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elf-assembled nanostructured materi-

als consisting of discrete entities in a

matrix' are of tremendous impor-
tance in nanoscience and nanotechnology.
Examples of such materials are assemblies
of nanospheres (colloidal crystals, artificial
opals)>™ and their inverted structures (in-
verted opals),” block copolymers,®® where
the minority component forms hexagonal
arrays of spheres or cylinders, block
copolymer-derived nanowire arrays,” and
nanoporous materials containing hexago-
nal arrays of cylindrical pores. Their grain
structure is central to their applicability for
a broad range of applications and deter-
mines to what extent single entities or
whole grains are addressable and to what
extent domain scattering deteriorates opti-
cal properties of self-assembled materials.
However, until now, no methodology has
been available that allows analyzing the
grain structure quantitatively. Commonly
employed 2D Fourier analyses reveal pat-
terns that allow the qualitative identifica-
tion of the lattice type. Orientation distribu-
tions and, to some extent, averaged grain
sizes can be obtained by analyzing Fourier
patterns. However, the apparent degree of
order depends on the size and position of
the evaluated area. Furthermore, the evalu-
ation of these patterns is not straightfor-
ward and is often hampered by non-
optimal imaging conditions under which
the micrographs used for image analysis are
obtained. Occasionally, pair distribution
functions are used to analyze long-range or-
der. However, they provide an averaged
correlation length that does not contain in-
formation on the nature of the grains. On
one hand, the correlation between the dis-
crete entities may decay within one grain,
whereas, on the other hand, correlation
may proceed into neighboring grains.
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ABSTRACT We present a methodology for the analysis of the grain morphology of self-ordered hexagonal

lattices and for the quantitative comparison of the quality of their grain ordering based on the distances between

nearest neighbors and their angular order. Two approaches to grain identification and evaluation are introduced:

(i) color coding the relative angular orientation of hexagons containing a central entity and its six nearest

neighbors, and (ii) incorporating triangles comprising three nearest neighbors into grains or repelling them from

grains based on deviations of the side lengths and the internal angles of the triangles from those of an ideal

equilateral triangle. A spreading algorithm with tolerance parameters allows single grains to be identified, which

can thus be ranked according to their size. Hence, grain size distributions are accessible. For the practical

evaluation of micrographs displaying self-ordered structures, we suggest using the size of the largest identified

grain as a quality measure. Quantitative analyses of grain morphologies are key to the systematic and rational

optimization of the fabrication of self-assembled materials.

KEYWORDS: self-assembly - nanostructures -
aluminum oxide - image processing

Here we present a methodology for the
quantitative analysis of the grain morphol-
ogy in self-ordered hexagonal lattices. We
demonstrate that different hexagonal lat-
tices can be comparatively evaluated and
ranked according to the quality of their
grain ordering. In particular, distances be-
tween nearest neighbors (NNs) and their
angular order were used to extract informa-
tion on the grain structure of hexagonal lat-
tices. For visualization of the grain order-
ing, scanning electron microscopy (SEM)
images were color-coded according to the
relative angular orientation of hexagons
containing a central entity and its six NNs
with respect to a reference direction paral-
lel to the borders of the images. On the ba-
sis of NN coordination, the absolute sizes of
the grains and grain size distributions were
obtained by applying a real-space spread-
ing algorithm. As a practical quality mea-
sure for the comparison of the grain order-
ing in micrographs of self-assembled
structures, the size of the largest grain iden-
tified is derived and justified. As an

quantitative grain analysis - anodic
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Figure 1. SEM images of nanoporous alumina fabricated by differ-
ent anodization protocols: (a) mild anodization, missing pores
marked by white arrows; (b) hard anodization, disordered pore
array.

example in case, the apparent grain morphology in
SEM images of self-ordered nanoporous alumina'®'8
was quantitatively analyzed.

Figure 1 shows two examples of self-ordered nano-
porous alumina. In Figure 1a, the pore array is well or-
dered, but some pores are missing, as indicated by the
arrows. They may be indicative of a domain wall sepa-
rating grains with deviating orientation. Figure 1b
shows a pore array characterized by more or less ran-
dom pore sizes and pore shapes and a very poor de-
gree of ordering that can hardly be interpreted in terms
of a hexagonal lattice. As an example for quantitative
grain analysis, we use an SEM image of nanoporous alu-
mina comparable to that seen in Figure 1a. Figure 2a
shows an already thresholded, zoomed-in portion of
the micrograph. Depending on the image size and the
magnification, the number of pores (N_pore) may range
from 5000 to 15000. The evaluation of the degree of
self-ordering is based on the nearest-neighbor dis-
tances, NN_distance, (d) and the angles between three
nearest neighbors, NN_angle, («;) which allow quantify-
ing deviations from the perfect equilateral lattice.

