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a b s t r a c t

In this paper we study the spectral behaviour of indium tin oxide (ITO) nanoparticle clusters

using different sinter neck models for the connections between the primary particles. The

investigations include light scattering calculations based on the Discrete Dipole Approxima-

tion (DDA). The corresponding clusters are generated using the Cluster–Cluster algorithm

proposed by Filippov et al. Different sintering neck models led to significantly different

spectral features. A spectral neck factor that reveals the thickness of the necks connecting the

primary particles with a simple measurement method is introduced.

1. Introduction

Nano-particles of the same kind (material, size, shape) can

show different properties depending on their spatial arrange-

ment. Agglomerates of sintered nanoparticles are usually

divided into two groups (see e.g. [1]): ‘soft agglomerates’

characterized by weak van der Waals forces holding the

particles together and ‘hard agglomerates’where the particles

are bound chemically, leading to sintering necks and a

different surface-to-volume ratio. Both types of agglomerates

can lead to different behaviour for conductivity, appearance,

rigidity, etc. – see e.g. Jiang et al. [2]. For designing material

properties based on such geometry effects and their subse-

quent production, the ability to distinguish between soft and

hard agglomerates is of great importance.

Here, we use light scattering simulations based on the

Discrete Dipole Approximation (DDA) [3] to investigate the

spectral behaviour of fractal clusters consisting of indium tin

oxide (ITO) nanoparticles. ITO, while transparent in thin

layers in the visible wavelength region, works as a metal-

like mirror in the infra-red region. We chose this conducting

oxide for a preliminary case-study to investigate possibilities

for the development of an in situ, non-destructive measure-

ment method to determine the thickness of the necks

connecting the primary particles of clusters.

In this work we concentrate on optical effects caused

by differently sized sintering necks in clusters of spherical

ITO primary particles. Such connections were previously

studied e.g. by Hellmers et al. [4] for two silver particles, or

by Skorupski et al. [5] for black carbon (BC) aggregates. In

this paper we are looking for characteristic spectral fea-

tures which would allow us to derive a specific parameter

to describe the connections between the primary particles

of a cluster. Such a technique would be useful for on-line

measurements in process control [6].

2. Refractive index of ITO

Indium tin oxide (ITO) is a conducting oxide that

appears transparent in the visible wavelength area. We

use the Drude model approach (see e.g. [7]) to calculate

n Corresponding author.

E-mail address: krzysztof.skorupski@pwr.edu.pl (K. Skorupski).



the corresponding values for the real and the imaginary

part of the refractive index. Here, the data published by

Franzen [8] is the base for the calculations. Fig. 1 shows the

permittivity, the refractive indices (n,k) and the reflectance

of the bulk material [7]. The permittivity values of the bulk

material also can be used to identify regions of plasmon

resonances [9]. From Fig. 1 it is obvious that a spectral

investigation of ITO has to be extended to near infrared

wavelengths.

3. Fractal-like aggregates

The easiest way of creating aggregate models is to use

equivalent-volume spherical particles. However, such a

simplification might result in many light scattering simu-

lation errors [10]. The morphological parameters of aggre-

gates can be described by using the fractal geometry and

the following equation [11]:

Np ¼ kf Rg=rp
� �Df ; ð1Þ

in which rp is the particle radius, kf is the fractal prefactor

and Df stands for the fractal dimension, which is the main

parameter defining the overall shape of the structure – the

larger its value the more compact is the aggregate. It varies

from Df¼1 (e.g. a line) to Df¼3 (e.g. a cube) and generally

is independent of the aggregate size. The fractal prefactor

kf is the parameter that is responsible for the equality sign

in Eq. (1). Its value is dependent on the aggregate genera-

tion conditions. The radius of gyration Rg is defined as

follows:

R2
g ¼

1

Np

X

Np

i ¼ 1

ð r!i� r
!

0Þ
2; ð2Þ

where r
!

is the position of the ith particle and r
!

0 is the

mass centre of the aggregate. Eq. (2) is a common

approximation widely used in modeling and analysis of

fractal-like aggregates [12–15]. It should be noted that

there are also different equations, like e.g. by Filippov [16],

or by Oh et al. [17], which take into account the radius of

gyration of a single sphere. In this work we use Eq. (2) as it

has proven to deliver sufficient results, especially as we

use monodisperse spheres as primary particles only. For

the creation of small aggregates, i.e. composed of Np¼5

primary particles, we used a PC (Particle–Cluster) algo-

rithm and for larger structures we used a CC (Cluster–

Cluster) algorithm, which provides more accurate models.

