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A B S T R A C T   

This study introduces a method to predict the refractive index (RI) of nanocomposites with the Finite Elements 
Analysis (FEA) based on the Fabry-Pérot interference. The efficacy was verified by comparing the estimated 
composites’ RI with the available data in the literature. In the experimental verification, the FEA-based pre
diction showed closer results with the measurement as compared to the effective medium approximation (EMA) 
approaches, which are prevalently used to predict the physical properties of nanocomposites. Due to the 
modeling capability, the FEA-method could investigate the effect of the nanoparticle morphology (particle size, 
shape, and orientation) and distribution. Large particle size, particle agglomeration in high electric-field 
amplitude region, and particle elongation along the light oscillating direction are found to be the major fac
tors to enhance the RI of composites. The underlying mechanism of RI changing is attributed to the light scat
tering by embedded nanoparticles, which provides one potential real-time RI tuning schematic.   

1. Introduction 

Polymers have been widely used as optical components in a variety 
of settings, such as the micro-lens array on image sensors [1,2], 
anti-reflection films [3], lenses [4], and polarizers [5,6], which are 
produced by facile coating or molding methods due to the processibility 
of polymers. Polymers are inexpensive, lightweight, and easy to process 
compared to inorganic materials of the functional counterparts [7–9]. 
However, some intrinsic limitations of polymers, including low refrac
tive index (RI), spectral absorption, and thermal degradation, remain 

challenges in designing optical devices with tuned optical polymers [8, 
10–16]. For those reasons, reinforcing the deficient physical properties 
has been a significant effort in photonics and optics research with 
polymers [2,17–22]. 

Moieties with high molecular polarizability, such as chalcogenide 
[23–25], phosphorus [26,27], halogen-element [28], and organometal 
[29–32], were incorporated into the polymers to adjust the RI. For 
example, the RI of poly(sulfur-random-1,3-diisopropenylbenzene) (poly 
(S-r-DIB)) was increased from 1.765 to 1.865 at the wavelength of 633 
nm as the weight fraction of the chalcogenide (S) varied from 50% to 
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70% [25]. Olshavsky et al. synthesized a series of polyphosphazenes 
with organic side groups containing halogen-elements (Br or I) to tune 
the RI ranging from 1.60 to 1.75 at the wavelength of 550 nm [26]. An 
organometallic hyperbranched polydiyne, poly[tris(4-ethynylphe 
nyl)-amine](Co) (hb-PTEPA(Co)), showed the refractive index as high 
as 1.813–1.713 at the wavelength of 600–1700 nm [29]. However, the 
modification of a polymer chemical structure by substituting with the 
high polarizability moieties often deteriorates the structure stability. It 
thus results in the lower glass transition temperature (Tg) and the me
chanical modulus [23,25,32]. For instance, although the RI of poly 
(S-r-DIB) can be increased due to changing the sulfur content from 50 wt 
% to 70 wt%, Young’s modulus decreases from 1.21 ± 0.28 GPa to 0.43 

± 0.08 GPa, the tensile strength lowers from 10.1 ± 2.11 MPa to 2.33 ±
0.15 MPa, and the Tg also reduces from 36.5 to 9.9 ◦C [25]. 

Inorganic nanoparticles have also been used to reinforce the RI and 
the thermomechanical stability of optical polymers, while the polymer 
matrix provides the structural integrity necessary for good processabil
ity [33–41]. For example, Islam et al. achieved a simultaneous increase 
of the RI and the Tg of poly(S-r-DIB) from 1.67 to 1.78 (6.58%) and from 
9.6 ◦C to 31.4 ◦C, respectively, by adding 20 wt% ZnS nanoparticles 
without an optical transmission loss in the mid-wavelength infrared 
(MWIR) regime (3–5 μm) [41,42]. In addition, Camenzind et al. ob
tained a Young’s modulus increasing of polydimethylsiloxane (PDMS) 
from 0.8 MPa to 2.8 MPa by adding 15 vol% silica nanoparticles [43]. 

The effective medium approximations (EMAs) are the most used 
design principles of the optical nanocomposites. The representative 
EMA models, such as the Maxwell-Garnett theory (MGT), Lorenz- 
Lorentz (L-L), Bruggeman, Parallel, and Drude models, are summa
rized in Table S1. However, the EMA models are based on only the 

Fig. 2. The fabrication procedure of Si/poly(S-r-DIB) polymeric nanocomposite.  

Table 1 
Summary of the measured RIs (RIref) reported in the references, FEA-derived RIs 
(RIFEA), error-corrected RIs (RIc), and the errors between RIc and RIref for the 
nanocomposites including BaTiO3/PMMA, TiO2/PMMA, ZnO/PMMA, Nb2O5/ 
Cyclomer-P ACA250, and SiO2/Cyclomer-P ACA250.  

