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Spectral Voltage Contour Plots of Optical Constants and 
Interface Parameters of the Active Layer of a Multilayer 
Structure Suspended Particle Device Smart Window 
from Clear on to Dark off States   
 

David Barrios*  a,b and Carlos Alvarez  b  

Smart windows based on suspended particle devices (SPDs) are able to switch optically from dark to clear visual 
appearance when applying an AC electrical signal. This effect is due to light absorbing nanoparticles that get 
aligned by the applied voltage. The sandwich structure of an SPD consists of several layers and includes two outer 
glass substrates, each one covered on its inwards-facing side with a transparent conducting thin layer surrounding 
the centrally positioned SPD active layer. A knowledge of the optical constants of each layer—i.e., the complex 
refractive index, including its real and imaginary (absorption) parts—is a key in the design of the visual appearance 
of the SPD window and is a useful tool to determine the optimum thickness of the active layer. 
 

Graphical abstract 

                  

1. Introduction

Chromogenic materials are able to change the 
transmitted, reflected, scattered or absorbed light by means 
of an external stimulus such as an electrical signal. 
Electrochromic devices (ECDs), polymer dispersed liquid 
crystals (PDLCs) and suspended particle devices (SPDs) are 
three technologies for electrically controllable transmittance 
of smart windows. Among the advantages of SPDs are their 
short switching times, of the order of a second for large area 
devices, and the visual appearance of the SPD’s optical states, 
which switch from dark bluish-grey to clear grey, rather than 

from white-milky translucent to transparent states as in 
PDLCs. The major drawbacks for SPD smart windows are their 
relatively low transmittance in the clear state, in the range of 
50%, their haze or undesired light scattering, which ensues 
from the absorbing and scattering particles, and the 
requirement of electrical power in the clear state. Currently, 
one of the best SPD applications is in the automotive market. 

In previous works [1,2], an electro-optical characterization 
of an SPD sample was carried out by considering only one 
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layer for their sandwich structure (due to the unknown optical 
constants of the other layers). The refractive index and the 
extinction coefficients were determined by using the 
collimated-collimated (cc) equations of the Maheu-
Letoulozan-Gouesbet four-flux model (MLG-4FM, [3]) for 
direct transmittance (Tdir) and specular reflectance (Rspec). 
The extensive scattering and absorption coefficients (S & K) 
were approximated by using the Kubelka-Munk two-flux model 
(KM-2FM, [4]) combined with the Saunderson corrections [5], 
for taking into account the interfaces, for the total 
transmittance and reflectance (Ttot & Rtot). In the present work, 
two glass substrates and two ITO (Indium Tin Oxide) thin films 
are added to the model of the sandwich structure surrounding 
the active layer containing the suspended particles, and its 
optical constants—i.e., refractive index and extinction 
coefficient—were determined by using Pfrommer’s matrix 
model [6]. 

2. Material and Methods 

In this section for materials and methods, the devices, 
optical measurements and a theory section will be detailed.  
 
2.1 Devices 

An SPD sample with 28 x 22 cm2 active area and 1 cm total 
thickness was supplied by CRICURSA (Cristales Curvados 
S.A., Barcelona, Spain), which is a licensee of Research 
Frontiers Inc. (Woodbury, NY, USA). The inner active layer 
consists of a cross-linked polymer matrix containing droplets 
comprising a suspension of polyhalide particles [1]. The SPD 
sample operated with 0 (dark off state) and 100 Vpeak (clear on 
state) and 50 Hz of frequency sinusoidal signals.  
 
2.2 Optical measurements  

A Perkin Elmer Lambda 900 spectrophotometer, equipped 
with an integrating sphere, was used for measuring the total 
and diffuse transmittance and reflectance (τ & ρ) of the SPD 
sample in the solar wavelength range (250 to 2500 nm) in 
steps of 5 nm for the dark off and clear on states. Intermediate 
levels of transmittance τ were also measured with 10 V steps 
from 0 to 100 Vpeak.  
 
2.3 Theory  

Pfrommer method describes the matrices for interface 
and layers, which can be classified in substrate (or thick 
layers) and films (or thin layers), according to their thickness 
and the wavelength of incident light. This section will be 
divided into the following sections: 

(2.3.1) Interface & layer matrices for thick layers 
(substrates) and thin layers (films).  

(2.3.2) Transmittance and reflectance (τ & ρ) of a thick 
layer or substrate.  

(2.3.3) Transmission and reflection (t & r) coefficients of a 
thin layer or film deposited over a thick layer or substrate. 
 