Both techniques are based on the work by Filippov et al.

[18]. Our implementation reduces the computational time

and minimizes the position error that might occur

between primary particles. The procedure is described in

the work by Skorupski et al. [19]. To characterize fractal

aggregates, Df and kf are the main parameters for the

fractalness of the aggregate. They are independent of the

size of the structure. Np, rp and Rg are varied as they define

the number of primary particles, their radii and their mean

distance from the aggregate center. We chose Df � 1:8 and

kf � 1:3 for our work as these are typical values that lead

to realistically shaped clusters [11], what is presented in

Fig. 2.

To characterize the growing neck between the primary

particles of a cluster we used a cylindrical model, which is

presented in Fig. 3. It can be visualized as a cylinder with

radius rcon positioned between the centres of two mono-

disperse particles with a radius rp defined as

rcon ¼ rp � Ycon; ð3Þ

Ycon stands for the unitless neck size parameter which

varies from Ycon ¼ 0 (no connection) to Ycon ¼ 1 (full

connection). Necks with Ycono0:4 have an almost negli-

gible volume which results in an insufficient number of

volume elements (dipoles) for DDA calculations, see Fig. 3.

In our work, we kept the total volume of the aggregate, V,

constant and the relative volume error lower than

δVo0:05%. Therefore, a reduction of the particle radius

rp compensated the growth of the neck Ycon. Note that the

primary particles never change their position (their centre

coordinates are fix), regardless of the neck size parameter

Ycon. Such an approach models the early stages of the

sintering phenomenon [20].

4. Light scattering simulations

In the next part of our study we made sure that the

Discrete Dipole Approximation (DDA) [21] method is

capable of simulating the light scattered by aggregates
Fig. 1. Permittivity, refractive indices (n,k) and reflectance of bulk

material ITO; data by Franzen [8].

Fig. 2. ITO fractal-like aggregates composed of Np¼5, Np¼10, Np¼25 and Np¼50 primary particles. The neck size parameter is Ycon ¼ 0:5.



characterized by intermediate and large values of the

imaginary part of the complex refractive index, i.e.

k41:5. In our study we decided to use the latest stable

version of the ADDA (Amsterdam DDA) [22] algorithm.

With its proven reliability and its constant updates it is

guaranteed that the resulting simulation error is at its

minimum. In a preliminary investigation we compared it

to the Nullfield Method with Discrete Sources (NFM-DS),

an advanced T-Matrix algorithm by Doicu et al. [23]. A

comprehensive description of this method can be found in

the monograph by Doicu et al. [24]. NFM-DS has been

applied successfully to complex scatterers like elongated

fibers [25], flat discs [26], erythrocyte-like shapes [27] and

peanut-like shapes [4]. It can also be used to calculate the

light scattering behaviour of clusters [12]. To test DDA

accuracy, we used already published data for light scatter-

ing by peanut-like particles based on Cassini-ovals [4,28].

These curves are characterized in such a way that the

product of the distance of two fixed focal points is

constant; they are described by the following the Cartesian

equation:

y¼ 7c �a2�x27 4x2a2þb
4

� �1=2
� �1=2

: ð4Þ

The resulting shape depends on the relation of the two

parameters a and b. If aob the curve is an oval loop, for

a¼b the result is a lemniscate (like the1�symbol) and for

a4b the curve consists of two separate loops. For our

work we introduce a third parameter c which allows us to

manipulate the overall thickness of the shape. The Cassini-

oval then is rotated around its longitudinal axis to create

the three-dimensional shape describing two sintered

spheres, see Fig. 4.

The parameters we chose are a¼3.07, b¼3.50 and

c¼1.21, corresponding to a primary particle radius of

rp ¼ 25 nm and a resulting total volume of the reference

structure of V r � 130;900 nm3. For the extinction

diagram calculated by the NFM-DS T-Matrix algorithm

the results were averaged over 512 (7�7�7) orientations

[12]. For the ADDA simulations, the reference shape

was decomposed into Nd � 130;900 volume elements

(dipoles) with spacing d¼ 1 nm. The solution method

was FCDM (Filtered Couple Dipole Method) [21] and the

results were orientationally averaged using the Romberg

integration in the adaptive regime. The maximum

number of orientations was 256 and the integration error

was set to 10�3 [29]. Both input file types are shown in

Fig. 4 and the resulting extinction diagrams are depicted in

Fig. 5. One sees that the extreme values for the extinction

at λ� 1:33 ¿m, λ� 1:54 ¿m and λ� 1:79 ¿m are less

distinct for the ADDA calculations. However, the general

curves match well as the extrema occur at the same

wavelengths.

