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1. Fractal Dimension Dr Evaluated by the Box Counting Method

Topographic AFM images were processed with Gwyddion software [1]: (1) Data
were levelled by the mean plane subtraction; (2) Paraboloidal background was removed;
(3) Rows were aligned by means of the median of differences; (4) Horizontal scars were
corrected; (5) Mean values filter (3 x 3 px?) is applied to remove possible topographic
artefacts. Once processed, AFM images of 6T islands are firstly marked by threshold, then
selected islands are filtered for area in order to remove larger islands due to bimodal
growth (see main text). The resulting mask is extracted and used to statistically evaluate
the average area of islands (black islands in Figure S1), thus determining the largest box
size (closeness power of 2) employed in the box counting method. As required for fractal
calculus in Image] [2], the mask is changed to 8 bit and binarized, then fractal dimension
is calculated by using power of 2 box sizes, i.e. 29, 21, 22,... (see Figure S1).

Box size: 16; Count: 940
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Figure S1. [llustrative example of the box counting method applied to an AFM image (1024 x 512
px?) composed of 6T islands with average area of 2850 px?, correspondent to a largest box size of
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53 px that is closeness to a power of 2 box size of 64 px = 2° px. This example shows islands
covering of boxes with size 16 px = 2* px.

2. Differential Entropy Definition

The differential entropy extends the Shannon entropy, a measure of average surprisal
of a random variable [3], to a continuous probability distribution [4]. From Shannon
information theory [3], (Shannon) entropy SE is defined as:

SE = — Z pi log, p; (SD)

In this formulation, p is the probability of a data point or “count” c to has a value
within a specific data interval i (bin). Thus, p is calculated as:

Pi= %G

As illustrative example, histograms of Figure 1 in Reference [5] have 18 bins thus SE
ranges from a minimum of 0 (top histogram, ci has only a possible value hence pi =1 and
SE =0 from Equation (51) to a maximum of approximately 4.2 (bottom histogram, c: is
equal to all bins pi =1/18 —equiprobable events—and SE = -18-1/18-log2 (1/18) = [ logz (1)-
logz (18)] = —[- logz2 (18)] ~ 4.2). The middle histogram shows a data distribution more
typically with an SE value in between the two limits and, accordingly, maximum SE value
depends on the number of bins selected for data representation. An SE value of zero,
corresponding to a single bin probability of one, indicates that a descriptor adopts only
one value and has thus no information content with respect to the data set. On the other
hand, the maximum SE value will be observed if all possible descriptor values are equally
probable, which corresponds to maximum information content. From Equation S1 the log
function is taken to be log, so the entropy SE is expressed in bits (dimensionless) [6].

By following the aforementioned description, SE limits for our angle distributions
(taken the discrete version of Equation S1 in the main text and using a logarithm in base
2) are 0 and ~ 7.5, because of bins number has been consistently set to 180 with a bin size
of Aa=1°.

By definition, for a continuous random variable x with probability density function
p(x), the differential entropy S, i.e. the continuous counterpart of Equation S1, is:

(52)

5@ = - [ p@in(pe)ax )

where the initial xi/pi(x) and final x#/pf(x) integral limits are > 0 [6]. As claimed by
Marsh [4], “the formula for continuous entropy is not a derivation of anything, unlike Shannon
entropy, it’s merely the result of replacing the summation with an integration” although “best of
all, (it) allow us a means of justifying and proving results with the same familiar, intuitive feel
granted us in the discrete realm” . From Equation S3 the log function is taken to be I, so the
differential entropy S is expressed in nats [6].

The limits of S from Equation S3 are 0 and, in case of equiprobable events with a
constant p(x) =a, S = —a-In(a)-(xs— xi). Specifically, they are 0 and ~ 5.2 nats from Equation
1 of the main text.

3. Differential Entropy Computation

Next, we summarize the procedure to compute the differential entropy. The full
technical details for each step are described in the next section. The first step to compute
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the differential entropy was segmentation of the AFM images [7]. We developed an ad hoc
image segmentation procedure that consists of three steps (see Figure 52).

Figure S2. Steps to obtain polygonal chains describing the contour of the islands. (a) Original AFM
image. (b) Two-levels bitmap image where islands -white- are clearly identified on the
background -black-. (c¢) Contours of the islands traced as a series of lines and Bezier curves. (d)
Contours described as polygonal chains (each dot is a vertex).