2.3.1 Interface & layer matrices for thick layers (substrates) 
and thin layers (films) 

Following the Pfrommer nomenclature [6] for the 
multilayer sandwich structure method, two different types of 
matrices are observed:  

• Interface M matrices: represents the relationship 
between the amplitudes or intensities of the 

radiation fields on each side of the interface 
between two layers.  

• Layer N matrices: describes the attenuation of 
the radiation as it propagates through a layer. 

The transmission of radiation through an absorbing 
material depends on the thickness or optical path of the 
layers: 

• A thick layer or substrate shows disturbances 
along the path of propagation due to in-
homogeneities in the material, which disrupt the 
phases of the waves and destroy the coherence 
of the waves, resulting in a reduction of the 
intensity (I) of the transported energy, referred as 
extinction and caused by scattering and 
absorption. 

• A thin layer thickness is of the order or the 
wavelength of incident light or less. The short 
path-differences between the waves inter-
reflected between the interfaces result in 
interferences, which mean that the coherence of 
the wave is maintained. A thin layer shows 
absorption of light due to destructive 
interference, which result into an attenuation of 
the electric field (E).  

 
2.3.2 Transmittance and reflectance (τ & ρ) of a thick layer 
or substrate 

The transmission radiation through an absorption and/or 
scattering media is characterized by the complex refractive 
index n’ of the material: 

𝑛𝑛′ = 𝑛𝑛 − 𝑖𝑖𝜅𝜅 (Eq. 1) 

The imaginary part of the complex refractive index (the 
extinction index κ) is responsible for the scattering and the 
absorption of light in the layer and the real part n describes the 
light refraction. The procedure for deriving τ & ρ of a thick layer 
or substrate (layers 1, 3, and 5 in Fig. 1) from outside to inside 
mediums (τoi and ρoi) with two standard top and bottom 
interfaces was explained by Pfrommer [6]. Here standard 
interface is referred for differentiating from another type of 
special interface, which will be considered in the next section, 
consisting on a thin layer structure between two substrate 
layers, the outer glass and the inner SPD active layer (layers 2 
and 4 in Fig. 1). The following four steps were considered for 
determining τoi and ρoi. For the moment let consider that 
outside medium and inside medium are separated by the 
substrate medium so the assembly consists of air-substrate-
air sandwich structure. Two standard interfaces, outside-
substrate (o-s) mediums and substrate-inside (s-i) mediums, 
must be considered. For each top (o-s) and bottom (s-i) 
interfaces, τ & ρ must be computed: 

1st step: Determination of the Fresnel transmission and 
reflection (t & r) coefficients at normal incidence (φo = φi = 0°) 
for S and P polarizations of the two interfaces (o-s and s-i) 
from refractive index of each medium. Since the optical 
constants are described using complex refractive index, 
Fresnel t & r coefficients in Eq. 2 to 5 are observed to be 
complex numbers, where suffix oi must be considered for top 
air-substrate and bottom substrate-air interfaces between o-s 
and s-i mediums respectively:  

𝑡𝑡𝑜𝑜𝑜𝑜𝑆𝑆 =
2𝑛𝑛𝑜𝑜′

𝑛𝑛𝑜𝑜′ + 𝑛𝑛𝑜𝑜′
 (Eq. 2) 
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𝑟𝑟𝑜𝑜𝑜𝑜𝑆𝑆 =
𝑛𝑛𝑜𝑜′ − 𝑛𝑛𝑜𝑜′

𝑛𝑛𝑜𝑜′ + 𝑛𝑛𝑜𝑜′
 (Eq. 3) 

𝑡𝑡𝑜𝑜𝑜𝑜𝑃𝑃 =
2𝑛𝑛𝑜𝑜′

𝑛𝑛𝑜𝑜′ + 𝑛𝑛𝑜𝑜′
 (Eq. 4) 

𝑟𝑟𝑜𝑜𝑜𝑜𝑃𝑃 =
𝑛𝑛𝑜𝑜′ − 𝑛𝑛𝑜𝑜′

𝑛𝑛𝑜𝑜′ + 𝑛𝑛𝑜𝑜′
 (Eq. 5) 

2nd step: Interface τ & ρ (tau and ro) are computed as the 
ratio of transmitted and incident power and the ratio of 
reflected and incident power respectively. The factor of ni’/no’ 
of Eq. 6 and 7 is the reciprocal of the ratio of the media's wave 
impedances, i.e., the ratio of the transverse components of the 
electric and magnetic fields at right angles to the direction of 
propagation and assuming that the magnetic permeability µ is 
equal to one. The real part of this factor is used in order to 
avoid complex numbers for interface transmittances [7]. 
Besides, square absolute values of complex Fresnel t and r 
coefficients are computed multiplying by their conjugates, 
where exponent X stands for S or P polarizations. As in the 1st 
step, suffix oi must be considered for both o-s and i-s 
interfaces:  