Grain Analysis by Color Coding. The concept of color cod-
ing is based on the assumption that the transition be-
tween adjacent grains is associated with distinct rota-
tions of the basic six-fold motif of the pore lattice
containing a central pore and six NNs. For all lattice
sites with correct defect-free six-fold symmetry (6 NN),

Figure 2. Thresholded and zoomed-in cutout of an SEM image of po-
rous alumina. (a) Definition of the variables NN_distance d;, NN_angle
«;, and cutoff radius R_cut. (b) Scheme introducing the quality evalu-
ation of the pore triangles as well as the strategy of the spreading al-
gorithm. The triangles with an “X” on the right do not fulfill the toler-
ance criteria. The white arrows symbolize the spread.
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TABLE 1. Indexing i1, i2, and i3 of the Pores in Figure 2 and
the Calculated Values of Dev_d and Dev_c« That Quantify
the Quality of the Related Triangles

i i1 2 i3 Dev_d (%) Dev_ox (%)
1 1 3 4 5.2 83
2 1 4 2 73 1.7
3 2 4 5 7.0 1.0
4 3 6 4 5.0 79
5 4 6 7 6.6 10.2
6 4 7 5 8.4 13.6

hexagons within one grain exhibit the same relative an-
gular orientation with respect to a reference direction
parallel to the borders of the image. However, to ac-
count for the occurrence of distorted hexagons in real
lattices, deviations from the ideal hexagonal symmetry
have to be considered. To this end, the angles between
the lines connecting the central pore and each of its
six NNs and the reference direction are determined ac-
cording to eq 2 in the Methods section. These angles
are then, by adding or subtracting multiples of 60°, re-
duced into a basic angle interval of [—30°, 30°] about
the reference direction. Thus, six reduced angles are ob-
tained, the average of which (6 NN)_angle was calcu-
lated as a measure of the relative angular orientation
of the hexagon. Areas with the same color (cf. Figures
3,5, 7, and 9) consist of hexagons with the same

(6 NN)_angle value. The same color (red) was assigned
to (6 NN)_angle values of —30° and +30° to account for
the 60° rotational lattice symmetry. If a specific pore
does not exhibit hexagonal coordination, it is displayed
as a white spot to improve the perceptibility of defects
located between adjacent grains.

Grain Analysis by a Spreading Algorithm. For grain analysis
by a spreading algorithm, the data set of the central co-
ordinates of the pores was combined to triangle coordi-
nates representing triangles of three NNs. In this con-
text, it is important to refer to a crystallographic
argument: A two-dimensional hexagonal lattice of
N_pore pores will provide N_tri = 2XN_pore triangles
containing 3 NN if there are no defects and if bound-
ary effects are neglected. The structural transition be-
tween neighboring grains is accompanied by devia-
tions from the perfect equilateral lattice, e.g., structural
defects or missing pores. These lattice deviations are
calculated for each of the pore triangles. In particular,
the standard deviations of their three side lengths and
of their three internal angles, as suggested by Matéfi-
Tempfli et al.,"® will be used as a measure of the qual-
ity of the lattice. Alternative quantities considered for
the evaluation of the triangles were less convenient to
apply or less sensitive. In the way described in the Meth-
ods section, images of nanoporous alumina (see for ex-
ample Figure 2) are transformed into data sets consist-
ing of triangle indices (i1, i2, i3) and the related
deviation values Dev_d; and Dev_q;. The deviations of
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Figure 3. SEM image of nanoporous alumina (U = 25V, 0.3
M H,SO,, t = 1440 min). (a) Cutout of the gray-scale raw im-
age. (b) Pores color-coded on the basis of the (6 NN)_angle
average relative to the central pore. Pores that have no ap-
parent hexagonal coordination are marked white. (c) Distri-
bution Dev_q; is “flooded” up to Tol_a = 9%. Areas that
were assigned to be domains (Dev_a; < 9%) appear blue, in-
dependent of their orientation.

each triangle from the perfect equilateral triangle are
quantified by eqs 3 and 4 (cf. Methods section).