Material Particle 
fV 

RIFEA RIc RIref Error 

BaTiO3 (n = 2.4, d = 21 nm)/ 
PMMA (n = 1.49) [67] 

8% 1.588 1.548 1.550 0.16% 
13% 1.625 1.584 1.580 0.26% 
23% 1.700 1.657 1.640 1.05% 
36% 1.795 1.750 1.710 2.33% 
52% 1.941 1.892 1.820 3.97% 

TiO2 (n = 2.76, d = 19 nm)/ 
PMMA (n = 1.49) [68] 

0.6% 1.526 1.488 1.490 0.16% 
1.4% 1.533 1.495 1.496 0.09% 
3% 1.545 1.506 1.507 0.06% 

ZnO (n = 2.02, d = 10 nm)/ 
PMMA (n = 1.49) [69] 

1.3% 1.531 1.492 1.492 0.02% 
2.4% 1.536 1.497 1.496 0.06% 
4.7% 1.547 1.508 1.504 0.30% 
7.8% 1.562 1.522 1.507 1.02% 

Nb2O5 (n = 2.32, d = 15 nm)/ 
Cyclomer-P (n = 1.51) [70] 

7% 1.595 1.555 1.550 0.32% 
18.5% 1.675 1.633 1.625 0.48% 

SiO2 (n = 1.46, d = 15 nm)/ 
Cyclomer-P (n = 1.51) [70] 

4% 1.545 1.506 1.505 0.08% 
14% 1.540 1.502 1.504 0.16% 
28% 1.531 1.492 1.489 0.22% 
48% 1.519 1.481 1.480 0.05%  

Fig. 1. 2-dimensional (2D) FEA-based simulation model for the optical cavity 
made from the nanocomposite. Nanoparticles are assumed to be evenly 
dispersed in the polymer matrix. 
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volume ratio and RIs of the constituent materials [44,45], excluding the 
effect of the nanoparticle morphology (particle size, shape, and orien
tation) and the dispersion state. It is often found that there is an apparent 
discrepancy between experimental results and EMA prediction [44, 
46–49]. Further, the choice of an EMA model for a specific composite 
material system is often arbitrary [44]. Therefore, the best-fitting model 
for the nanocomposite is to be justified only through experiments. 

On the other hand, the effective properties of the composites can be 
indirectly derived through a physics-based equation interrelating the 
system responses and stimuli. In this study, we demonstrate a proof-of- 
concept to predict the RI of nanocomposites from the Fabry-Pérot (F-P) 
resonance behavior simulated by the finite element analysis (FEA) based 
on Maxwell’s equations. The effective RI of the nanocomposite can be 
calculated using the F-P resonance wavelength and the composite film 
thickness [50]. Since both the FEA and effective RI calculation are based 
on physical principles, the derived RI is expected to be more reliable 
compared to the EMA models, which simply interpolate the effective 
property based on the volume ratio between two materials. In addition, 
the FEA method can evaluate the nanoparticle morphology and spatial 
distribution through the model design. The objectives of this study are 
three-fold: firstly, to create a physics-based FEA model to predict the 
effective RI of nanocomposites, followed by the validation using data 
reported in the literature; secondly, to fabricate and characterize the 
MWIR optical nanocomposites with the FEA-based material 
design-guideline; finally, to elucidate the effect of the nanoparticle 
morphology and arrangement on the effective RI that are unattainable 
by the traditional EMA models. 

2. Models and method 

2.1. Finite element analysis model 

The dips in the reflection spectrum (R) appear at the Fabry-Pérot (F- 
P) interference resonance wavelengths λm of the nanocomposite cavity 
bounded by two closed boundaries as illustrated in Fig. 1, and the 
effective refractive index (RI) can be described as 

n = mλm/2t cos θ (1)  

where n, t, θ, and m are the effective RI, the thickness of the nano
composite cavity, the incidence angle, and the integer was referring to 
the order of the interference fringe, respectively [51–56]. The multiple 
layers of air, Au, and nanocomposite were modeled with COMSOL 
Multiphysics using the Wave Optics Module [57]. The incidence angle θ 
was normal to the top surface in the FEA (θ = 0). Details of the RI 
calculation procedure based on Equation (1) can be found in the Sup
plementary Information (Fig. S1). 