The DDA method in general is assumed to give accurate

results providing that the distance between volume ele-

ments (dipoles) d is much smaller than any characteristic

particle dimension. The mesh should be able to precisely

describe the shape of the investigated structure. In case

when particles are comparable to the wavelength the

following rule applies [22]:

d¼
λ

10jmj
; ð5Þ

Fig. 3. Assemblies of volume elements (dipoles) required for the DDA simulations. From left to right the value of the neck size parameter varies from

Ycon ¼ 0 to Ycon ¼ 1 with the step �Ycon ¼ 0:25. To keep the volume constant the radius of the primary particles slightly shrinks accordingly.

Fig. 4. Two primary particles Np¼2 and a neck based on the rotation of a Cassini oval. Two input files are presented: (A) for the T-matrix simulations and

(B) for the ADDA simulations.



where m stands for the complex refractive index, i.e.

m¼ nþki. Another limitations are large computational

resources and exceptional simulation time for materials

characterized by a large value of the imaginary part of the

complex refractive index [21]. For this reason, in our work

the wavelength was limited to λ� 1:6 ¿m.

We analysed whether the previous results can be

extended to aggregates composed of more than two

particles and investigated the distance between dipoles

(volume elements) on a mesh. An exemplary aggregate

was composed of Np¼50 particles with radius rp ¼ 25 nm

and fractal parameters Df¼1.8, kf¼1.3. To reduce compu-

tational time we omitted orientation averaging and con-

centrated on fixed positions only (the influence of

orientation averaging is described in the paragraph at

the end of this section). The remaining simulation para-

meters were left unchanged. Fig. 6 presents the results for

Ycon ¼ 0:5 and Ycon ¼ 1. For small wavelengths the density

of dipoles (volume elements) has only a negligible effect

on the extinction coefficient. The discrepancies appear in

the plasmon resonance range and diminish with increas-

ing neck size parameter Ycon. Once again, the extreme

values are underestimated due to the insufficient number

of volume elements (dipoles). However, in our work we

investigate two reference wavelengths, i.e. λ1 ¼ 1 ¿m and

λ2 ¼ 1:4 ¿m (see the following section). The first of them

was chosen in the area below the plasmon resonance

spectrum and the second one close to the extinction peak.

The difference in the extinction cross sections Cext at λ1
was negligible. For λ2 it was �Cext ¼ 9:67� 10�4 ¿m2 and

�Cext ¼ 6:78� 10�4 ¿m2. This resulted in the relative

error of δCext ¼ 1:16% and δCext ¼ 1:36% for Ycon ¼ 0:5

and Ycon ¼ 1 respectively. Finally, we decided to use

d¼1.7 nm for structures composed of Np¼50 particles,

d¼1.5 nm for Np¼25, d ¼ 1.2 nm for Np¼10, and finally

d¼1 nm for Np¼5. These settings were based on the

estimated accuracy and the simulation time.

Before the extensive simulations of spectra the effects

of orientational and configurational averaging were ana-

lysed. For the second method we created 256 different

geometries characterized by the same morphological para-

meters. The results for both types of averaging are similar

and can be used interchangeably, which is an important

finding (Fig. 7): the orientational averaging can be used

instead of the configurational averaging, and therefore, we

can concentrate on the first type. There is no observable

difference between the two curves for λo1:2 ¿m. Small

discrepancies are present at the extinction peak (at

λ� 1:35 ¿m) and at the wavelength of λ¼ 1:6 ¿m where

the imaginary part of m becomes more significant. These

changes could be caused by a different number of iteration

steps (i.e. by using the Romberg integration in the adaptive

regime the number of orientations can be lower than 256)

Fig. 5. Comparison of the light scattering results by two different

algorithms: T-matrix and DDScat.

Fig. 6. Impact of the number of volume elements (dipoles) on the extinction diagrams. The simulations were performed for the largest structure in our

study, i.e. composed of Np¼50 primary particles. No averaging was performed, i.e. primary particles are in fixed positions.

Fig. 7. Comparison between alternative averaging methods: orienta-

tional (Romberg integration) and configurational (256 different struc-

tures). In our study two reference wavelengths were considered, i.e.

λ1 ¼ 1:0 ¿m and λ2 ¼ 1:4 ¿m. At these points, the difference between two

curves is barely observable.



or by the fact that a single geometry cannot fully recreate

the optical properties of a whole set of aggregates.