𝜏𝜏𝑜𝑜𝑜𝑜𝑋𝑋 = 𝑅𝑅𝑅𝑅 �
𝑛𝑛𝑜𝑜′

𝑛𝑛𝑜𝑜′
� ⋅ �𝑡𝑡𝑜𝑜𝑜𝑜𝑋𝑋 �

2 = 𝑅𝑅𝑅𝑅 �
𝑛𝑛𝑜𝑜′

𝑛𝑛𝑜𝑜′
� ⋅ 𝑡𝑡𝑜𝑜𝑜𝑜𝑋𝑋 ⋅ �̂�𝑡𝑜𝑜𝑜𝑜𝑋𝑋  (Eq. 6) 

𝜌𝜌𝑜𝑜𝑜𝑜𝑋𝑋 = �𝑟𝑟𝑜𝑜𝑜𝑜𝑋𝑋�
2 = 𝑟𝑟𝑜𝑜𝑜𝑜𝑋𝑋 ⋅ �̂�𝑟𝑜𝑜𝑜𝑜𝑋𝑋 (Eq. 7) 

Interface matrix Moi
(I) of Eq. 8 using τoi and ρoi parameters 

(i.e., the mean of two S & P polarized τ & ρ) relates Io
+ & Io

- and 
Ii

+ & Ii
-, i.e. the radiation intensity (I) propagating forward (+) 

and away (-) from an interface in the direction from the outside 
(“o”) to the inside (“i”) medium:  

�𝐼𝐼𝑜𝑜
+

𝐼𝐼𝑜𝑜−
� =

⎣
⎢
⎢
⎡

1
𝜏𝜏𝑜𝑜𝑜𝑜

−𝜌𝜌𝑜𝑜𝑜𝑜
𝜏𝜏𝑜𝑜𝑜𝑜

𝜌𝜌𝑜𝑜𝑜𝑜
𝜏𝜏𝑜𝑜𝑜𝑜

𝜏𝜏𝑜𝑜𝑜𝑜 −
𝜌𝜌𝑜𝑜𝑜𝑜𝜌𝜌𝑜𝑜𝑜𝑜
𝜏𝜏𝑜𝑜𝑜𝑜 ⎦

⎥
⎥
⎤
⋅ �𝐼𝐼𝑜𝑜

+

𝐼𝐼𝑜𝑜−
� = 𝑀𝑀𝑜𝑜𝑜𝑜

(𝐼𝐼) ⋅ �𝐼𝐼𝑜𝑜
+

𝐼𝐼𝑜𝑜−
� (Eq. 8) 

3rd step: Substrate layer matrix: The extinction (κ) 
attenuation factor Δs(d) of a thick layer or substrate 
describing the reduction in intensity of radiation of wavelength 
λ, from an initially value I1 to the final value I2 as it traverses 
the substrate layer of thickness d, is shown in Equation 9:  

𝛥𝛥𝑠𝑠(𝑑𝑑) =
𝐼𝐼2
𝐼𝐼1

= 𝑅𝑅𝑒𝑒𝑒𝑒 �−
4𝜋𝜋𝜅𝜅
𝜆𝜆

𝑑𝑑� (Eq. 9) 

Substrate layer matrix Ns
(I) describing the attenuation of a 

wave, as it traverses the medium within the substrate layer 
from initial (1) to final (2) positions, is shown in Equation 10:  

�𝐼𝐼𝑠𝑠
+(1)
𝐼𝐼𝑠𝑠−(1)� = �

1
𝛥𝛥𝑠𝑠(𝑑𝑑) 0

0 𝛥𝛥𝑠𝑠(𝑑𝑑)
� ⋅ �𝐼𝐼𝑠𝑠

+(2)
𝐼𝐼𝑠𝑠−(2)�

= 𝑁𝑁𝑠𝑠
(𝐼𝐼) ⋅ �𝐼𝐼𝑠𝑠

+(2)
𝐼𝐼𝑠𝑠−(2)� 

(Eq. 10) 

4th step: Matrix multiplication: Computing the substrate 
layer matrix between the two o-s and s-i interface matrices is 
shown in Equation 11. When illuminating only from the outside 
medium (“o”) in the forward (+) direction, Io