Due to the intensive computational cost of 3-dimensional (3D) model 
analysis, the feasibility of using a 2D model was verified by comparing 
the reflection spectra. As the verification study, BaTiO3 nanoparticle – 
poly(methyl methacrylate) (PMMA) composites were used in 3D and 2D 
models. The locations of F-P resonance dips in the simulated reflection 
spectra using 3D and 2D models were compared, and the differences at 
the wavelengths of λm were negligible (Δλm ≈ 1 nm). Note that the 
difference of calculated effective RIs using 3D and 2D models was ob
tained with 0.1%–0.16%. The detailed optical properties of BaTiO3 
particles and PMMA matrix, particle size, the content of particles, and 
the simulated reflection spectra of the 3D- and 2D-modeled 
BaTiO3–PMMA composite cavity are provided in the Supplementary 
Information (Fig. S2 and Table S2). Based on the feasibility test, 2D 
models were used in all subsequent simulations. 

The layer of Au placed on top of nanocomposite cavity was used as 
the closed boundary, and its thickness was chosen to be 50 nm for a high 
Q factor, as a measure of the sharpness of F-P resonance. The pre
liminary results are shown in Figs. S3–S4 and Table S3. The complex 
refractive indices of Au and Air were taken from data of Ordal et al. [50] 
and Ciddor [51], respectively. The closed boundary at the bottom of 
nanocomposite cavity system was set as a perfect electric conductor 
(PEC) which is equivalent to a perfect metal so that the perfect reflection 
and no phase loss are achieved. Additionally, the periodic boundary 
condition was set at the vertical sides (parallel to y-direction) of unit cell, 
and x-polarized light (TM-polarized light) was incident along the normal 

Fig. 3. Comparison of the FEA-based prediction with the reference measurement data [67–70] and the traditional EMA models (Maxwell-Garnett theory (MGT), 
Lorenz-Lorentz (L-L), Parallel, and Drude) of various nanocomposite systems consisting of (a) BaTiO3/PMMA, (b) TiO2/PMMA, (c) ZnO/PMMA, (d) Nb2O5/Cy
clomer-P, and (e) SiO2/Cyclomer-P. 
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direction (y-direction) as shown in Fig. 1. The thickness of the nano
composite cavity was selected to be much larger than the size of nano
particles (~30 times) to ensure homogenous dispersion conditions [58, 
59]. 

This FEA model has an intrinsic error which is attributed to the loss 
by the 50-nm Au layer on top of the cavity. To evaluate this error, a 
model was computed with the known input RI (RIIN) in the pure polymer 
cavity, and the computation result, FEA-derived RI (RIFEA), was 
compared with RIIN. The FEA-simulations were performed with the 
polymer cavity thickness (1, 1.15, 3 μm), and various values of input RIs 
ranging from 1.5 to 2 with a step of 0.05. The average percentage errors 

(given by |(RIFEA − RIIN) /RIIN|⋅100%) were 2.27% (order m = 1; stan
dard deviation σ = 0.04%) and 2.58% (order m = 5; σ = 0.12%), 1.99% 
(order m = 1; σ = 0.04%), and 0.78% (order m = 3; σ = 0.04%) for the 
cavity thicknesses of 1, 1.15, 3 μm, respectively (Fig. S5 and 
Tables S4–S6). In our further study, the RIFEA obtained from the F-P 
simulation and Equation (1) were adjusted by using the average per
centage errors depending on the thickness of the cavity and the order of 
F-P resonance. The error-corrected RI (RIc) is defined as 

RIc = RIFEA/(1 + average percentage errors )
(2)  

2.2. Material and fabrication 

It is desirable to minimize the nanoparticle scattering loss to detect 
the change in the effective RI accurately. Since the Rayleigh scattering is 
negligible when the nanoparticle diameter is smaller than λ/10 [58], the 
composite materials in this study are composed of nanoparticles with 
10–15 nm size and characterized in the MWIR regime (λ = 3–5 μm). The 
nanocomposite samples were fabricated with an organically modified 
chalcogenide (ORMOCHALC) polymer, (poly(S-r-DIB), due to its low 
absorption-loss in the MWIR. The poly(S-r-DIB) (S 35 wt%, 1,3-DIB 65 
wt%) was synthesized by the inverse vulcanization method [5–7,23,25, 
39,41,60], and the procedure is found in the Supplementary 
Information. 

Fig. 4. The surface SEM images (top view) of ORMOCHALC nanocomposites samples. (a–c) Si/poly(S-r-DIB) with 4.6, 7, and 10 vol% nanoparticles. (d–f) ZnS/poly 
(S-r-DIB) with 0.97, 3.02, and 4.10 vol% nanoparticles. (g–h) RIc (labeled as FEA), RI calculated using the traditional EMA models, and the IR-VASE measured RI as a 
function of Si and ZnS particle volume fractions. 

Table 2 
Summary of the ellipsometry-measured RI (RIEM), FEA-derived RI (RIFEA), error- 
corrected RI (RIc), and the error between RIc and RIEM of ORMOCHALC 
nanocomposites.  