5. Spectral neck factor (SNF)

Our first simulations were performed for Np¼10 con-

nected particles with radius rp ¼ 25 nm. The neck size

parameters were Ycon ¼ 0:5 and Ycon ¼ 1:0. The ADDA

algorithm was used and the distance between volume

elements (dipoles) in the resulting mesh was d¼ 1:2 nm.

The solution method was FCDM and the results were

averaged using the Romberg integration. The extinction

diagram is presented in Fig. 8. The difference between the

two curves is barely visible when the wavelength is lower

than λo1:1 ¿m. However, the magnitude of the extinction

peak as well as its position differ. A closer investigation

shows that it is mostly dependent on the absorption cross

section Cabs, while the effect of the scattering cross section

Csca is negligible, see Fig. 9.

For further investigations we selected two separate

single wavelengths, here λ1 ¼ 1 ¿m and λ2 ¼ 1:4 ¿m. The

first one λ1 serves as a reference because up to this

wavelength there is no observable deviation for different

neck sizes. The second wavelength λ2 is chosen in an area

where the influence of the neck size parameter Ycon on the

extinction is distinct. Its position should not be localized

exactly at the wavelength where the extinction peak

occurs for the bulk material (compare Fig. 1) because the

simulation error associated with the DDA method is at its

maximum (see Fig. 6). Therefore, we decided to place λ2

slightly away from this wavelength but at a point where

the difference caused by Ycon is clearly observable. The goal

is to use these two wavelengths to determine the neck size

parameter Ycon. We suggest a spectral neck factor that is

defined as follows:

SNF¼ Cextðλ2Þ=Cextðλ1Þ: ð6Þ

The SNF is a largely material dependent parameter. Further

investigations for other materials would be necessary to

confirm its general adaptability.

6. Validation of the results

Results based on one set of morphological parameters

only are not a sufficient proof that SNF is a reliable

indicator which can be used for the approximation of the

neck size parameter Ycon. For this reason we created

several sets of aggregates characterized by different

Fig. 8. The extinction cross section Cext of the reference ITO aggregate

characterized by two different values of the neck size parameter Ycon. The

amplitude of the extinction peak is strongly dependent on Ycon. The

differences in the extinction cross section �Cext at the reference wave-

lengths, i.e. λ1 ¼ 1:0 ¿m and λ2 ¼ 1:4 ¿m, is �Cext � 7:643� 10�7 and

�Cext � 8:256� 10�3 respectively.

Fig. 9. The the scattering cross section Csca (left) and absorption cross section Cabs (right) of the reference ITO aggregate characterized by two different

values of the neck size parameter Ycon. The extinction cross section Cext, which is defined as Cext ¼ CabsþCsca , depends more on the absorption properties of

the structure. Note, that the order of magnitude in both figures differs.

Table 1

Morphological parameters of ITO aggregates used in our study. The

fractal dimension Df ¼ 1:8 and the fractal prefactor kf ¼ 1:3 are always

constant.

Np rp ðnmÞ d ðnmÞ D

5 10 0.40 327447

5 25 1.00 327447

5 40 1.60 327447

10 10 0.48 378800

10 25 1.20 378800

10 40 1.92 378800

25 10 0.60 485090

25 25 1.50 485090

25 40 2.40 485090

50 10 – –

50 25 1.70 666012

50 40 – –



numbers of primary particles Np and particle radii rp
(Table 1). The total number of volume elements (dipoles)

D was dependent on the number of primary particles Np in

ITO structures only, and therefore, the distance d between

them is different, i.e. the number of volume elements

(dipoles) D for a selected number of particles Np remains

constant, regardless of their radius rp. The fractal dimen-

sion Df¼1.8 and the fractal prefactor kf¼1.3 are constant.

The extinction cross section Cext as a function of the

incident wavelength λ is presented in Fig. 10. The results

were orientationally averaged. The general shape of the

curves is very similar, which shows that the behaviour of

the extinction diagrams is independent of the morpholo-

gical parameters. In every case the extinction peak is

suppressed by the growth of interparticle connections.

The SNF value decreases gradually for a larger neck size

parameter Ycon, see Fig. 11.

To verify our findings we did an exemplary comparison

to an alternative light scattering algorithm, here SCUFF-EM

[30], which is based on the boundary-element method.

Fig. 10. The extinction cross section Cext as a function of the wavelength λ for three values of the neck size parameter Ycon and different numbers of primary

particles Np.

Fig. 11. The SNF (spectral neck factor) as a function of the neck size parameter Ycon.



The input aggregate consisting of Np¼25 primary particles

was decomposed into Nf¼5160 faces for Ycon ¼ 0:5 and

Nf¼3264 faces for Ycon ¼ 1. The results were averaged over

125 (5�5�5) orientations and are compared in Table 2.

