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Abstract. One of the important parameters in understanding the mechanism of the early stage of organic

thin-film growth is the critical nucleus size i*. Here, submonolayer films of para-sexiphenyl grown on

amorphous silicon dioxide substrates were investigated by means of atomic-force microscopy and have been

analyzed using the recently proposed capture-zone scaling. Applying the generalized Wigner surmise we

determine from the capture-zone distribution 7* at room temperature and 373 K. The results are compared

to traditional analysis by island-size scaling and the applicability of the capture-zone scaling is critically

discussed with respect to island shape.

1 Introduction

In the last three decades, significant progress has been
made in developing organic semiconductor molecules and
applying them in so-called organic electronics [1]. Never-
theless, the basics in thin film growth of organic molecules
are not yet fully understood. Especially, knowledge of the
initial nucleation process during deposition of conjugated
molecules will be crucial for the design of growth routes

resulting in smooth films of defined molecular orientation.

¢ e-mail: teichert@unileoben.ac.at

Such films are a prerequisite for the fabrication of elec-
tronic devices like organic light emitting diodes (OLED),
solar cells, and organic field effect transistors (OFET) [2—
5].

This work deals with the island nucleation of the model
molecule para-sexiphenyl (6P) deposited on Si(001) wafers
covered by native oxide. 6P — schematically presented in
Figure 1 — is a rod-like oligophenylene molecule (C3sHag)
with a length of 2.7 nm. Films formed from lying 6P mole-
cules — i.e. with their long molecular axis parallel to the

surface — have been shown to be a good candidate for
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high performance blue light emitting diodes [6]. Further-
more, blue lasing has been demonstrated from such self-
organized nanostructered 6P aggregates [7]. 6P also fea-
tures a relatively high charge carrier mobility, and thus
films of upright standing molecules are tailor made for

OFET applications.

Fig. 1. Scheme of a 6P molecule (C3sHzg). It comprises six

phenyl rings single bonded in a linear fashion.

One crucial parameter to describe the process of nu-
cleation in the early stage of crystalline film growth is the
critical nucleus size i*. It describes a nucleus which still
has a significant probability to decay at the given growth
temperature and deposition rate [8]. Or conversely, i* + 1
is the smallest number of atoms or molecules that will
form a stable nucleus. The first procedure to determine
i* from growth experiments was developed by Venables
in the 1970’s [9]. There, samples which are grown at dif-
ferent deposition rates in the aggregation regime are ana-
lyzed. In this regime, the island density remains constant
and only the mean island size increases. More recently,
a different approach was suggested by Amar and Family
using a general scaling function which is fitted to a dis-
tribution of island sizes for the determination of i* [10,
11]. Both procedures have been applied to atomic systems

quite successfully. However, Venables’ procedure requires

a sequence of samples grown at different growth rates,
while all other parameters remain unchanged.

Recently, capture-zone scaling (CZS), based on the
generalized Wigner surmise (GWS), was proposed as a
method to obtain ¢* [12,13]. This method relies on the cal-
culation of Wigner-Seitz cells surrounding each nucleation
center, utilizing Voronoi tessellation, which was proposed
earlier by Mulheran and Blackman as a way to character-
ize the capture zone of a growing island [14,15]. Experi-
mental work [15-19], especially from the field of organic
semiconductor thin film growth, demonstrates the appli-
cability of this method. The virtue of it — comparing with
Venables’ approach — is based on the fact that only one
growth experiment is necessary to obtain i* for a given
temperature. Here, we apply this approach to determine
1* for the growth of para-sexiphenyl on an amorphous sili-
con oxide substrate at two different growth temperatures.
The resulting data are critically evaluated by comparison
to the values obtained by island-size scaling (ISS) pro-
posed by Amar and Family. For room temperature growth,
resulting in rather compact islands with a fractal dimen-
sion d of about 2, both procedures yield an i* of 1 where
CZS yields the more reliable fit. For 373 K, where ramified
islands (d = 1.75) are obtained, CZS is found to be not
applicable. Thus, the i* value of 2 — obtained by ISS — has

been taken.