Small values of Dev_d; and Dev_c; indicate a locally
high perfection of the hexagonal pore lattice with
nearly equilateral triangles. A grain is defined as a con-
tiguous ensemble of pore triangles with high ordering,
surrounded by distorted ranges. Practically, the intro-
duction of the tolerance parameters Tol_d and Tol_« al-
lows us to distinguish between areas with smooth hex-
agonal order within one grain (Dev_d,a = Tol_d,a) and
areas characterized by pronounced disorder, e.g., grain
boundaries (Dev_d,« > Tol_d,a). The appropriate deter-
mination of Tol_d and Tol_a is discussed in general be-
low. Here, we focus on Figure 2b and the related Table
1. To adjust selective conditions for the following dis-
cussion, we set Tol_d = 6.7% and Tol_a = 10.5%. The
triangles formed by the pores (1, 4, 2), (2, 4, 5), and (4,
7, 5) do not fulfill these quality requirements and are
not accepted inside a grain. They are marked with “X”
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in Figure 2b and assigned to areas separating adjacent
grains. The three shaded pore triangles in Figure 2b are
within the set tolerances. Therefore, they represent
sites from which further grain growth can start, as indi-
cated by the white arrows. The spreading algorithm
evaluates whether the new triangles (Figure 2b, left)
will expand the grain by sharing two corners with one
of the already incorporated triangles. In addition, each
new triangle has to fulfill the quality criterion of eq 5a
(Methods).

RESULTS AND DISCUSSION

At the beginning of this section, a nanoporous alu-
mina sample (Figure 3) will be analyzed in detail. A care-
ful examination of the cutout of the raw image shown
in Figure 3a reveals that several ordered but twisted
sub-regions exist. Figure 3b is color-coded as described
above. The assigned pore colors represent the mean
angle to the six nearest neighbors, i.e., the (6NN)_angle
average (cf. color bar: [—30° 30°]). Pores that do not
possess a six-fold neighborhood are marked white. Lat-
tice rotations between the major grains can clearly be
recognized by a transition from red to green. The visu-
alization of the local lattice ordering will help to under-
stand the method introduced in Figure 3c.

Figure 3cillustrates the essential steps of the spread-
ing algorithm. The initial square image (512 X 512 pix-
els) contains 1636 pores, which are transformed into a
data set of 3056 triangles, as described above, with the
format i1, i2, i3, Dev_d, (%), Dev_q«; (%). The x—y coordi-
nates required for each Dev_q; are the centers of the
corresponding triangles. The constant blue background
in Figure 3c represents the tolerance level, which is as-
sumed to be Tol_a = 9% for the graph. The triangles in
the blue area were assigned to grains, the others not.
As an analogy, one might imagine that a water surface
(blue) floods a 3D scenery. For the remaining visible
parts of the Dev_q; data in Figure 3¢, Dev_o; > Tol_a
(cf. eq 5b). These “rocky” areas of poor lattice quality
separate different grains. Their shapes resemble the
contours of the white areas in Figure 3b. The blue
ranges in Figure 3c cover all triangles fulfilling the toler-
ance criterion, and contiguous blue areas belong to
the same grain. If the water falls, i.e., Tol_a is set to a
smaller value (Tol_a | ), the number of grains increases
because more mountain ridges subdivide the water
area (Figure S1, Supporting Information). If the water
level arises, i.e., Tol_a increases (Tol_a 1), the islands are
flooded, and the algorithm ends up with one huge
grain.

Next, reasonable values for the tolerance param-
eters have to be identified and applied that provide
comparable results for different images. They should
be selective and consider the overall ordering of the
hexagonal pore lattice. In Figure 4a, the data set repre-
senting the pore lattice in Figure 3b is systematically
analyzed. The tolerance parameters Tol_d and Tol_« are
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Figure 4. Grain analysis of the SEM image of porous alu-
mina shown in Figure 3. (a) Plot of the number of grains
(I_grain, blue) and the size of the largest grain (/_tri,, red) vs
the tolerance parameter Tol. The quasi-stationary solution is
marked by a vertical red arrow (see also Supporting Informa-
tion). (b) Histogram of the grain sizes I_tri (largest grain:
443 triangles) and pie chart of the 13 grains identified for
Tol_d,a = 5.8%.