We processed the AFM image (Figure S2a) to create a two-levels bitmap image where
islands—white-were clearly separated from the background-black—(Figure S2b). Then, we
traced the contour of the island by using the “trace bitmap” function of the Inkscape
software (Figure S2c) [8]. This function detects the contours into the bitmap image and
“trace” them using a series of lines and cubic Bezier curves. Finally, we turned the traced
contours into polygonal chains made up of relatively small segments (Figure 52d).

Then, angles were evaluated between each segment and a radial line connecting the
middle of the segment and the centroid of the island (see Figure S3).

Figure S3. Angle a between a segment and the radial line to the centroid of the island (this image
is only a qualitative hand-draw representation).

The probability density function, p(a), of the distribution of angles is then estimated.
Figure 5S4 presents two examples of pdf for different island shapes. Compact islands show
a distribution of angles with higher probability around 90° (Figure S4a,54b) while
dendritic islands have a uniform pdf (Figure S4c,54d).

Finally, based on these probability density functions, we computed the differential
entropy as:

180
S = —f p(a) In[p(a)] da (54)
0
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Figure S4. Probability density functions of the angles « distribution for compact (a,b) and
dendritic islands (c,d).

4. Technical Details on Images Processing
4.1. AFM Image Processing to Obtain Two-level Bitmaps

Topographic AFM images were processed with Gwyddion software [1]: (1) Data
were levelled by the mean plane subtraction; (2) Paraboloidal background was removed;
(3) Rows were aligned by means of the median of differences; (4) Horizontal scars were
corrected; (5) Mean values filter (3 x 3 px?) is applied to remove possible topographic
artefacts. Then, 6T islands are marked by threshold, and selected islands are filtered for
area in order to remove larger islands induced by bimodal growth. The resulting mask is
extracted, obtaining a two-level bitmap with black background and white islands (see
main text).

4.2. Turning Islands Contours into Polygonal Chains

The bitmap image is traced by using Inkscape software [8]. The “DPI” settings of the
BMP file were firstly cleared, then imported in Inkscape software by using the following
setting: image import type = embed, image DPI = “default import resolution”, image
rendering mode = none.

The “trace bitmap” function runs with the following settings: Single scan, Brightness
cut-off mode, brightness threshold = 0.45, Invert image, speckles = 2, smooth corners =1,
optimize = 0.2. Figure S5 shows the original two-levels bitmap (black and white) imported
in Inkscape with traced contours (red).
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Figure S5. Inkscape screenshot showing islands (white) of the imported bitmap image with traced
contours (red lines).

The file was saved in SVG format and it was processed with ad hoc and home-
developed Python script (see next Section 4). Such script first reads islands contours stored
into the SVG file. Specifically, the contours are stored as a sequence of drawing
commands, each drawing a segment [9]. These commands basically draw lines or Bezier
curves (also arcs, but they were never present in actual AFM images). Each island in the
AFM image is separated by a “close path” command. The lines were divided into
segments of length Al = 0.1px (i.e., ~10 times oversampling). The Bezier curves were also
divided into segments with roughly the same Al. Nevertheless, in the case of this curves,
the segments were not all equal length; we performed a rough estimate of the curve
length, L, as:

L~ |P3= PR +|P = P|+|P = B (S5)

where Po...Ps are the control points [10]. Then, the total number of segments as ~L/Al
were estimated and used in the explicit formula of the cubic Bezier curve for computing
vertices of segments [10]:

X®)=A-t)3P+3(1—-t)2%tP+3(1—-t*P,+t3P; (S6)
where t ranges from 0 to 1 in L/Al steps.

4.3. Islands Centroids

The algorithm described in Reference [11] was used to compute the centroid of the

polygon, (Cx, Cy):
X 6A ; 1 i+1 1Vi+1 +1)1
1
C, = azi(}’i + Vir) Ki¥ie1 — Xir1Yi)
where (xi, yi) are the vertices of the polygon, and A is the area, computed as:
(S8)

1
A= > E (XiYis1 — Xir1Vi)
1

4.4. Probability Density Function and Differential Entropy Calculi

The pdf, p(«), was estimated as a piecewise function divided into N = 180 intervals of
Aa =1° each. The n-th interval, comprised between n-Aa < a< (n+1)-Aa forn=0 ... N-1, is
computed as:
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i nda<a<(n+1)Aa (59)
Zj 0 otherwise

where [ is the length of the segment, and j iterates along all the segments of all the
polygons (islands) of the image. The area of each interval p(n)-Aa each interval is the
probability of having an angle a comprised within the limits of the interval.

Lastly, the differential entropy is calculated as:

S= —Aaznp(n) In[p(n)] (810)

5. Python Script

Python code is available in the website
https://github.com/Cristiano1974a/Python_code.git and distributed with GNU General
Public License v3.0 (accessed on August 25th 2021).