Particle Particle fV RIEM RIFEA RIc Error 

Si 4.66% 1.722 1.754 1.720 0.14% 
7.24% 1.751 1.783 1.748 0.17% 
10.19% 1.778 1.817 1.782 0.21% 

ZnS 0.97% 1.679 1.708 1.675 0.25% 
3.02% 1.701 1.720 1.686 0.91% 
4.10% 1.712 1.724 1.691 1.27%  
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Si and ZnS were chosen for the embedded nanoparticles due to the 
high transmittance and low loss in the MWIR [5,6,61,62]. The nano
particles are functionalized with the oleic acid capping agent for stable 
dispersion in the poly(S-r-DIB) matrix [41,63,64]. Note that we used the 
commercial Si nanoparticles in a diameter of 15 nm (US Research Ma
terials, USA), and the synthesized ZnS nanoparticles in an average 
diameter of 10 nm by the method [41,65,66] as described in the 

Supplementary Information. 
The nanocomposite synthesis procedure is shown in Fig. 2. First, the 

solid poly(S-r-DIB) was ground into powder and dissolved in 1,2-dichlo
robenzene (1,2-DCB) solvent in a vial. The mixture was stirred by a 
magnetic stir-bar for 4 h at 120 ◦C in an oil bath to dissolve the poly(S-r- 
DIB) in 1,2-DCB completely. Then, the air-cooled solution was filtered 
by a polytetrafluoroethylene (PTFE) filter with 0.2 μm pore size. The Si 

Fig. 5. FEA model for the F-P interference in the nanocomposite cavity depending on the size of embedded nanoparticles. (a) Electric field amplitude in the x- 
direction (|Ex|) at the F-P resonance order of 3 (m = 3) for embedded particles with diameter of (1) d = 0 (no particle), (2) d = 24.8 nm, (3) d = 39.6 nm, (4) d = 50 
nm, (5) d = 95.2 nm, (6) d = 128.4 nm, (7) d = 155.6 nm, (8) d = 212 nm, (9) 39.6 nm-particle-cluster, effective diameter = 212. (b) The effective RIc as a function of 
F-P resonance order (m) and the size of embedded nanoparticles in the nanocomposite cavity. The 39.6 nm-particle-cluster model result is shown as pink dash line. (c) 
The effective RIc as a function of the scattering intensity due to the different nanoparticle size embedded in the nanocomposite cavity. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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and ZnS nanoparticles were dispersed in 1,2-DCB in a separate vial by an 
ultrasonication probe (1000 W) for 12 h. Finally, the nanoparticle so
lution (Si or ZnS) was added to the poly(S-r-DIB) solution, followed by 
the sonication for an additional 2 h. The nanocomposite solution (the 
mixture of the nanoparticle solution and the poly(S-r-DIB) solution) was 
spin-coated on a Si wafer, and cured in a vacuum oven at 80 ◦C for 2 h. 
The nanoparticle volume fractions in the composites were 4.6, 7.0, and 
10.0 vol% for Si, and 1.0, 3.0, and 4.1 vol% for ZnS. 

2.3. Characterization methods 

The complex refractive indices of the nanocomposites coated on Si 
wafers were characterized by using the infrared-variable angle spec
troscopic ellipsometer (IR-VASE, Mark II, J. A. Woollam Co.). The IR- 
VASE measurement procedure is shown in Supplementary information 
6.3. The nanoscale surface morphology was observed by scanning 
electron microscopy (SEM, FEI Verios 460L). The SEM beam conditions 
were 10 kV, 0.8–1.6 nA, 0V bias and TLD detector with SE mode. 

3. Results and discussion 

3.1. Model validation 

The approach using the FEA-based F-P interference model was 
validated by reproducing the experimentally measured RIs of nano
composites reported in literature, including BaTiO3/PMMA [67], 
TiO2/PMMA [68], ZnO/PMMA [69], Nb2O5/Cyclomer-P ACA250 
(Daicel Chemical, Japan) [70], and SiO2/Cyclomer-P ACA250 [70]. The 
predicted RI values by the FEA-based F-P interference model were also 
compared to the traditional EMA models, such as MGT, L-L, Parallel, and 
Drude models. The input parameters of the FEA models, including the 
RIs of matrix and particle, the size of particle, and volume fraction, were 
taken from the literature [67–70], shown in Table 1. It is assumed that 
the particles are dispersed by equal distance in the matrix polymer in the 
2D FEA-model. Since the prism coupling method was used in the ref
erences [67–70] to measure the RI at the wavelength of 633 nm, the 
thickness of the nanocomposite layer t in the FEA model was set as 1 μm 
to obtain the resonance dips at wavelength ~633 nm. The effective RIs 
of the nanocomposites are calculated by using Equation (1) based on the 
resonance wavelength λm, the nanocomposite layer thickness t, and the 
fringe order number m. The resonance wavelengths in the reflection 
spectra of the nanocomposites are found in Fig. S6. The average per
centage error of 2.58%, which corresponds to an error of the 1-μm cavity 

