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Abstract. A methodological approach is presented for quantitative analysis of geometric
parameters of nanoparticle arrays, in particular the measurement of interparticle spacings,
using a Delaunay triangulation algorithm. The development is motivated by the critical role
of interparticle spacings in the formation of “hot spots” in surface-enhanced Raman scatter-
ing (SERS). The algorithm for automatic identification of nanoparticle centers in microscopy
images and calculation of distances between nearest neighboring particles via Delaunay trian-
gulation is described, along with data filtering criteria and the accounting of boundary effects
to improve statistical reliability. The methodology is demonstrated on self-assembled arrays of
nanoparticles obtained by thermal annealing of thin Ag films. The advantages of the proposed
method and its limitations are discussed. The originality of the approach and its applicability to

nanometrology and morphological analysis of nanostructured surfaces are emphasized.
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Annoranuga. B paboTte npencraBieHa MeTOAMKA KOJMYECTBEHHOIO aHaI3a TeOMEeTPHUUECKUX
napaMeTpoB  MAacCHMBOB  HAHOYACTUI, B YAaCTHOCTM  MEXYACTUYHBIX PACCTOSIHUIA,
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C WCIIOJIb30BAaHUEM aJITOpUTMa TpHaHTyasuuu JlenoHe. AKTYyaJlbHOCTb TaKOro IIOAXOJa
00yCJIOBJIEHA KJIIOYEBOM POJIbIO MEXKYACTUYHBIX 3a30POB B (DOPMUPOBAHUU «TOPSIYUX TOUYEK»
B CIIEKTPOCKOIMM TUTaHTCKOTo KomOuHauumoHHoro paccesHuss (I'KP). B pabore omnucan
MOAXOM K aBTOMAaTUYECKOMY OIIPEIeJeHUI0 LIEHTPOB HAHOYACTHUIl HAa MUKPOCKOIMYECKMX
M300paKeHUSIX M BEIYMCIICHUIO PACCTOSTHII MEXKIY OTMKAUTITIMA COCETHNMMI HAaHOYACTUIIAMMU,
BKITIOYas] (DUIBTPAIINIO JaHHBIX M yYeT KpaeBhIX 3(P(PEKTOB IS MOBBIIIECHUS CTATUCTUICCKOM
HaleXXHOCTU. MeTonuka MpoaeMOHCTPUPOBAHA Ha IIPUMEPE CaMOOPraHM30BaHHbBIX MACCUBOB
HaHOYaCTHUIl, COPMUPOBAHHBIX MTPU TEPMUUYECKOM OTXKHUTe TOHKUX TJIeHOK Ag. O0CyKIaroTcs
MPEUMYIIECTBA MPEIJIOXKEHHOrO MOAX0Aa U €ro OrpaHUYeHMsI, a TAKXKe ero MpUMMEHUMOCTh B
HAaHOMETPOJIOTUHU U MOP(OJOTMIECKOM aHaJIM3e HAHOCTPYKTYPUPOBAHHBIX ITOBEPXHOCTEA.

KairoueBbie ciioBa: HAHOYACTUIIBI, MEXYACTUUHBIC PACCTOSIHUSI, TpUaHTyIsauus JlenaoHe,
SERS, ropsiune ToYku, HAHOMETPOJIOTHUSI, MOP(POJIOTHsI TOBEPXHOCTHU
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Introduction

Formation of arrays of plasmonic nanoparticles on solid surfaces is actively used to create
substrates exhibiting the surface-enhanced Raman scattering (SERS) effect [1]. One of the
most technologically straightforward methods for forming such arrays is the self-assembly of
nanoparticles by thermal annealing of thin metal films [2]. At the same time, they do not possess
the strict regularity achieved by lithographic methods, but significantly surpass structures obtained
in liquid-phase processes in terms of the uniformity of spatial distribution [3]. Nevertheless,
the morphology of such arrays remains sensitive to the formation conditions, which requires its
quantitative control [4].