6. Linear Decrease of Slopes vs O

The trend of Dy vs O slopes, o (in ML), is independent to Ts because d decrease
linearly with the same slope, i.e. -0.14 ML2. Obviously, Drat 50 °C is larger than at RT (see

Figure S6).
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Figure S6. Linear decreasing of d vs © (in ML) for RT (red dots) and 50 °C (blue dots). Linear fits
have clearly the same slope.
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Figure S7. Some pdfs (upper row plots) related to growth steps with different islands configurations (lower row plots) for 6T films grown at 50 °C.
Topographic AFM images of 6T islands with different size and density are converted into contour plots picture (lower row plots) with size x and y
in pixels (the ratio x-y-! is kept as original AFM images).
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8. Absolute Error on S: Illustrative Examples of S Variability in the Same AFM Image
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Figure S8. [llustrative examples of — mostly — compact (left) and — completely — dendritic (right)
islands affecting the absolute error on S. AFM images are processed as described in Sections 3 and
4 (see bottom images of columns) and they have the same number of islands (# in the middle
plots), i.e. 45. The processed AFM image on left column shows mostly compact islands with some
dendritic ones; this morphology increases the variability of S that shifts from ~ 4.4 to ~ 5.1 nats,
and thus the absolute error on S is larger. Conversely, the processed AFM image on right column
shows completely dendritic islands; this homogeneous morphology decreases the variability of S
that shifts from ~ 4.96 to ~ 5.2 nats thus the absolute error on S is smaller.

9. Imaging Quality Parameters Affecting S Calculus

AFM images have pixels size of 1024 x 563 px? and, after processing, return a two-
levels bitmap image where islands -white- were clearly separated from the background-
black-. In order to understand S trends, some tests on S measurements were performed
on synthetic images by changing three image quality parameters (surface coverage,
islands size, superficial density, image resolution) and/or by using prototypical shapes
[12].

In the first test, islands sizes are rescaled of %2 and ¥4 with respect to the original size
whereas the black background is fixed to 1024 x 563 px2. This test simulates a surface

Materials 2021, 14, 6529. https://doi.org/10.3390/ma14216529
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coverage decreasing, i.e. islands with constant shape occupy a progressive smaller surface
portion (see Figure S9).

Figure S9. (a) The original two-level bitmap image has a density of ~ 2.2 um= and islands cover ~
22% of the surface; (b) As islands are rescaled of %2 respect to original size, the surface coverage is
reduced to ~ 6%; and to ~ 1.5% by rescaling of V4 (c). The surface density depends on the number of
islands therefore is kept constant to ~ 2.2 pm-=2.

As clearly shown in Table S1, surface coverage doesn’t affect S calculus that remains
constant within experimental errors. The high value of S is determined by the dendritic
shape of islands while the progressive increase of its absolute error for decreasing SF is
due to the decreased precision of the segmentation process for decreasing islands size.

Table S1. Effect of the Scaling Factor (SF) on the differential entropy S.

SF S
/ nats
1 5.19+ 0.04
23 5.17+ 0.07

Vs 5.08+£0.12
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In the next test, islands density 0 is increased of 4 (~ 8.9 um=) and 16 (~ 34.6 pm2)
with respect to the original density (~ 2.2 um2) whereas the black background is fixed to
1024 x 563 px2. This test simulates an island density increasing, i.e. islands with constant
shape are progressively more numerous as well as smaller in the same surface area. As
shown in Table S2, S is reduced for the highest density because of islands size is reduced
and, consequently, its dendric shape is less pronounced, i.e. segmentation process is not
able to follow all islands branches due to the size reduction. Indeed, the quasi-rectangular
pdf typical of dendritic shape is progressively transformed into a Gaussian distribution
(not shown) with a constant baseline typical of a compact island (cp. to main text).

Table S2. Effect of the islands density (6) on the differential entropy S.

0 S
pm-2 nats
2.2 5.19+ 0.03
8.9 5.18 +0.05
34.6 5.06 £ 0.05

The entropy S has been calculated on synthetic images composed of islands with both
well-defined (circles and stars) and highly dendritic shapes (Figure S10). Average islands
area Ap» (in px) is measured as the average number of pixels included in each island as
selected by the threshold process (cp. to Section 1). The average Apx is progressively
increased from few tens of pixels to ~ 11,000 px with several area steps (for example, 6
steps were used for describing S vs A« for circles).