+=1 and Ii
-=0. Then, 

Equation 11 becomes Equation 12 and the forward (+) 
intensity of the inside medium (Ii

+) and the backward (-) 
intensity of the outside medium (Io

-) are related to τoi and ρoi 
respectively, i.e., the τ & ρ of an outside-substrate mediums 
interface matrix (Mos

(I)), a substrate layer matrix (Ns
(I)) and a 

substrate-inside medium interface matrix (Msi
(I)):  

�𝐼𝐼𝑜𝑜
+

𝐼𝐼𝑜𝑜−
� = 𝑀𝑀𝑜𝑜𝑠𝑠

(𝐼𝐼) ⋅ 𝑁𝑁𝑠𝑠
(𝐼𝐼) ⋅ 𝑀𝑀𝑠𝑠𝑜𝑜

(𝐼𝐼) ⋅ �𝐼𝐼𝑜𝑜
+

𝐼𝐼𝑜𝑜−
� (Eq. 11) 

� 1
𝜌𝜌𝑜𝑜𝑜𝑜

� = 𝑀𝑀𝑜𝑜𝑠𝑠
(𝐼𝐼) ⋅ 𝑁𝑁𝑠𝑠

(𝐼𝐼) ⋅ 𝑀𝑀𝑠𝑠𝑜𝑜
(𝐼𝐼) ⋅ �𝜏𝜏𝑜𝑜𝑜𝑜0 � (Eq. 12) 

 
2.3.3 Transmission and reflection (t & r) coefficients of a thin 
layer or film deposited over a thick layer or substrate 

As in previous section for determining τ & ρ of a substrate, 
two interfaces must be considered for determining τ & ρ of an 
air-film-substrate-air assembly: outside-film-substrate (o-f-s) 
medium top special interface and substrate-inside (s-i) 
mediums standard interface. The only difference with the air-
substrate-air assembly of previous section is the substitution 
of o-s top interface of a substrate by an o-f-s interface of an 
air-film-substrate top interface. The following three steps 
were considered for determining the t & r coefficients of a thin 
film (Toi and Roi, in capital letters to differentiate from the t & 
r coefficients of a standard interface between two substrates 
or thick layers): 

1st step: Determination of the Fresnel transmission and 
reflection (t & r) coefficients at normal incidence (φo = φi = 0°) 
for S and P polarizations of the two standard interfaces (o-f 
and f-s), which consist of the top special interface (o-f-s). The 
t & r coefficients for each interface are derived from refractive 
index of each mediums using Equations 2 to 5, resulting to be 
complex numbers, where suffix oi for the top and bottom 
interfaces are related to outside-film (o-f) and film-substrate 
mediums (f-s). In case that the top special interface consists 
of a pile of N thin layers or films, there would be N bottom 
interfaces. Interface matrix Moi

(E) using t & r coefficients is 
observed in Equation 13 in order to relate Eo

+ & Eo
- and Ei

+ & Ei
-

, representing the amplitudes of the net electric fields (E) 
propagating forward (+) and away (-) from an interface in the 
direction from the outside (“o”) medium to the inside (“i”) 
medium. Here suffix oi must be considered for o-f and f-s first 
and second interfaces, which are observed in the top special 
interface for the outside-film-substrate mediums. The bottom 
standard interface observed is the same substrate-inside 
mediums interface observed for the previous case of air-
substrate-air assembly:  

�𝐸𝐸𝑜𝑜
+

𝐸𝐸𝑜𝑜−
� =

⎣
⎢
⎢
⎡

1
𝑡𝑡𝑜𝑜𝑜𝑜

𝑟𝑟𝑜𝑜𝑜𝑜
𝑡𝑡𝑜𝑜𝑜𝑜

𝑟𝑟𝑜𝑜𝑜𝑜
𝑡𝑡𝑜𝑜𝑜𝑜

1
𝑡𝑡𝑜𝑜𝑜𝑜⎦
⎥
⎥
⎤
⋅ �𝐸𝐸𝑜𝑜

+

𝐸𝐸𝑜𝑜−
� = 𝑀𝑀𝑜𝑜𝑜𝑜

𝐸𝐸 ⋅ �𝐸𝐸𝑜𝑜
+

𝐸𝐸𝑜𝑜−
� (Eq. 13) 

2nd step: Film layer matrix: The attenuation factor Δf(d) of 
a thin layer or film describing the reduction in electric field of 
radiation of wavelength λ, from an initially value E1 to the final 
value E2 as it traverses the substrate layer of thickness d, is 
shown in Equation 14:  