model at the 5th order resonance (Table S4), was used to correct the 
FEA-derived RI, i.e., the error-corrected RI as shown in Equation (2). 
Fig. 3 and Table 1 for the nanocomposites we considered (i.e., 
BaTiO3/PMMA, TiO2/PMMA, ZnO/PMMA, Nb2O5/Cyclomer-P 
ACA250, and SiO2/Cyclomer-P ACA250) illustrate the comparison be
tween the corrected-RIs (RIc) and the measurement data reported in the 
references [61–64]. The trend of RIc agrees well with the measurement 
data. The largest discrepancy is obtained with 1.05%, 0.16%, 1.02%, 
0.48%, and 0.22% for BaTiO3 (excluding the outliers at 36 and 52 vol%), 
TiO2, ZnO, Nb2O5, and SiO2 nanocomposites, respectively (Table 1), 
which is probably due to the non-uniform dispersion and size distribu
tion of the nanoparticles that will be discussed in the following. 

3.2. Composite characterization and property prediction 

Nanocomposites for MWIR optical devices are designed based on an 
ORMOCHALC polymer, poly(S-r-DIB). The SEM images (top view) of the 
Si/poly(S-r-DIB) composites (Si volume fraction: 4.6, 7.0, and 10 vol%) 
and the ZnS/poly(S-r-DIB) composites (ZnS volume fraction: 0.97, 3.02, 
4.10 vol%) show uniform dispersion of particles (Fig. 4(a–f)). The 
complex refractive index (n + i⋅k) was measured in the wavelength range 
of 2–6 μm by using the IR-VASE (Fig. S7). Due to the low extinction 
coefficient of the nanocomposites k at ~4 μm, the nanocomposite 
thickness t in the FEA model was designed to be 1.15 μm, resulting in the 
F-P resonance at ~4 μm. The RIs of poly(S-r-DIB), Si, and ZnS used in the 
FEA simulation are fixed at 1.67, 3.4, and 2.3, respectively, according to 
their RI data at 4 μm [5,71]. The corresponding F-P reflection spectra are 
shown in the Supplementary Information Fig. S8. The average error of 
1.99%, which corresponds to the error of the 1.15-μm cavity model at 
the 1st order F-P resonance (Table S5), was used to correct the 
FEA-derived RI using Equation (2). The RIc matches well with the 
IR-VASE measurements as summarized in Table 2, and shows compa
rable or better accuracy as compared to the traditional EMA models 
(Fig. 4(g–h)). The discrepancy between the predictions and the mea
surement of ZnS/poly(S-r-DIB) is mainly caused by the uncertainties in 
the composite fabrication, including aggregation and non-uniform 
morphology of nanoparticles. Compared with the same or higher vol
ume fraction SEM images of Si/poly(S-r-DIB), the ZnS/poly(S-r-DIB) 
images showed a denser population of nanoparticles at the top surface of 
the sample, which indicated that ZnS nanoparticles aggregated on the 
top surface of the film (further investigation about the uneven distri
bution was done in the section 3.3.2). Note nanoparticles in FEA-models 
are evenly distributed with uniform morphology, and the traditional 
EMA models are only associated with the properties of constituent ma
terials (real and imaginary parts of refractive index of nanoparticle and 
matrix) and the volume fraction. In the following section, we test the 
hypothesis that the fabrication uncertainties give rise to the deviation 
between predicted and measured RIs, which is enabled by using the 
FEA-based method. 

3.3. Effects of composite fabrication uncertainties 

3.3.1. Nanoparticle size 
The effect of the size of nanoparticles on the composite’s effective RI 

was investigated by the FEA model for the F-P interference in the 
composite cavity with embedded nanoparticles with diameter (d) of 
24.8, 39.6, 50, 95.2, 128.4, 155.6, and 212 nm (Fig. 5(a1-a8)). In 
addition, to understand the clustering effect, a particle-cluster model 
was proposed in Fig. 5(a9), where each particle-cluster was constituted 
by 39.6 nm particles, and the total volume is equal to the model con
sisting of solid 212-nm particles. The RIs of nanoparticle and polymer 
matrix were taken as 3.0 and 1.5, respectively. The particles were 
assumed to be uniformly distributed, and the content of particles was 
fixed at 19 vol%. The thickness of the composite cavity was 3 μm. The 
simulated reflectance spectra clearly show the F-P resonance dips cor
responding to m = 4, 3, and 2 as indicated in Figs. S9(a–c). The average 