simultaneously varied in the interval Tol_d,a = [1%,
10%)] with an increment of 0.5%. For very small toler-
ances, the number of identified grains /_grain and the
sizes of the largest grains |_tri, are very small; i.e., the cri-
terion is too severe. Depending on the overall order-
ing, the number of identified grains increases to a maxi-
mum at Tol_d,a = 4%. Above this value, adjacent grains
begin to merge. Further increase of Tol_d,a monotoni-
cally decreases the number of grains that can be distin-
guished. Note that there is a conspicuous plateau in
the curve representing the size of the largest grain
(I_tri;) as a function of Tol_d,a. Its occurrence indicates
relatively stable conditions, identifying the tolerance
values of the quasi-stationary solution at Tol_d,a =
5.8%, marked by a vertical red arrow (Figure S2, Sup-
porting Information). All other grains then scale with
the largest grain in the image if Tol_d,« is varied within
the range defined by the plateau. This remarkable prop-
erty turned out to be a general solution criterion, which
was recovered in each SEM image of porous alumina
analyzed. Going beyond the results reported in ref 19,
we suggest a stability criterion for the quasi-stationary
solution so that the size determination of the identified
grains can be derived. Several other methods of thresh-
old definition were evaluated, e.g., the properties of
the overall distribution of Dev_d; (%) and Dev_q; (%),
but they were less transparent and were difficult to

adapt to extended series of different images. Figure 4b
shows the result of the grain analysis of the SEM image
seen in Figure 3. The sizes of the grains correspond to
the number of contiguous triangles /_tri they contain.
The histogram shows two large grains with more than
400 triangles. Note that only assemblies of six or more
contiguous triangles are regarded as grains. With this
assumption, 13 different grains can be identified in Fig-
ure 3. The pie chart in Figure 4b shows the portion of
the image occupied by specific grains. If the image area
analyzed is as small as in this methodical example,
boundary effects, i.e., truncated and incomplete grains,
may influence the result.

The degree of order of pore arrays in nanoporous
alumina depends on parameters such as anodization
voltage, electrolyte solution, anodization temperature,
and process time. The sample studied here as our first
large-scale example was fabricated by mild anodization
at a voltage of U = 25 V with 0.3 M sulfuric acid solu-

Figure 5. SEM image of porous alumina (U =25V, 0.3 M H,SO,, t
= 1440 min, mild anodization) containing 7737 pores. The pores
are color-coded on the basis of the average of the (6 NN)_angles of
the considered pore.
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Figure 6. Analysis of the image of porous alumina shown in Figure 5. The PDF (a) and the ADF (b) reveal a high degree of
ordering. (c) Histogram of the grain sizes (/_tri, = 1009 triangles, |_tri;/N_pore = 0.130) and pie chart representing the rela-
tive size of the 60 grains identified for Tol_d,a = 6.25%.
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the considered pore.

tion."® Figure 5 shows the color-coded micrograph,
where 7737 pores were detected after threshold defini-
tion (see also Figure S3, Supporting Information). To
prevent edge effects, we only consider pores separated
by at least two NN_distances from the image bound-
ary. Grains with uniform (6 NN)_angle average are of the
same color and easy to recognize, separated by the
white dots representing pores with non-hexagonal
neighborhood. It is obvious that large grains are trun-
cated at the boundaries of the SEM image (Figure S4,
Supporting Information).

Figure 6a,b shows two plots representing the aver-
aged overall ordering of the hexagonal pore lattice
seen in Figure 5, namely the pair distribution function
(PDF, Figure 6a) and the angular distribution function
(ADF, Figure 6b). The curves prove a very high degree
of ordering with a pronounced long-range order of the
higher-distance shells in the PDF. The narrow ADF is
centered around a NN_angle of 60°, as expected for a
hexagonal lattice. Note that the grain substructure in
Figure 5 results in a Fourier spectrum that exhibits a
practically uniform ring pattern representing the near-
est neighbors (not shown). Figure 6¢c summarizes the re-
sults of the grain analysis of the SEM image in Figure
5. The histogram of the detected grain sizes shows sev-
eral large grains containing around 1000 triangles. The

Figure 7. SEM image of porous alumina (U = 65V, 0.03 M H,SO,, t
= 60 min, hard anodization) containing 4393 pores. The pores are
color-coded on the basis of the average of the (6 NN)_angles of

pie chart reveals the portion of single grains of
the entire area in the image (Figure S5, Support-
ing Information). With a minimum grain size of six
contiguous triangles, 60 different grains could
be identified in Figure 5. Roughly spoken, the
four largest grains occupy about two-thirds of the
area in the image.