2 Experimental and analytical methods

The growth experiments were performed using organic

molecular beam epitaxy (OMBE) in an ultra-high vac-
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uum (UHV) chamber with a base pressure better than
10~% mbar. Si(001) substrates covered with a native ox-
ide were cleaned by annealing at 780 K with a homemade
electron bombardment heater for 900s. To minimize sam-
ple recontamination, evaporation on these amorphous sub-
strates has been started directly after cooling down. The
selected growth temperatures were 300 K (RT) and 373 K.
Utilizing quartz crystal microbalance measurements, for
both experiments a 6P film with a nominal thickness of
0.3nm has been deposited. This corresponds to a surface
coverage of 12% assuming monolayer high islands (2.7 nm)
of upright standing molecules.

Atomic-force microscopy (AFM) in tapping mode has
been used under ambient conditions to characterize the
resulting film morphology. A Digital Instruments Multi-
mode AFM with a Nanoscope Illa controller and stan-
dard silicon AFM cantilevers were employed. The AFM
probes used had a typical resonance frequency of 300 kHz
and their tips’ half cone opening angle was 10°.

Capture-zone areas A have been determined from ap-
propriate AFM images using Voronoi tessellation. After
excluding polygons which posses vertices outside the im-
age, normalization was performed to obtain the fluctuat-
ing variable

s=A/(A). (1)
Histograms of s values have been obtained using an opti-
mal bin size

v =349o N3 (2)

where N is the number of data points and o is the stan-

dard deviation of all s [20]. The distribution function of

the GWS [12]

Ps(s) = (15556_%52

(3)

was then fitted to the histogram using the method of least
squares with the Levenberg-Marquardt algorithm. The pa-

rameters ag and bg have the following form:

B+1 B+2
oo (22)7 [r (251,
2
e[ (52) /e (55)

For the two-dimensional case, the only parameter in the

(4)

and

(5)

function, 3, corresponds to i* + 2 [13,21,22].
In addition, the method of Amar and Family [10] has
been used to obtain i*. The island-size distribution (ISD),

corresponding to the island size § at a coverage 0,

N;(0) = 0572 fi-(3/8) (6)

with the average island size S and the scaled ISD f;-(5/5)
leads to a histogram which was compared to the following

general scaling form of the ISD for different i* > 1:

fir (1) = Cpout "7 0w/

(7)

where u = §/§ The values of the constants C;+ and a;-

for each ¢* emerge from the implicit geometrical equations

(" +2)ai] [T[(* + Dag] = (Fai)™ , (8)

and

Cir = (Fa;) "™ [auT[(i* + Vaye]. (9)

In principle, the statistics are slightly better when analyz-
ing the ISD as compared to the situation for the Voronoi

tessellation because islands near the image border have to
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be ignored for the tessellation but might be included in the
ISD. For both cases the critical nucleus size ¢* has been
determined by selecting the value that yields the highest

coefficient of determination R? with the sample data.

3 Results and discussion

In Figure 2, the results of our AFM based morphological
analysis are presented for a 6P film grown at RT in the
aggregation regime. The typical morphology is shown in
Figure 2(a). Figure 2(c) shows a high-resolution AFM im-
age of a single island. The islands are irregularly shaped
with a mean lateral diameter of about 500 nm. In fact, a
quantitative measure for the island shape is the fractal di-
mension d [23]. Using the box-counting method we obtain
at RT an average fractal dimension d of 1.98. The height
profile indicated by a red line in Figure 2(c) is shown in
Figure 2(d). From the island height of 2.6 nm we conclude
that the molecules are standing nearly upright on the sub-
strate. It is noticeable, that about 50% of the islands ex-
hibit already a second layer island of the same height. This
is due to the presence of an effective Ehrlich-Schwoebel
barrier [24,25] for interlayer mass transport as has been
recently studied in detail for 6P films on ion bombarded
mica substrates [26]. Different from the latter case, where
the first layer molecules are significantly tilted towards
the substrate, we observe here, a substantial second layer
formation already in the aggregation stage, related to the
smaller tilt angle of the molecules [26].