𝛥𝛥𝑓𝑓(𝑑𝑑) =
𝐸𝐸2
𝐸𝐸1

= 𝑅𝑅𝑒𝑒𝑒𝑒 �−
2𝜋𝜋𝑛𝑛
𝜆𝜆

𝑑𝑑� ⋅ 𝑅𝑅𝑒𝑒𝑒𝑒 �−𝑖𝑖
2𝜋𝜋𝜅𝜅
𝜆𝜆

𝑑𝑑� (Eq. 14) 

Film layer matrix Nf describing the attenuation of a wave, 
as it traverses the medium within the film layer from initial (1) 
to final (2) positions, is shown in Equation 15:  

�
𝐸𝐸𝑓𝑓+(1)
𝐸𝐸𝑓𝑓−(1)� = �

1
𝛥𝛥𝑓𝑓(𝑑𝑑) 0

0 𝛥𝛥𝑓𝑓(𝑑𝑑)
� ⋅ �

𝐸𝐸𝑓𝑓+(2)
𝐸𝐸𝑓𝑓−(2)�

= 𝑁𝑁𝑓𝑓
(𝐸𝐸) ⋅ �

𝐸𝐸𝑓𝑓+(2)
𝐸𝐸𝑓𝑓−(2)� 

(Eq. 15) 

3rd step: Matrix multiplication: Computing the film layer 
matrix between the two o-f and f-s interface matrices is shown 
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in Equation 16. When illuminating only from the outside 
medium (“o”) in the forward (+) direction, Eo

+=1 and Ei
-=0 and 

Eq. 16 becomes Eq. 17. The forward (+) net electric field of the 
inside medium Ei

+ and the backward (-) net electric field of the 
outside medium Eo

- are related to Toi & Roi respectively (i.e., the 
t & r coefficients of an outside-film mediums interface matrix 
Mof

(E), a film layer matrix Nf
(E) and a film-substrate medium 

interface matrix Mfs
(E)): 

�𝐸𝐸𝑜𝑜
+

𝐸𝐸𝑜𝑜−
� = 𝑀𝑀𝑜𝑜𝑓𝑓

(𝐸𝐸) ⋅ 𝑁𝑁𝑓𝑓
(𝐸𝐸) ⋅ 𝑀𝑀𝑓𝑓𝑠𝑠

(𝐸𝐸) ⋅ �𝐸𝐸𝑜𝑜
+

𝐸𝐸𝑜𝑜−
� (Eq. 16) 

� 1
𝑅𝑅𝑜𝑜𝑜𝑜

� = 𝑀𝑀𝑜𝑜𝑓𝑓
(𝐸𝐸) ⋅ 𝑁𝑁𝑓𝑓

(𝐸𝐸) ⋅ 𝑀𝑀𝑓𝑓𝑠𝑠
(𝐸𝐸) ⋅ �𝑇𝑇𝑜𝑜𝑜𝑜0 � (Eq. 17) 

3. Results and Discussion 

3.1 Results  
The sandwich structure of Figure 1 considered for the SPD 

sample consists of two outer glass substrates of 0.5 cm 
thickness coated on their inner sides with 13-nm-thick ITO 
films or thin layers, and a centrally positioned 300-μm-thick 
SPD substrate active layer. In order to calculate the optical 
constants of the inner SPD active layer, the optical constants 
of the glass substrates and ITO thin films are required. The 
complex refractive index of the SPD active layer, numbered “3” 
in the schematic sandwich structure of Figure 1, is computed 
by assuming icδδ=1 and jc00=0 —i.e., illuminating from the 
outside air-glass top interface with collimated light and no 
light incident on the air-glass bottom interface. 

 

 
Fig. 1. Sandwich structure of the SPD including two glass 

substrates (1,5) and two ITO thin films (2,4) surrounding the 
inner SPD active layer (3). 

 
The results section will be divided in the following parts: 
(3.1.1) Glass and Glass/ITO samples 
(3.1.2) Outside glass/ITO/SPD/ITO/inside glass sandwich 

SPD sample 
(3.1.3) Intermediate coloration states 
(3.1.4) Interface and layers matrices for the SPD sample 

 
3.1.1 Glass and Glass/ITO samples 

Two samples, an uncoated glass and a glass covered with 
ITO, were optically characterized. The complex refractive 
index of the glass sample (nG and κG) was derived from 
measurements (Tdir

G and Rspec
G) by cc eq. of the MLG-4FM, 

which are appropriate for a thick slab of material. (Fig. 2, [3, 
8]). For the ITO-glass sample (measured with that orientation), 
the Pfrommer model [6] was used with an electric field matrix 
for the thin layer, which takes into account interference 
effects. Optical constants of ITO (nITO & κITO) were derived 
from measurements of Tdir

ITOG and Rspec
ITOG once optical 

constants of glass had been computed from measurements 
of Tdir

G and Rspec
G. Complex refractive index of layers 1, 2, 4 

and 5 of the sandwich structure diagram of Fig. 1 are then 

determined and used for determining complex refractive index 
of inner active SPD layer number 3. 
 