Table 3 
Calculation table of the effect of nanoparticle size (d) on the RI of composites, 
including N (the particle concentration calculated using the fixed particle vol
ume fraction at 19 vol%), E0,NP (electric field amplitude in the particle), σNP 

(scattering cross-section area), αNP (the scattering coefficient of nanoparticles), 
INP (the scattering loss intensity due to the nanoparticles), and RIc.  

d (nm) N 
(μm−3) 

E0,NP (V/ 
μm)  

σNP/L2 αNP/L2 

(μm−3) 
INP/L2 

(V2/μm4) 
RIc 

24.8 19.67 1.23 ×
10−1 

6.58 ×
10−6 

1.29 ×
10−4 

5.88 ×
10−6 

1.687 

39.6 12.33 9.74 ×
10−2 

4.28 ×
10−5 

5.27 ×
10−4 

1.50 ×
10−5 

1.688 

50 9.67 8.82 ×
10−2 

1.09 ×
10−4 

1.05 ×
10−3 

2.45 ×
10−5 

1.690 

95.2 5.00 6.64 ×
10−2 

1.43 ×
10−3 

7.14 ×
10−3 

9.44 ×
10−5 

1.697 

128.4 3.67 5.68 ×
10−2 

4.73 ×
10−3 

1.73 ×
10−2 

1.68 ×
10−4 

1.702 

155.6 3.00 5.30 ×
10−2 

1.02 ×
10−2 

3.06 ×
10−2 

2.58 ×
10−4 

1.707 

212 2.00 4.96 ×
10−2 

3.51 ×
10−2 

7.03 ×
10−2 

5.18 ×
10−4 

1.719 

39.6- 
cluster 

2.00 4.70 ×
10−2 

3.51 ×
10−2 

7.03 ×
10−2 

4.66 ×
10−4 

1.696  
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Fig. 6. Effect of nanoparticle arrangement. (a) Electric field amplitude in x-direction (|Ex| at m = 1, where λ is ~3.4 μm). The red dash-lines indicate the Au layer 
atop the nanocomposite cavity, and the yellow dash-lines in a(9)-a(11) indicate the dielectric layers. (b) The effective RIc as a function of the scattering loss intensity 
due to different nanoparticle arrangement. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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errors of 0.80%, 0.78%, 0.77%, corresponding to the error of 3-μm 
cavity model at m = 4, 3, and 2, respectively (Tables S6–S8), were used 
for the error-correction of FEA-derived RIs. As the diameter of particle 
increases from 24.8 nm to 212 nm, the RIc also increases from 1.687 to 
1.719 (m = 2), from 1.687 to 1.719 (m = 3), and from 1.687 to 1.721 (m 
= 4), which appear at ~5 μm, ~3.5 μm, and ~2.5 μm, respectively 
(Fig. 5(b)). The particle-cluster model RIs are 1.694, 1.696, and 1.701 at 
~5 μm, ~3.5 μm, and ~2.5 μm, respectively, which are shown as the 
pink dash line in Fig. 5(b). The RI of the 39.6 nm-particle-cluster model 
(effective diameter = 212 nm) is significantly lower than the RI of the 
solid 212-nm model (8) while being still higher than the well-dispersed 
39.6 nm model (3). 

An increased scattering loss can explain the increase of RI with the 
particle size by particles [72]. The relationship between the scattering 
effect and the macroscope RI of the nanocomposite, n, can be described 
as: 

n − 1 =
λ2

2π

(
̅̅̅̅̅̅̅̅̅̅̅̅
αMAM

√
+

̅̅̅̅̅̅
INP

I0t

√ )

(3)  

where λ is the light wavelength, αMA and M are the scattering coefficient 
and the atomic concentration of the matrix, respectively, INP is the 
scattering loss intensity due to the nanoparticles, I0 is the intensity of the 
incidence light, and t is the thickness of the composite cavity. Detailed 
explanation is provided in Section 12 of Supplementary Information. 
The scattering loss intensity due to nanoparticles embedded in the 
composite cavity is: 

INP ≈ αNP t
(
E0,NP

)2
= NσNP t

(
E0,NP

)2 (4)  

where E0,NP is the electric field amplitude calculated by the surface 
average electric field in the nanoparticles based on the FEA result, N is 
the particle concentration, σNP is the scattering cross-section area, and 
αNP is the scattering coefficient of nanoparticles. Of note, the 2D nano
particle in the FEA is equivalent to the same diameter cylinder with the 
unit length L. The scattering cross-section area (σNP) of cylinder nano
particles can be calculated by the following equation [73,74]: 