The next example selected for grain analysis,
porous alumina anodized with 0.03 M H,SO, at
a voltage of 65 V for 60 min,"® contains 4393
pores. A color-coded SEM image of this sample
is shown in Figure 7. Monochrome regions, e.g.,
green or red, and the white contour dots clearly
prove the existence of extended subareas in the
image with uniform lattice orientation. Figure 8
shows the corresponding PDF (Figure 8a) and
ADF (Figure 8b), displaying spatially averaged val-
ues of the distance correlation and the angular

distribution. Here, the normalized nearest-neighbor
peak of the PDF is very sharp but not as high as that
seen in Figure 6a. The PDF maxima obtained for increas-
ing distances in the evaluated pore array do not rise
and tend to smear out. The ADF is clearly centered
around the hexagonal angle of 60°, but the half-width
obviously increased as compared to that of the ADF
curve shown in Figure 6b. The histogram and the pie
chart in Figure 8c present the results of the grain size
analysis obtained from Figure 7. As is obvious from the
histogram, one grain with a size of 645 triangles clearly
dominates the image field. In total, there exist 39 grains
that contain more than six contiguous triangles. More-
over, four medium-sized grains (/_tri > 100) and various
small and smallest ordered fragments appear in the
pie chart.

The third SEM image analyzed in detail represents
poorly ordered porous alumina anodized in 0.03 M
H,SO, at a voltage of U = 65 V for 15 min. The color-
coded image shown in Figure 9 shows many white
spots, indicating that the six-fold nearest-neighbor ge-
ometry is widely violated. Only in the lower right-hand
part of Figure 9 do some small monochromatic areas
appear. The data acquisition in the SEM raw image pro-
vided the coordinates of 9006 pores. They were used
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Figure 8. Analysis of the image of porous alumina shown in Figure 7. The PDF (a) shows a decay of the long-range order.
The angular coordination ADF of NN_pores (b) indicates that the pores form a hexagonal lattice. (c) Histogram of the grain
sizes (I_tri;, =645 triangles, |_tri,/N_pore = 0.147) and pie chart representing the relative size of the 39 grains identified for

Tol_d,a = 6.88%.
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Figure 9. SEM image of porous alumina (U = 65V, 0.03 M H,SO,, t
= 15 min, hard anodization) containing 9006 pores. The pores are
color-coded on the basis of the average of the (6 NN)_angles of
the considered pore.

to calculate the PDF as well as the ADF shown in Fig-
ure 10.

For a direct comparison, both functions are scaled
in the same manner as those seen in Figures 6 and 8.
It is obvious that, in the PDF of Figure 10a, only one
sharp peak corresponding to the NN_distance appears.
At distances larger than that from the third coordina-
tion shell to the central pore, no correlation can be seen.
The ADF in Figure 10b shows a broad maximum, indi-
cating the occurrence of pronounced deviations from a
perfect hexagonal lattice. In Figure 10c, the results of
the grain analysis of Figure 9 are summarized. Consis-
tent with the shapes of the PDF and the ADF, the sizes
of the identified grains are very small. The grain histo-
gram reveals that the largest grain contains a total of 47
triangles. Only 48 grains consisting of six or more con-
tiguous triangles as well as 450 items containing less
than six valid pore triangles were identified. In addition,
the histogram in Figure 10c indicates that the size of
the smaller grains (I_tri,, ..., |_tri,g) decays very slowly.
The pie chart clearly reveals the splitting of the entire
image area into tiny single grains.

The morphology of self-assembled nanostructured
materials depends on the fabrication parameters. The
examples discussed above contain large perfect grains
including more than 1000 pore triangles (Figure 5), as
well as only small, hexagonally coordinated areas (Fig-

ure 9). For practical reasons, we suggest comparatively
evaluating the apparent grain ordering in imaged areas
by one of the following quality parameters based on
the size of the largest grain identified: (i) the absolute
size of the largest grain (/_tri,); (i) parameter (i), but nor-
malized to the total number of grains (/_tri,/N_grain);
(i) parameter (i), but normalized to the total number
of pores (I_tri,/N_pore).