3.1.2 Outside glass/ITO/SPD/ITO/inside glass sandwich SPD 
sample  

Pfrommer model is used to determine the effective optical 
constants of the inner colored active layer of the SPD 
sandwich structure, once the optical constants of glass and 
ITO had been determined, and using a matrix for each layer or 
interface in the modelled structure. The sandwich structure 
(“o-1/2/3/4/5-i”) presents two outer substrate interfaces of 
air-glass (o-1) and glass-air (5-i) and two inner interfaces 
which includes a pair of thin layers (Glass/ITO/SPD (1-3) and 
SPD/ITO/Glass (3-5)). Layers “2” and “4” correspond to top 
and bottom ITO thin layers, respectively, and layer “3” stand up 
the inner SPD active layer. The effective refractive index of the 
SPD’s inner active layer is shown in Fig. 3-a and Fig. 3-b. 

 

 
Fig. 2. (a) Real n and (b) imaginary κ parts of the refractive 

index of Glass and ITO samples. (c) Direct transmittance Tdir 
and specular reflectance Rspec of Glass and ITO-Glass samples. 

 

 Fig. 3-c and d show measured Tdir and Rspec together 
with fitted data by Pfrommer model respectively for 0 and 
100 Vpeak applied. In this model ITO thin films surrounding 
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the internal SPD active layer “3” are considered as special 
interfaces and show absorption. The SPD’s real part of the 
refractive index (Fig. 3-a) shows spurious oscillations 
coming from similar features in the measurements of 
Rspec (Fig. 3-d) at the clear “on” state. The real refractive 
index is slightly higher than the value expected for 
herapathite (around 1.6 [9]) and a polymer matrix. However, 
the measurements were carried out on a commercial 
sample, which may not be completely specified by the 

structure in Fig.1. For the imaginary part of the refractive 
index, as expected, the SPD’s extinction coefficient is higher 
for the dark “off” state than for the clear “on” state in the 
visible wavelength range (Fig.3-b). Herapathite, which is 
similar to the particle material of the SPD’s active layer, is an 
artificial polyiodide crystal showing extraordinary dichroism 
so that light rays with different polarizations are absorbed to 
different amounts [9]. 

 

 

 

Fig. 3. Spectral values for optical parameters of the SPD sample at clear on states and dark off states, with 100 Vpeak and 0 applied 
voltage respectively. (a) real part of the refractive index nSPD (b) imaginary part of the refractive index κSPD. (c) direct transmittance Tdir 

and τoi fitting (d) specular reflectance Rspec and fitting ρoi.

3.1.3 Intermediate coloration states
Assuming that the different orientations of dispersed 

particles for each voltage level cause the different spectral 
intermediate values of T, intermediate values of R should be 
related to intermediate values of T and therefore can be 
estimated. Equation 18 is proposed for estimating 
intermediate values of Rtot and Rdiff, and hence Rspec, from 
intermediate values of Ttot and Tdiff, being xx from 10 to 90 
Vpeak applied: 

𝑅𝑅𝑥𝑥𝑥𝑥 = 𝑅𝑅0 +
𝑇𝑇𝑥𝑥𝑥𝑥 − 𝑇𝑇0
𝑇𝑇100 − 𝑇𝑇0

 (Eq. 18) 

Due to interferences observed at high wavelength ranges 
ρ measurements (Fig. 3-d) for the clearest state of the SPD 
sample with the highest level of applied voltages, for the 
following figures which reflectances ρ were interpolated 
computed following Equation 18, the range of following 
parameters will be cut to 1800 nm instead of at 2500 nm. 