The Voronoi tessellation used to obtain the capture

zones is presented in Figure 2(b). In total, seven such

20x20 pm? large Voronoi tessellations from different sam-
ple positions have been used to build the histogram of
capture-zone areas shown in Figure 3. GWS distributions
for several values of ¢* have been added to the diagram.
The best least square fit, accentuated by a thicker line
yields an ¢* of 1, i.e., two molecules will form a stable

nucleus.

Figure 4 shows the histogram of the island sizes ob-
tained from the same set of images. To allow for a direct
comparison to CZS, islands on the image rim have been
excluded and an identical set of islands has been used for
analysis. A selection of ISDs is also plotted. A least square
fit of i* to the data yields a value of 1.50 (dashed line), in-
dicating that the stable nucleus has to be formed by either
two or three molecules. This is in good agreement with the
result of ¢* equals to 1 obtained by CZS. However, we have
to note that the CZS analysis yields the better R? coef-
ficients which we address to the following: According to
the different mathematical nature of GWS in (3) and the
scaling form in (7), the fit of i* in the GWS has a better
correlation with the asymmetric data set than the more
symmetric scaling function of Amar and Family. This was

already mentioned by Pimpinelli and Einstein [12,13].

Corresponding AFM results for the case of 6P deposi-
tion at 373 K are presented in Figure 5. Here, the island
density is dramatically reduced and the average lateral
island size is about 5 um for the same coverage. This is
in agreement with classical nucleation theory which pre-
dicts for a higher substrate temperature a smaller num-

ber of nucleation events owing to the increased mobility
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Fig. 2. (a) 20x20 yum®> AFM image of a sample grown at RT
with a z-scale of 5 nm. (b) Image masked with the calculated
Voronoi polygons. (¢) 1x1 pm? AFM image of a single island.

(d) Corresponding height profile represented by the red line

in (c).
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Fig. 3. Capture-zone histogram obtained from the sample
grown at RT. About 2700 capture-zone areas were analyzed.
Capture-zone distribution for several values of i* are plotted

for comparison. The dashed line is a least square fit to the data

of the histogram. The thick line marks the selected 7*.

Determination of critical island size... 5

% scaled counts of §/3
— i*=1 (R®=0.899)
i*ii=1.50 (R2=0.964)
i*=2 (R?=0.915)
— i*=3 (R2=0.838)
— i*=4 (R®=0.725)

She N N2 s S

0 .I I. L L L L L L L L L L L L L |
0 0.5 1 1.5 2 25 3
s/S

Fig. 4. Island-size histogram obtained from the sample grown
at RT. The same data set of about 2700 islands was analyzed by
the model of Amar-Family [10] and overlaid by fits for several
i*. The dashed line is a least square fit to the data of the

histogram. The thick line marks the selected i*.

of 6P on the substrate surface. As is evident from Fig-
ure 5(c), also the island shape changes significantly with
increasing growth temperature. At this elevated temper-
ature, the islands are ramified. Compared to room tem-
perature growth, the fractal dimension d decreases to a
value of 1.75. This observation seems to contradict clas-
sical nucleation theory, but has been observed earlier by
an other group for the same system [27]. The measured is-
land height (Figure 5(d)) is again an indication for upright
standing molecules. Thirteen 85x85 yum? AFM images had
to be analyzed to observe at least 250 nucleation events
suitable for Voronoi tessallation which is a minimum for
a statistically sound histogram (Figure 6). The best fit —
with a reasonable R? value of 0.97 — is obtained for i* equal
to 0. In other words, at 373 K one 6P molecule seems to
form a stable nucleus which is a rather suspicious result.

However, the analysis of this sample using the island-size
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Fig. 5. a) 85x85um? AFM image of a sample grown at

373K with a z-scale of 5nm. b) Image masked with the calcu-
lated Voronoi polygons (yellow areas mark the used ones). (c)
10x10 um?® AFM image of a single island. (d) Corresponding

height profile represented by the red line in (c).

model (Figure 7) yields an ¢* of 2, where the statistics be-
came slightly better because nearly 200 more islands from

the image rims could be taken into account.

