different thicknesses is obviously different.
For this reason, the HHCF analysis should not be applied to
images at t, ~ 0 of samples with different NiTPP nominal
thicknesses. As a confirmation, the use of those images leads to
unintelligible results (Figure S6). On the contrary, the AFM
images of samples in their “steady state” (Figure S3) should be
analyzed, therefore, considering the observed post-growth
evolution as an integral part of the growth process.

In Figure 3, the H(r) curves obtained via eq 3 from the
“steady state” for all of the samples are reported (Figure 3a),
together with the values of the scaling exponents obtained
from the analysis (Figure 3b—d). The complete fits of HHCF
data sets are reported in Figure S7.

As shown in Figure 3a, each H(r) curve clearly shows the
linear dependence on r in the range r < & in the log—log plot,
thus allowing the extraction of « as a function of t through eq 4
(Figure 3b). Then, by fitting the whole H(r) data set using eq
3, 0 and & versus t are extracted as shown in Figure 3c,d,
respectively. Finally, through eqs S and 6, the same ¢ and ¢
values can be used to obtain the values of the exponents # and
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Figure 4. log—log plot of the RMS roughness () versus the lateral correlation length (&) calculated considering all of the films. The yg value

extracted through ¢ ~ & is also shown, with the adjusted R%.

1/z. Hence, from this analysis, the characteristic exponents
found for the growth of NiTPP on HOPG considering the
whole set of samples are a = 0.85 = 0.01, # = 0.44 + 0.03, and
1/z = 0.15 + 0.01. Looking more closely at the values of the
parameters obtained from the HHCEF analysis, it can be
observed that, similarly to what is observed in other organic
thin films,***”*® o falls in the range between 0 and 1, as
expected, closer to 1: the islands at their final stage are, indeed,
characterized by top surfaces with frequently observed raised
edges or pits in the centers, but they are locally smooth. In
addition, since the substrate coverage of all of the films is
rather low (around 5%), the high value of @ might also be due
to the contribution of the free substrate surface, indeed very
flat.

The value of the second exponent f is found to be right
below the stochastic deposition limit (0.5), in accordance with
the observed roughening process also found in other organic
thin films.'>*>**

Finally, the value of the third exponent 1/z is found to be
lower than 0.2: the increase of £ with t, observed in Figure 3d,
indicates that the lateral size of the islands increases with the
amount of material deposited onto the substrate.

It is worth highlighting that the values of these scaling
exponents are very similar to those reported in the
literature®™*” for roughening of the metal phthalocyanine
thin films grown on inorganic surfaces. This agreement is
indeed particularly meaningful, given the similarities between
porphyrins and phthalocyanines.

To characterize more precisely the dynamics of the growth,
the dependence of the parameter ¢ on &, following the power
law 6 ~ &, can be considered. Interestingly, the exponent ¥ is
related to the competition between the vertical and the lateral
growth of the islands, being ¥ > 1 when the vertical growth is
faster with respect to the lateral one.”" This is the case of the
system investigated here since the fit of ¢ versus £ gives yg =
3.12 + 0.27 (within experimental errors, Figure 4).

This behavior is compatible with the presence of step-edge
barriers, such as the Ehrlich—Schwoebel (ES) barrier,”* ™"
which promotes a more vertical growth and is also consistent
with the preferential growth at the edges of the islands during
film evolution. It should be finally noted that y theoretically
corresponds to the ratio /(1/z) = fiz, which gives y = 3.00 +
0.28, fully compatible with the value of yg (within the
respective errors).

In summary, from the AFM monitoring and the HHCF
analysis, some characteristics of the growth of NiTPP on
HOPG have been obtained and quantified: the rather high
value of @ (0.85) describing a locally smooth surface; the value
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of # (0.44) compatible with a roughening process; and the
presence of a lateral growth given by the value of 1/z (0.15),
together with a significant and faster vertical growth supported
by y > 1.

Beyond the quantitative description of NiTPP growth on
HOPG, the main outcome of the present study is the full
assessment of the HHCF analysis of films subjected to post-
growth evolution, considering the latter as an integral part of
the growth itself. In other words, this work clearly shows that
the growth process starts with film deposition and ends when
the film morphology reaches the “steady state”. Therefore, the
HHCF analysis is reliable only when applied to AFM images
collected at the end of the whole process, as indeed shown in
this study. To the best of the authors’ knowledge, the approach
adopted here for describing the growth in the case of post-
growth evolving systems has not been reported before.
Actually, in most cases, the post-growth evolution is not
contemplated possibly because of the high stability of the films.
When observed, it is not considered for the extraction of the
scaling exponents from the HHCF analysis.'”

Bl CONCLUSIONS

The growth of NiTPP thin films deposited on HOPG is
studied by means of AFM and through the HHCF analysis. All
of the films showed post-growth evolution in ambient
conditions at room temperature to be studied for a proper
understanding of the material and to be taken into account for
their integration into devices.”> >’ The set of scaling exponents
obtained from a careful use of the HHCF analysis suggests that
the growth is driven by an interplay between diffusion and
step-edge barrier effect, in agreement with the observed
Ostwald-like ripening. This work attests to the reliability of the
HHCEF analysis also in the case of films displaying post-growth
evolution, provided that such an evolution is considered an
integral part of the growth process itself. These findings open
new perspectives in the understanding of the growth and
properties of other organic or inorganic films affected by post-
growth phenomena.
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