 
3.1.4 Interface and layers matrices for the SPD sample 

The transfer of radiation through both coherent (short 
optical path) and incoherent (thick optical path) layers was 
considered to compute the net reflectance ρ (ro) and 
transmittance τ (tau) due to all of the thin and thick layers of 
the combination observed in the schematic sandwich 
structure of Fig. 1. Therefore, the procedure of determining 
interface and layer matrices carried out for the SPD sample 
consists of determining all the following matrices for electric 
fields, in order to compute t & r coefficients, and matrices of 
light intensities, in order to compute tau(τ) and ro (ρ), i.e., the 
transmittance and reflectance of the shunt of interfaces and 
layers: 

• Mo1
(E): Electric fields (E) interface matrix (M) of Eq. 

13 between outside air layer o and top glass 
substrate layer 1 from t & r coefficients of the top 
standard interface at both senses of light, i.e., to1 & 
ro1 and t1o & r1o. 

• Mo1
(I): Intensities (I) interface matrix (M) of Eq. 8 

between outside air "o" layer and top glass substrate 



Orbital: Electron. J. Chem. 2023, 15(1), 8-20 
 
 

 
Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br                                                                       13 

"1" layer from τ & ρ of the top standard interface at 
both senses of light, i.e., tauo1 & roo1 and tau1o & ro1o. 

• N1
(I): layer matrix (N) which stand for attenuation 

factor describing the reduction of intensity of the 
radiation as it traverses the top glass substrate layer 
1. 

• M12
(E): Electric field (E) interface matrix (M) of 

Equation 13 between top glass substrate layer 1 and 
top ITO thin film layer 2 from t & r coefficients of the 
top special interface at both senses of light, i.e., t12 & 
r12 and t21 & r21. 

• N2
(E): layer matrix (N) which stand for attenuation 

factor describing the reduction of the electric field of 
the radiation as it propagates through the 2nd and 3rd 
interfaces through top ITO film thin layer 2. 

• M23
(E): Electric field (E) interface matrix (M) of 

Equation 13 between top ITO thin film 2 and the inner 
active SPD layer 3 from t & r coefficients of the top 
special interface at both senses of light, i.e., t23 & r23 
and t32 & r32. 

• M12
(E)∙N2

(E)∙M23
(E) multiplication matrix Equation 16 

solved for t & r coefficients at both senses of light, 
i.e., T13 & R13 and T31 & R31 (capital letters standing 
for the top thin film ITO layer treated as a special 
interface showing absorption). 

• M13
(I): Intensities (I) interface matrix (M) of Equation 

8 between top glass substrate layer 1 and SPD inner 
active layer 3 from τ & ρ of the top special interface 
in both senses of light, i.e., tau13 & ro13 and tau31 & 
ro31. 

• N3
(I): SPD inner active substrate layer matrix (N) 

which stand for attenuation factor describing the 
reduction of intensity of the radiation as it traverses 
the inner active SPD substrate layer 3. 

• Mo1
(I)∙N1

(I)∙M13
(I) multiplication matrix Equation 12 

solved for τ & ρ at both senses of light, i.e., tauo3 & 
roo3 and tau3o & ro3o. 

• M34
(E): Electric fields (E) interface matrix (M) of 

Equation 13 between SPD inner active layer 3 and 
bottom ITO film thin layer 4 from t & r coefficients of 
the top standard interface at both senses of light, i.e., 
t34 & r34 and t43 & r43. 

• N4
(E): layer matrix (N) which stand for attenuation 

factor describing the reduction of the electric field of 
the radiation as it propagates through the 3rd and 4th 
interfaces through bottom ITO film thin layer 4. 

• M45
(E): Electric fields (E) interface matrix (M) of 

Equation 13 between bottom ITO film thin layer 4 and 
bottom glass substrate layer 5 from t & r coefficients 
of the top standard interface at both senses of light, 
i.e., t45 & r45 and t54 & r54. 

• M34
(E)∙N4

(E)∙M45
(E) multiplication matrix Equation 16 

solved for t & r coefficients at both senses of light, 
i.e., T35 & R35 and T53 & R53 (capital letters standing 
for the bottom thin film ITO layer treated as a special 
interface showing absorption). 

• M35
(I): Intensities (I) interface matrix (M) of Equation 

8 between SPD inner active layer 3 and bottom glass 
substrate layer 5 from τ & ρ of the bottom special 
interface in both senses of light, i.e., tau35 & ro35 and 
tau53 & ro53. 

• N5
(I): layer matrix (N) which stand for attenuation 

factor describing the reduction of intensity of the 

radiation as it traverses the bottom glass substrate 
layer 5. 

• M5i
(E): Electric fields (E) interface matrix (M) of 

Equation 13 between bottom glass substrate layer 5 
and inside air layer “i” from t & r coefficients of the 
top standard interface at both senses of light, i.e., t5i 
& r5i and ti5 & ri5. 