σNP =
8π3

3
V2

λ4

(
n2

particle − n2
matrix

)2
=

π5

6
d4L2

λ4

(
n2

particle − n2
matrix

)2
(5)  

where nparticle and nmatrix are the RIs of nanoparticles and polymer matrix, 
respectively, d is the particle diameter, and L is the length of cylinder. 
The RIc for composites with different nanoparticle sizes are outlined in 
Table 3. As summarized in Table 3 and Fig. 5(c), we found that the 
scattering loss intensity INP and the effective RI increases simultaneously 
when the nanoparticle size increases (Equations (3)–(5)). For the 39.6 
nm-particle-cluster model, the scattering loss intensity INP is comparable 
to the solid 212-nm model if the cluster is assumed as a 212-nm solid 
particle (Table 3), but the effective RI calculated by the FEA model is 
significantly lower than the solid 212-nm model. This phenomenon 
demonstrates that the particle cluster cannot provide enough scattering 
intensity as solid particles, and the data point (9) in Fig. 5(c) actually 
should shift to the left side near the trend line of solid models. 

3.3.2. Particle dispersion 
Various particle arrangements, e.g., (1) equal distance, (2) square, 

(3) random, (4) aggregated, (5) top-skewed, (6) middle-skewed, (7) 
bottom-skewed, and (8) top-bottom, were FEA-modeled to understand 
the effect of particle dispersion states on the effective RI of nano
composites (Fig. 6a). The diameter, RI, and volume fraction of the 
nanoparticles were 39.6 nm, 3, and 19 vol%, respectively. The RI of 
polymer matrix was 3, and the thickness of composite cavity (t) was 
modeled to be 1 μm. The reflectance spectra at ~3.4 μm obtained from 
the FEA are shown in Fig. S10. The obtained RIc from FEA and Equation 
(2) are summarized in Table 4. To correct the intrinsic FEA error, the 
average error, 2.27%, corresponding to the 1-μm cavity model at m = 1 
(Table S4), was used in Equation (2). In general, the dispersion states 
with higher particle density within the mid-region in y-direction, where 
the electric field amplitude in x-direction is the highest, tend to increase 
the RI (e.g., (5) top-skewed, (6) middle-skewed, and (7) bottom-skewed) 
than the states with lower particle density in the mid-region, such as (8), 
(Fig. 6(a)). This tendency can be interpreted by the nanoparticle scat
tering loss: for given volume fraction and morphology of particles, the 
total scattering loss by the nanoparticle INP increases as more nano
particles are placed in a region of strong electric field (Equation (4)), 
finally leading to the increase of RI (Equation (3)), as shown in Fig. 6(b). 
The scattering loss of nanoparticles INP/L2 was calculated by using the 
surface-average electric field amplitude E0,NP in nanoparticle (Table 4). 
The scattering coefficient of nanoparticles αNP/L2 was fixed at 5.27 ×
10−4 μm−3. In contrast, when the particles are scarce in the F-P reso
nance region, such as cases (4) and (8), both INP/L2 and effective RI tend 
to decrease. Moreover, to confirm this conclusion, a dielectric layer of 
finite thickness (enclosed by yellow dash-lines) with the same RI and 
volume fraction as the nanoparticles were placed at the top, middle, and 
bottom in Fig. 6(a9 – a11). The calculated RIs were 2.20, 1.819, and 1.77 
for the middle, bottom, and top-located dielectric layers, respectively, 
which agrees with our expectation that the embedded particles (or 
dielectric layers) located in the stronger electric field region is more 
efficient to increase the composite RI. 

3.3.3. Shape and orientation effect 
The particle shape and orientation effect on the composite RI was 

studied with the following particle shapes: circle, square, and rectan
gular (Rec) with aspect ratios (AR) 1:2, 1:3, and 1:5. The square ele
ments have two rotation conditions (refer to y-axis): 0◦ and 45◦. 
Rectangular elements have three rotation conditions: 0◦, 45◦, and 90◦, as 
shown in Fig. 7(a). The particle volume fraction (19%), material prop
erties (polymer RI = 1.5, particle RI = 3), and the number of particles 
were kept consistent for all the models (N = 12.33 μm−3). The circle 
particle diameter was 39.6 nm. The F-P reflection spectra for the com
posites with those nanoparticles are shown in Fig. S11. The FEA error of 
0.78%, which corresponds to the error of the 3-μm cavity model at m = 3 
(Table S7), was used for the error-correction, and the resultant error- 
corrected RIs (RIc) are tabulated in Table 5. It was be found that the 
elongated particles in the x-direction (90◦ rotation) yield a higher RI, 
such as Rec AR 1:5 particle with 90◦ rotation had the largest RI. 