Figure S10. Two-level bitmap of synthetic images with circles (a-c), stars (d-f) and dendritic
islands (g-i) with increasing area Ap» in the following ranges (images in column): 400 — 800 px
(a,d,g), 1600 — 2800 px (b,e,h) and 4500 — 6300 px (c,f ).

Entropy measurements are summarized in the plot of Figure S11. As first clear result,
S tends to saturate for larger average area Apx of islands and their shape determines the
average S value: ~ 5.1 nats for dendritic islands, ~ 4.1 nats for star islands and ~ 1.2 nats
for circular islands. All S measurements are within the range [0, ~ 5.2] nats, as explained
herein in Section 2 and in the main text. Once islands area is small, Apx <190 px (left region
with respect to the dashed blue line in Figure S11), S varies largely in a random way (stars)
or decreasing exponential (circles). Such variations are due to the segmentation process at
this scan-size (1024 x 563 px?, 6.0 x 3.3 pm?): when islands are too small, the segmentation
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process fails to follow islands contours thus, for example, a star became similar to a circle.
After these small sizes, S reaches a plateau for Apx>190 px (critical area) so S is independent
to its average area Ap» but it depends only on islands contours. This is not strictly true for
circular islands because S decreases monotonically following roughly an exponential
decreasing. In the pixel range where other shapes saturate (Ayx > 190 px), S decreases
monotonically of ~ 0.6 nats that is, however, lower than the decrease of ~ 2 nats occurring
for Apx <190 px.

6_ II T 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 1 _
| .
5'_ : - * — i

:
D4 m = . - 3
® [Jd .
et | ® Circles .
» 3:—.: m Stars 3
- & Dendritic islands ]

1 ]
Elo» E

[ L] .

1 B II L L L L I L L 1 L I 1 L L L I iI L L 1 I L L L L I L 1 L L ]

o

2k 4k 6k 8k 10k 12k
Apx (# of pixel)

Figure S11. Plot of S (in nats) vs Apx (in thousand — k — of pixels, i.e. the average number of pixels #
included in each island) for circles, stars and dendritic islands. The dashed blue line indicates the
critical area of 190 px.

Star and dendritic islands are instructive in terms of S interpretation because: i) a star
well-representing 6T islands at the early stage growth for each ML (see Figure 4 in the
main manuscript) with a central body and few (5) branches; ii) synthetic dendritic islands
are similar to islands in the next deposition steps of each ML (see Figure 3 and 4 in the
main manuscript). The S results obtained with synthetic islands agree with experimental
results obtained with 6T islands where S increases from ~ 4.6 nats for star-like islands to
the saturation level at ~ 5.2 nats for dendritic-like ones.

Star islands are also important to understand differences between synthetic and real
islands. A synthetic star is composed of straight lines for which the segmentation process
is very precise as well as its S value (~ 4.1 nats). A real 6T island should has a slightly
higher S value because of it is not composed of straight lines. In order to verify this
hypothesis, two synthetic images of filled David stars are compared: an image with
perfect stars and another one composed of stars with a slightly defective and curved
contour (see Figure S512). Islands size is larger than 30 px, granting that S is in the plateau.
Perfect stars have S of 3.783 nats (with an absolute error at the fifth significant digit)
whereas stars with curved and slightly defective contour have S of 4.552 nats with an S
increase of the 20%. This test clearly show how S is highly dependent on both shape and
defects and/or details of contours, proving that the entropy S is an experimental parameter
with a geometrical sensitivity larger than the fractal dimension Dy.
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Figure S12. Images and S analysis of synthetic filled David stars with perfect (left column) and
curved and defective (right column) contours.

Lastly, it is important understand when S tends to 0, that is the trivial case when
synthetic image is only the black background (no islands are present on the surface).
Circular islands are instructive for inferring when S tends to 0. A shown in Figure 511,
smallest circle has S = 3.54 nats but, inspecting carefully the segmented image obtained
for circle with Apx ~ 60 px (first point in the plot of Figure S11), the segmentation process
depicts squares rather than circles (see Figure S13). A square has a larger S than a circle,
explaining why the first point of circles has larger S than the first point of stars (see Figure
S11).
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Figure S13. Segmented image for circle with area Apx = 60 px.

From Apx > 190 px, the circular shape is better defined with a relative error on S that
is progressively reduced from 3% to 8%, for sizes from 750 to 7700 px, respectively.