Possible reason for the discrepancy between the two
methods when applied to ramified islands will be discussed
next. Mulheran and Blackman [14] pointed out that a
Voronoi tessellation for obtaining the capture zone will
overestimate the size of small islands and underestimate
it for large ones. In addition, the capture zone boundaries
are more likely equidistant from the edges of neighboring
islands and not their centers. Popescu, Amar, and Fam-
ily [28] have shown that the mean-field distributions of

dendritic islands have sharp peaks and diverge because of

1.4+
1.2+
B % scaled counts of s
1 === ity=-0.14 (R?=0.987)
. m— *=0 (R?=0.974)
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S

Fig. 6. Capture-zone histogram obtained from the sample
grown at 373 K. Here, about 250 capture-zone areas were an-
alyzed and supplemented with the CZD for several values of
1" for comparison. The dashed line is a least square fit to the

data of the histogram. The thick line marks the selected *.

164
1.4 —
| % scaled counts of 8/S
1.2 — i*=1 (R?=0.913)
i*u=1.84 (R?=0.985)
e 1 i*=2 (R2=0.968)
W ] — =3 (R2=0.910
= 0.8 =3 (R )
% — i*=4 (R?=0.808)
Z 06
0.4
0.2
0 T T T T T 1
0 05 1 15 2 25 3

Fig. 7. Island-size histogram from the sample grown at 373 K.
About 430 islands were analyzed by the model of ISD [10]
and supplemented with the ISD for several values of i* for
comparison.supplemented with the CZD for several values of
1* for comparison. The dashed line is a least square fit to the

data of the histogram. The thick line marks the selected i*.
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their dependence on coverage. Pimpinelli and Einstein [12,
13] postulated no dependence of their GWS on the cover-
age. From their mean-field argument they directly derive
the shape of P(s) and thus . For the case of ramified
islands the mean-field assumption is most likely not true
and CZS using the GWS yields unreliable results. There-
fore, we assume that i* at 373K is 2 (following the ISS)
and thus by one molecule larger than for room tempera-
ture growth. However, for our RT experiment where com-
pact islands are observed, CZS yields better results than
ISS. An advantage of CZS is that it is less dependent on
the exact island size and thus shape, as only the center
of mass is required. Consequently, smaller magnification
is necessary and reasonable statistical quality is reached

more easily.

4 Conclusions

We have applied capture-zone scaling using the general-
ized Wigner surmise [12,13] to obtain the critical nucleus
size for 6P islands grown on amorphous SiOs at two dif-
ferent substrate temperatures. According to our findings,
for room temperature the stable nucleus is formed of two
molecules, in good agreement with island-size scaling anal-
ysis following Amar and Family [10]. As we have shown

elsewhere [29], *

values of compact islands obtained us-
ing GWS are not only in good agreement with results
from ISS but also with those from rate equation [9]. How-
ever, the applicability of CZS to ramified islands should

be critically reviewed on a case to case basis as the mean-

field approach might be violated for some extreme island

shapes as we demonstrated for the growth of ramified 6P
islands on SiO5 at 373 K. In the latter case CZS failed and

7* value of 2 has been taken from ISS analysis.

In general, for compact islands CZS is advantageous
over rate equation approaches as only a single experiment
is necessary. Compared to ISS, images with a lower res-
olution are sufficient to obtain the center of mass with
the required accuracy. Further the GWS distribution fits
better the experimentally determined data than the more
symmetric scaling function in the ISS analysis.

In the current stage we do not know whether the stable
nuclei are already composed of upright standing molecules
as found for the larger islands analyzed here. For the fu-
ture, molecular dynamic simulations are planned to reveal

the details of the molecule erection.

This work has been funded by the Austrian Science Fund
(FWF) under project #S9707-N20. Further, we would like to
acknowledge stimulating discussions by A. Winkler and M.

Kratzer.
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