The efficiency of SERS signal enhancement in such arrays is largely determined by their
morphology: particle size, array density, and, in particular, interparticle spacing. Narrow gaps
between nanoparticles lead to the formation of so-called “hot spots” [5], providing maximal
enhancement. As we showed previously [6], for arrays of silver nanoparticles the optimal gap
is on the order of 20 nm, whereas an increase beyond ~40 nm leads to a sharp decrease in the
probability of hot-spot formation.

For optimal tuning, a quantitative morphological analysis is required, including the evaluation
of the distribution of interparticle spacings. While existing approaches to evaluate the mean
nanoparticle size [7], particle sphericity [8], and array density are satisfactory, traditional approaches
to estimate the mean interparticle spacing (e.g. manual measurements or indirect, density-based
estimates) are subjective or labor-intensive. In this work, we present a methodological approach
for automated evaluation of interparticle spacings in arrays of plasmonic nanoparticles based
on Delaunay triangulation. The approach is demonstrated on arrays of nanoparticles formed by
annealing a thin Ag film.

Materials and Methods

Ag nanoparticle arrays were formed on Si (100) substrates with a thermally grown SiO, layer
300 nm thick. Thin Ag films with equivalent thicknesses of 2—12 nm were deposited by magnetron
sputtering (Q300TD Plus, Quorum, UK) using a 99.995% Ag target. The base pressure was
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~1 x 10~ mbar and the argon working pressure was ~1 x 1072 mbar. Thermal annealing was carried
out at 80—300 °C in N, for 10 min. The sample morphology was examined by scanning electron
microscopy (Helios G4 CX, Thermo Fisher Scientific, USA), and the images were used as input
data for subsequent quantitative analysis of interparticle spacings.

Results and Discussion

To quantitatively evaluate interparticle spacings in arrays of plasmonic nanoparticles, we
employed an algorithm based on Delaunay triangulation [9]. This approach objectively identifies
pairs of nearest neighbors and computes the distribution of distances across the entire array. The
main steps of the method are outlined below.

At the first step, images of nanoparticle arrays are processed using a watershed segmentation
algorithm based on the classical Vincent algorithm [10]. This approach makes it possible to
correctly identify individual nanoparticles, including segmentation of closely spaced objects.
After segmentation, the coordinates of their centers of mass (x, y) are determined and used for
subsequent calculations.

At the second step, a Delaunay triangulation is constructed over the set of nanoparticle
centroid coordinates — the plane is partitioned into triangles such that no other point lies inside
the circumcircle of any triangle. Owing to this property, the edges of the triangulation connect
nearest-neighbor pairs, which enables identification of nanoparticle pairs for the subsequent
calculation of interparticle spacings.

At the third step, for each pair of neighboring nanoparticles (i, j), defined by the edges of the
triangulation, the Euclidean distance between their centers is calculated (1):

a = (m=x) +(n-2,)" 0

The resulting array d describes the distribution of center-to-center distances across the entire
nanoparticle array. From this dataset, statistical parameters can be calculated, such as the mean
center-to-center distance.

In the fourth step, the center-to-center distances are, if necessary, converted into edge-to-edge
(interparticle) distances (2):

spacing __jcenter
AP = di = (r 1), )

where r, u r, are the radii of the corresponding nanoparticles.
Since real nanoparticles are not ideal spheres, the radius of an equivalent disk is used as a size
metric (3):

Tog = > (3)
eq T s
where S is the projected area of the particle in the image.

When analyzing the data, filtering criteria must be applied to exclude distorting factors and
random artifacts. First, any incorrectly identified “particles” should be excluded — for example,
small noise objects from segmentation or fused agglomerates that do not represent individual
nanoparticles. To achieve this, constraints on the allowable range of object area/size are introduced
at the segmentation stage (for instance, objects much smaller or larger than typical nanoparticles
in the sample are excluded by default).