Table 2 shows, for example, the results of the grain
analysis of Figures 5, 7, and 9, which clearly rank the
level of self-ordering in the hexagonal lattices analyzed.
For direct, quantitative comparison of the apparent de-
gree of self-ordering in a series of micrographs, we pre-
fer the absolute size of the largest grains (/_tri,,) identi-
fied in each of the images as a feasible quality measure,
if the number of discrete entities such as pores is large
and comparable. It should be noted that truncations
of large grains at the image boundaries may influence
the attainable accuracy. It is not our intention to discuss
to what extent images recorded by means of various
microscopic techniques are representative of the en-
tire sample under investigation. However, the ability of
comparing of such images, independent of whether
they show one and the same or different samples, ap-
pears to be important for the engineering of self-
assembly processes.

Figure 11 summarizes the analysis of five nanopo-
rous alumina samples by comparison of their grain mor-
phologies. The anodization voltage was kept constant
at U = 65V, whereas the anodization time t (min) was
varied. Figure 11a shows the dependence of the size of
the largest grains /_tri, on t. It is obvious that the larg-
est grains form for t = 60 min. Figure 11b displays the
size distribution of the 10 largest grains in SEM images
of each of the five samples evaluated. It is apparent that,
in samples containing large grains (t = 30 minto t =
90 min), the largest grain is significantly larger than the
second-largest grain, which is in turn significantly larger
than the third-largest grain, etc. However, the grains
identified in these highly ordered samples are still larger
than those found for t = 15 min and t = 120 min. The
latter samples obviously consist of many small grains of
a similar size. It is clearly seen that grain analysis pro-
vides information on the morphology of self-ordered
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TABLE 2. Possible Quality Parameters (Right), Based on
the Largest Identified Grains I_tri,*

image N_pore  N_grain (=6) | I_tri1 | _tri,/N_grain I_tri,/N_pore
Figures 5, 6 7737 60 1009 16.82 0.130
Figures 7, 8 4393 39 645 16.54 0.147
Figures 9,10 9006 48 47 0.979 0.0052

“The absolute number of contained triangles /_tri, is normalized in two different
ways (cf. main text). The numbers characterize the over-all grain distribution and
ordering.

nanostructures that goes beyond information acces-
sible from PDFs and ADFs alone.

CONCLUSIONS

A methodology for the analysis of the grain structure
in self-assembled hexagonal arrays has been presented.
As an example, self-ordered porous alumina was studied,
where the degree of self-ordering can be controlled by
the anodization parameters. The presented method of
grain structure characterization is based on image pro-
cessing of microscopic images. Thresholding of the digi-
tal images yields data sets of the central pore coordinates,
which are the input for the calculation of the pair distribu-
tion function, the angular distribution function, and the
algorithms of lattice order evaluation, i.e,, the grain analy-
sis. The grain structure of the hexagonal pore lattice was
studied in two ways. For visualization of the overall grain
arrangement, a color-coding technique was developed, in
which colors were allocated to grains according to the
relative angular orientation of their six-fold basic pattern
with respect to the image borders. The transition be-
tween adjacent grains is indicated by a change in the an-
gular orientation and can be accompanied by the occur-
rence of entities not incorporated into grains.

In the second approach, the information provided
by the microscopic image is transformed into a set of in-
terconnected triangles. Then, for each triangle of neigh-
boring pores, deviations of the actual side lengths and
internal angles from those of an equilateral triangle are
determined. The structural transition from one grain to
another one is necessarily associated with strong devia-
tions from the perfect lattice. A spreading algorithm
with tolerance parameters allows for identification of
the single grains. Three examples of self-ordered nan-
oporous alumina exhibiting different morphologies
were studied in detail. In addition to the information
available from the PDFs and the ADFs, grain analysis re-

METHODS

Data Acquisition. At first, the digital microscopy images of the
self-assembled hexagonal structures are preprocessed and thresh-
olded. Standard image-processing software, e.g. ImageJ,*° provides
a data set containing the coordinates of all pores (center of mass).
Following the notation of Figure 2a, the coordinates of the central
pore are (x.y.) = (X,,y.). The NN distances to pore / are determined
by

www.acsnano.org
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Figure 11. Grain analysis of a series of SEM images of po-
rous alumina fabricated under different conditions (U = 65
V, 0.03 M H,SO,, hard anodization, anodization times
15—120 min). (a) Absolute size of the largest grains (I_tri,;)
as a function of the anodization time. (b) Size distribution of
the 10 largest grains for each anodization time.