The scattering loss by nanoparticles was also used to analyze the 
relationship between RI increase and different particles’ shape and 
orientation. When the nanoparticle size is small enough compared to the 
wavelength of incident light (~3.4 μm), the particles’ scattering cross- 
section area and coefficients are independent of the particles’ shape 
and orientation [75]. This conclusion can also be verified by far-field 
scattering simulation results (Fig. S12 – S13). Thus, the scattering 
cross-section area of particles σNP with different shape and orientation 
could be assumed the same as circular particle with d = 39.6 nm, and the 
scattering coefficient of nanoparticles, αNP/L2 was fixed at 5.27 × 10−4 

μm−3. However, according to Equation (4), the scattering intensity loss 
INP also relies on the incident electric field amplitudes E0,NP. The incident 
electric field amplitudes E0,NP could be enhanced due to different shapes 

Table 4 
Calculation table of nanoparticles dispersion state effect on the effective RI, 
including E0,NP in the x-direction, scattering loss intensity INP, and RIc.  

Dispersion states E0,NP (V/μm)  INP/L2 (V2/μm4) RIc 

Equal Distance 2.83 × 10−2 4.93 × 10−6 1.682 
Square 2.83 × 10−2 4.93 × 10−6 1.677 
Random 2.95 × 10−2 5.34 × 10−6 1.687 
Aggregation 2.60 × 10−2 4.15 × 10−6 1.643 
Top-Skewed 3.10 × 10−2 5.90 × 10−6 1.721 
Middle-Skewed 3.42 × 10−2 7.21 × 10−6 1.745 
Bottom-Skewed 3.24 × 10−2 6.47 × 10−6 1.721 
Top-Bottom 2.54 × 10−2 3.97 × 10−6 1.638  
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and orientations particles in the nanocomposite can affect each other 
and attribute to the different electric field resonance effects [76]. The 
scattering intensity loss by nanoparticle, INP/L2 was calculated by using 
the surface-average electric field amplitude E0,NP in nanoparticles 
(Table 5). As the particle elongated in the x-direction (light electric field 
oscillating direction), both E0,NP and INP/L2 increase, finally leading to 

the increase of RI (Fig. 7(b)). 
It can be concluded from all particle size, arrangement, and shape 

effect analyses that the nanoparticles scattering intensity can indicate 
the composite’s effective RI shifting. In all models, higher scattering loss 
from nanoparticles causes higher effective RI. 

Fig. 7. Particle shape and orientation effect. (a) Electric field map in x-direction at the F-P resonance (m = 3) for different elements: (1) Circle, (2) Square, (3) Square 
45◦, (4) Rec 1:2, (5) Rec 1:2 45◦, (6) Rec 1:2 90◦, (7) Rec 1:3, (8) Rec 1:3 45◦, (9) Rec 1:3 90◦, (10) Rec 1:5, (11) Rec 1:5 45◦, and (12) Rec 1:5 90◦. (b) The effective 
RIc as a function of the scattering loss intensity due to different nanoparticle shape and orientation. 
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4. Conclusion 

In this paper, we studied the FEA-based RI prediction method for 
nanocomposite. The method was validated by comparing with the 
reference data and the fabricated ORMOCHALC composites for MWIR 
optics. The comparison with the reference data obtained by physical 
measurement of the samples [67–70], showed that the average error of 
the RIc was 0.49%. The causes of the discrepancy between the mea
surement and the theory-based RI was investigated by varying the par
ticle morphology and dispersion states with the base model composed of 
the matrix with RI of 1.5 and the nanoparticles with RI of 3 in 19 vol%. 
When particle size increases from 24.8 nm to 212 nm, the effective RI of 
nanocomposite also increases from 1.687 to 1.719 due to the scattering 
loss. The relationship between the scattering loss and the effective RI of 
nanocomposite was also applied to explain the effect of the particle 
dispersion state and the particle shape and orientation. The particles 
arranged in a higher electric field area lead to a higher effective RI. The 
middle-skewed dispersion (particles aggregated at the high E-field area) 
and top-bottom dispersion models (particles aggregated at the low 
E-field area) had the highest and lowest RI as 1.745 and 1.638, respec
tively, for the study model composite. For different shape and orienta
tion particles, the nanocomposite showed higher effective RI when 
particle elongation along with electric field oscillation (x-direction). 
When the particle’s shape and orientation were AR 1:5 90◦ (longest side 
along the x-direction) and AR 1:5 elements (shortest side along the 
x-direction), the nanocomposite had the largest RI and smallest RI as 
1.886 and 1.647, respectively. It was proved that the scattering loss 
intensity has a proportional relation with the nanocomposite RI. 

Based on this study, future work will entail the quantitative analysis 
of the nanoparticles morphology effect on the effective RI value of the 
nanocomposites. Future research also includes optimizing optical and 
mechanical properties of polymer composites composed of uncertain 
shape and size particles which is closer to the reality of the composite, 
and mixed kinds of particles composites system properties characteristic 
which can be applied on multi-functional composite materials. 
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