The exponential decay of S vs circle size suggests that S — 0 for a size tending to .
This result seems counterintuitive, but it is perfectly in agreement with the definition of
image resolution (IR) for which, if IR is changed, pixels displayed per inch of the image
are changed, not how many pixels are used to make up the image. In the test described
above, the IR (herein a pixel density of ~ 171 px-um-, i.e. ~ 43 x 105 ppi) has been kept
constant while the pixel used to make up objects (circle, star and dendritic) with
progressively larger size are increased. A circle is poorly defined when it is small (lower
number of pixels used to make up, Figure S14a) but its resolution increases when a higher
number of pixels are used (Figure S14c). This is particularly true for curved but simple
objects (like a circle) where S is affected by the contour resolution, while it is less relevant
(except for very small objects at this image size) for regular shapes with straight lines (like
stars) and very complex contours (like dendritic islands). Indeed, stars and dendritic
islands saturate after 30 px while circle do not. Thus, the paradox of S — 0 for a size
tending to e is resolved.

AR R
ARD

Figure S14. Contour of a circle quadrant for increasing size (60, 90 and 100 px, a-c) and for
increasing image resolution (256, 512 and 1024 px, d-f).

To prove this observational way of thinking, IR of bigger circle (100 px) is decreased
to 512 px and 256 px (Figure S14d-f- Our analysis procedure employs a minimized number
of Berzier curves to segment objects contours and it works well up to an IR of 1024 px. For
higher IR (like 2048 px), the code employs a large number of Berzier curves to describe
contours, failing in minimization procedure). Consequently, S value is increased and it
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not comparable to other S values). The contour resolution is progressively increased and,
accordingly, the entropy S is progressively decreased (see Table S3) because of, at the
lowest resolution (Figure S14d) the segmentation process transforms a circle into a

polygon.

Table S3. Effect of the image resolution (IR) on the differential entropy S.

IR S

px nats
256 22+0.1
512 1.66 = 0.06
1024 1.24+0.01

In conclusion, S tends to 0 if the size of image objects tends to O (trivial case) and their
shapes tend to a perfect circle (or a perfect polygon). As explained above, this condition
cannot be reached by keeping constant the image resolution, i.e. exists a critical size for
which S value is incorrect, but smaller objects have to be imaged with higher resolution
(zoom in in AFM images). This condition makes S measurement scale dependent, so a
sequence of image with increased resolution are needed for having experience of all S
value within its values range (from 0 to saturation, cp. Section 2 and the main text).

10. Morphological Effects on 6T Sub-monolayer Films Caused by Geometrical
Configurations of UHV Systems

In situ and standard OMBD systems are characterized by two different geometrical
configurations of the Organic Material Effusion (OME) cell versus the substrate (see
Figure 515). Both in situ [13] and standard [14] OMBD systems have crucibles for OME
cells with comparable diameter (~ 1 cm), granting the same exiting molecular flux.

in situ OME cell

ex sittt OME cell

Figure S15. Geometrical schemes of KCs vs substrate for in situ and ex situ OMBD systems.

Understanding the effect of the geometrical configuration of the OMBD system on
the morphology of 6T sub-monolayer films is fundamental to explain the higher islands
density in in situ deposition. The equation describing the material flux # deposited on a
substrate and attached vertically above the OME cell at a distance r is [15]:

cos*

= Ro— (S11)

where Z is the ideal vapor flux when the OME cell is orthogonal with respect to the
substrate plane, r is the distance between the radial center of the OME cell and the center
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of the substrate and 1 is the angle between the unit vector normal to the substrate plane
and the OME cell (see Figure S15).

The in situ OMBD system is characterized by =9 cm and 1) = 60° whereas a standard
OMBD system is characterized by r =9 cm (intentionally fixed equal to the in situ system
for evaluating solely the effect of the inclination angle) and ¢ = 12° (as determined by the
standard flange multiport DN100CF — DN40CF, e.g. DN35CF-DN40CF (2.75" OD) 3-Fxd
Thru Bolt Holes from the Kurt J. Lesker Company® [16]). By following Equation 511

returns:
4 4
cos* Yin 0.5 B
:Rin = :RO—in—z = :RO—inH = Ro—in0-77 -1073
o (S12)
cos* P, 0.978* s
Rt = Ro_stT =Ro-st—g7 = Ro_se11-10
Fixing the same deposition rate, i.e. i and %« equal to 1 A-min-!, the ratio between
them is:
Rin _ Ro-in0.77 - 1073 1 Ro—in

~

= >1= = Ro—in = 10R,_ S13
Re  Ro_se11-1073 10 Ry_g; 0-in 0-st (513)

As proved in Equation S13, the ideal vapor flux i is ten times faster than s,
explaining why the superficial islands density is high.
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