veals the absolute sizes of the grains and grain size dis-
tributions, therefore enabling the comparative determi-
nation and ranking of the quality of the apparent self-
ordering in imaged areas. For practical use, we propose
the size of the largest grain identified in the imaged
area as a feasible measure of the quality of the grain
structure. In general, the rapid evaluation of the grain
ordering in hexagonal lattices will enable the optimiza-
tion of the fabrication of self-assembled materials. Opti-
mizing the addressability of individual entities in the
hexagonal lattice requires a well-developed long-range
order, i.e., the formation of large grains. The developed
methodology is generic and ready to be applied to any
self-assembled material forming hexagonal lattices. It
may be easily adapted to other lattice geometries, e.g.,
square lattices, by replacing the triangular basic pattern
with a quadratic one. Possible lattice distortions may
be evaluated in an analogous way.

d =V —x)*+ (y;— y,)? M

The cutoff radius R_cut, which is needed to determine
the angles around the central pore and to define triangles,
is set to the minimum between the NN peak and the second-
nearest-neighbor peak in the corresponding PDFs. The fol-
lowing trigonometric formula is the basis of the angle calcu-
lations:
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;= 180° atan[(y,—y)/ (x,—xJ)I/ = (2)

Using a coordinate system in which the image borders de-
fine the x and y axes, the slopes of the lines connecting the cen-
ters of the central pore and all pores i within R_cut are com-
puted (Figure S6, Supporting Information). The periodic
properties of the function atan in eq 2 require a quadrant/sign
adjustment of the results. Finally, the angles are sorted in ascend-
ing order.

Data Analysis. A set of pore triangles is defined, the corners of
which are given by the central pore and two adjacent NNs within
R_cut (see Figure 2). In the same way, sets of triangles are de-
fined around each pore, avoiding doublings. The list of valid tri-
angles is stored as index triples (i1, i2, i3) for the subsequent pro-
cedure of numerical grain evaluation (spreading algorithm).

Let us assume that the three pores forming the triangle un-
der consideration are given by (x;;,y;;), (X;2,¥:2), and (x;3,y;3). Apply-
ing eqgs 1 and 2, the corresponding side lengths of the triangle
d;;, d;», and d;; and the internal angles «;;, a;,, and «;; are ob-
tained. The mean values are defined by d.., = (d;; + d;, +
d;3)/3 and aean = (0 + oy + a3) /3 (Where aypean = 60° for
hexagonal lattices). The deviations of each triangle from the per-
fect equilateral triangle are quantified by eqgs 3 and 4:

Dev_d, (%) =

100 x \/[(dmean - dil)2 + (dmean - d/'Z)z + (dmean - di3)2] /37 dmean
3)

Dev_o; (%) =

100 % .\/[(amean - 0‘(’1)2 + (O”mean - 0‘iz)z + (o‘mean - 0‘(’3)2] /37 Qmean
4

Practically, the introduction of tolerance parameters Tol_d
and Tol_a allows us to distinguish between smooth lattice
ranges within one grain (eq 5a) and those areas characterized
by pronounced disorder, e.g., grain boundaries (eq 5b). The con-
ditions read as follow (Figure S7, Supporting Information):

Dev_d; < Tol_d, Dev_o; < Tol_a. (5a)

Dev_d;>Tol_d, Dev_a;>Tol_o (5b)

The algorithm described here was executed for SEM images
of self-ordered nanoporous alumina, thus analyzing up to 30000
triangles. In the large-scale computations, the “problem size”
was reduced by deleting all triangles that did not fulfill the inner-
grain quality criterion in advance. The second part of the algo-
rithm checks the geometrical contiguity of the network of re-
maining triangles by starting, expanding, and completing grains.
The computation time t is proportional to the square of the num-
ber of triangles N_tri. The program can be run on standard PCs.

Acknowledgment. Financial support from the German Re-
search Foundation (STE 1127/8-1) is gratefully acknowledged.
K.S. thanks the International Max Planck Research School for Sci-
ence and Technology of Nanostructures for a scholarship. Fruit-
ful discussions with J. Hohlbein on useful measures of ordering
are gratefully acknowledged.

Supporting Information Available: Figure S1, a methodical ex-
ample of color-coding and flooding the pore image with differ-
ent Tol_a values; Figure S2, the criterion for a quasi-stable solu-
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available free of charge via the Internet at http://pubs.acs.org.
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