Secondly, after constructing the Delaunay triangulation, it may be necessary to filter out
edges that do not correspond to true nearest neighbors. While the triangulation generally links
actual nearest neighbors, in cases of non-uniform nanoparticle distribution some edges may be
significantly longer than the average. Excessively large distances between points indicate that,
although these particles are connected by a triangulation edge, they are in fact too far apart. In
the context of plasmonic resonance interactions, such particles cannot be considered nearest
neighbors. Therefore, an upper threshold d__can be introduced for a’ with edges exceeding this
value excluded from the statistics. The threshold is selected based on physical considerations;
filtering by dmax allows one to focus specifically on local interparticle distances that are crmcal
for the formation of “hot spots”.
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When analyzing nanoparticle arrays, particular care must be taken with those located at the
image boundaries. A nanoparticle situated near the edge of the image may not have all of its
nearest neighbors within the field of view; as a result, the Delaunay triangulation for such a
limited dataset connects it only with neighbors inside the frame, often yielding overestimated
distances. Moreover, for a nanoparticle positioned at the image boundary (whose projected area
is only partially captured), the equivalent disk radius will be strongly underestimated. To eliminate
systematic error, the influence of boundary nanoparticles must be minimized. Therefore, in
the analysis, only nanoparticles fully contained within the image area should be considered.
An alternative or complementary approach involves introducing an artificial boundary: beyond
the image, mirror reflections of edge nanoparticles are drawn, creating the effect of a periodic
continuation of the structure. When the triangulation is constructed, this artificial periphery
makes it possible to obtain more accurate connections for boundary nanoparticles.

To obtain reliable estimates of interparticle distances, a sufficiently large sample size is required
— an analysis of hundreds of nanoparticles and thousands of neighbor pairs usually provides the
necessary statistics. The assessment of stability includes not only the mean value but also measures
of dispersion: the standard deviation (o), the coefficient of variation (C,, = 6/d,,). As the number
of analyzed nanoparticles increases, the error of the mean decreases as (4):

Ad =—2_ (4)

I

where M is the number of neighbor pairs.

In addition, the shape of the distance distribution is also taken into account. In real arrays,
it may deviate from a purely random form due to correlations in particle arrangement: regular
structures lead to a narrowing of the distribution, whereas aggregation results in a “tail” of
large distances. Constructing histograms and evaluating their characteristics makes it possible to
identify and describe these features in the arrays.

Example of application

The proposed methodology was applied to analyze the evolution of morphological parameters in
arrays of silver nanoparticles formed by thermal annealing of discontinuous Ag films with equivalent
thicknesses of 2—12 nm on Si/SiO, substrates [6]. Figure 1 shows typical SEM images for a series
of samples: with increasing annealing temperature, the nanoparticles grow larger and the structure
becomes less dense as a result of fragmentation, surface diffusion, Ostwald ripening, and coalescence.

Fig. 1. Morphology of Ag nanoparticle arrays obtained by annealing a 6 nm thick film at different
temperatures: (a) without annealing; (b) 80 °C; (¢) 90 °C; (d) 100 °C, (e) 110 °C, (f) 120 °C, (g) 140 °C,

(h) 160 °C, (i) 200 °C
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Each image was analyzed using the Delaunay triangulation method, which made it possible to
automatically determine the distribution of interparticle distances. Figure 2 shows the dependence
of the mean distance on the annealing temperature for films of different initial thicknesses. For
thinner initial films (< 6 nm), a monotonic increase in interparticle distance is observed, whereas
for thicker films (> 8§ nm), non-monotonic trends appear, associated with the competition between
particle coalescence and growth.
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Fig. 2. Dependence of the mean interparticle spacing between Ag nanoparticles on annealing
temperature for different initial film thicknesses [6]

Conclusion

A methodological approach has been proposed for the quantitative evaluation of interparticle
distances in arrays of plasmonic nanoparticles based on Delaunay triangulation. The method
makes it possible to automate the processing of microscopic images, objectively identify pairs
of neighboring nanoparticles, and calculate distance distributions while accounting for filtering
criteria and the exclusion of boundary particles. The methodology described in this work was
implemented in a software developed in Python 3 [11].

The application of the methodology to arrays of silver nanoparticles formed by thermal annealing
of thin films demonstrated its effectiveness for analyzing morphological evolution. The obtained
dependencies of the mean interparticle distance on annealing temperature and initial film thickness
reflect the competition between fragmentation, diffusion, and coalescence processes.

The described approach represents a convenient and reproducible tool for nanometrology,
enabling the correlation of morphological characteristics with the functional properties of
nanostructured substrates.
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