Considering that ADDA and SCUFF-EM are based on

different scattering theories and that the input geometries

for the programs cannot be matched exactly (for ADDA the

volume of the cluster is filled up with single dipoles while

for SCUFF-EM the surface of the structure is decomposed

into triangular patches) the values for SNF are similar.

Although the absolute value of SNF might slightly differ if

alternative light scattering algorithms are used, the

decrease of the extinction peak caused by increased neck

size parameter Ycon is evident. An extensive comparison

between these two scattering theories was not the goal of

this paper, and therefore, no study on how to improve the

convergence between the results was performed.

The extinction cross section Cext as a function of the

incident wavelength λ for Np¼50 and Ycon ¼ 0:5j0:75j1:0 is

shown in Fig. 10. Table 3 shows the resulting spectral neck

factors SNF. The value for Ycon ¼ 0:5 might be lower than

expected because DDA underestimates extreme values

when the number of volume elements (dipoles) is low

(see Fig. 6).

The procedure for retrieving the neck size parameter

Ycon, e.g. from experimental measurements, is illustrated in

Fig. 12. First the SNF is calculated from two distinct wave-

lengths. Second, the neck size parameter Ycon is approxi-

mated using a precalculated scattering chart (Fig. 12). It

includes all curves for SNF as a function of the neck size

parameter Ycon for different primary particle radii rp
(comparable to Fig. 11). For example, SNF¼10 means that

the neck size parameter might vary from Ycon ¼ 0:62 to

Ycon ¼ 0:75. If we consider the error caused by the number

of volume elements (dipoles), which was approximated

previously (see Fig. 6), round it up and assume that its

value is δSNF� 2% for every Ycon, the neck size parameter

might vary from Ycon � 0:61 to Ycon � 0:77. Additionally,

because the value of SNF is not totally independent of the

number of primary particles Np a priori information about

this parameter could improve the procedure. However, the

goal of this paper was to predict Ycon for any type of

aggregate, and therefore, such a possibility has not been

tested.

In our study we assumed that small connections always

exist and decided to start with Ycon ¼ 0:4. However, to give

a full overview of the investigated phenomenon SNF

values for Ycon ¼ 0 are presented in Table 4. Although they

are slightly lower than those for Ycon ¼ 0:4 this change is

almost negligible. This proves that small connections in

ITO clusters cannot be measured with our technique. As
Table 2

Results for the spectral neck factor SNF using ADDA and SCUFF-EM.

Scattering code Ycon SNF

ADDA 0.5 12.12

SCUFF-EM 0.5 11.91

ADDA 1.0 6.85

SCUFF-EM 1.0 5.82

Table 3

Results for the spectral neck factor SNF for different neck size parameters

Ycon for the aggregate composed of Np¼50 primary particles.

Ycon 0.5 0.75 1.0

SNF 12.25 8.90 7.25

Fig. 12. The procedure for retrieving the neck size parameter Ycon from SNF. For example, when SNF¼10 the neck size parameter might vary from

Ycon � 0:62 to Ycon � 0:75.

Table 4

SNF values of ITO aggregates used in this study for Ycon ¼ 0, i.e. for

particles positioned in point contact.

Np rp ðnmÞ SNF

5 10 14.1302

5 25 14.4807

5 40 14.7679

10 10 14.3778

10 25 14.6758

10 40 14.5050

25 10 12.7389

25 25 12.8964

25 40 12.5138



mentioned before, this limitation is caused by the fact that

they are almost invisible. The changes of SNF in this

regime might be more significant for very small clusters,

e.g. composed of Np¼2 primary particles, but not for

fractal-like aggregates.

7. Summary and conclusions

Our investigation of the impact of the necking phenom-

enon on the extinction cross section Cext of ITO fractal-like

aggregates resulted in an easy and efficient set-up for

measuring and/or monitoring the growth of necks between

primary particles in ITO aggregates. The extinction peak,

positioned at the wavelength of λ� 1350 nm, is strongly

influenced by the growth of the neck that exist between

each pair of connected particles. This phenomenon is

observed regardless of the morphological parameters of

ITO aggregates. We propose a procedure for obtaining the

neck size parameter Ycon with the use of only two reference

wavelengths, here λ1 ¼ 1 ¿m and λ2 ¼ 1:4 ¿m, resulting in a

spectral neck factor (SNF). Our technique can be used for

on-line monitoring of the changes of the morphological

parameters of ITO aggregates during the sintering processes.
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