• M5i
(I): Intensities (I) interface matrix (M) of Equation 

8 between bottom glass substrate layer 5 and inside 
air layer “i” from τ & ρ of the bottom standard 
interface at both senses of light, i.e., tau5i & ro5i and 
taui5 & roi5. 

• M35
(I)∙N5

(I)∙M5i
(I) multiplication matrix Equation 12 

solved for τ & ρ at both senses of light, i.e., tau35 & 
ro35 and tau53 & ro53. 

• Mo3
(I)∙N3

(I)∙M3i
(I) multiplication matrix Eq. 12 solved 

for τ & ρ at both senses of light, i.e., tauoi & rooi and 
tauio & roio. 

 
3.2 Discussion 

The treatment of the output data for each level of voltage 
applied to the SPD sample for the achieved simulated 
parameters can add more information about the voltage 
dependence using contour-plots. Two types of contour-plots 
are considered: spectral voltage contour-plots (SVCP), for 
each parameter at each voltage level, and spectral voltage-
steps contrast contour-plots (SVSCCP), for each parameter at 
each difference of voltage level between adjacent voltage 
levels. This section will be divided in the following parts: 

(3.2.1) Spectral voltage contour-plots (SVCP) 
(3.2.2) Transmittance and reflectance of the inner SPD 
layer substrate surrounded by ITO thin layer based top and 
bottom special interfaces (τ15 & ρ15) 
(3.2.3) Transmittance and reflectance of the thin layer ITO 
film based top and bottom special interfaces (τ13=τ53 & 
ρ13=ρ53 and τ31=τ35 & ρ31=ρ35) 
(3.2.4) Spectral voltage-steps contrast contour-plots 
(SVSCCP) 
 

3.2.1 Spectral voltage contour-plots (SVCP) 
τ & ρ voltage dependence of each interface of the setup of 

layers of the sandwich structure of the SPD sample in Fig. 1 
shows different behavior for outer interfaces (between air and 
glass layers) than for the inner special interfaces showing 
absorption (between glass, ITO and inner SPD active layer). 
For outer interfaces (o1 and 5i), the applied voltage level does 
not affect to the interface τ & ρ since the only change caused 
by voltage is related to inner SPD active layer number 3. Hence 
outer interface τ & ρ are voltage independent and do not get 
affected by the optical appearance of the SPD sample. 
Besides, they are bidirectional, i.e., they are the same from 
outside to inside mediums than from inside to outside 
mediums (τoi=τio and ρoi=ρio). Concerning inner special 
interfaces showing absorption, the top inner interface “13” is 
between top glass substrate layer “1”, the top thin film ITO 
layer “2” and the inner SPD active layer “3”. The bottom inner 
special interface “35” is between the inner SPD active layer “3”, 
the bottom thin film ITO layer “4” and the bottom glass 
substrate layer “5”.  

Figures 4 and 5 show the real (nSPD) and imaginary (κSPD) 
parts of the refractive index of the inner SPD active layer 3 
respectively. Interferences observed in nSPD for high levels of 
applied voltage (and hence for the clearest optical states of 
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the SPD) in Fig. 4a cause the differences observed at the 
SVCP of Fig. 4b. The oscillations for nSPD parameter are 
observed for cases when k2<<n2 and a method Swanepoel [10] 
can be applied in order to retrieve a nSPD parameter without 
such oscillations, since the real part of the refractive index is 
related to the speed of light in the medium and should not 
oscillate in such a high way for adjacent wavelengths. 

For κSPD, the SVCP of Figure 5a shows a vertical uniformity 
at wavelength ranges where this parameter is independent of 
the applied voltage, such as for wavelength above 1000 nm, 
where there are no differences from dark and clear optical 
appearances of the SPD, with 0 and 100 Vpeak applied (Fig. 5a). 
Hence, it could be said that nSPD and κSPD parameters show a 
behavior quasi-independent (almost vertical uniformity at the 
SVCP, Fig. 4b) and dependent (no vertical uniformity at all, Fig. 
5b) of the applied voltage, respectively. Since the Swanepoel 
method would eliminate the oscillations of the quasi-
independent behavior of nSPD parameter with the applied 

voltage, leading to an independent behavior such as outer air-
glass τ & ρ parameters at interfaces o1 and 5i. However, this 
method is not carried out in the present work and will be 
considered for future works. 

Figures 6 and 7 show spectral and SVCP of Tdir and Rspec 
respectively. Again, vertical uniformity of contour-plots at 
some wavelength ranges stands for no change in the 
parameters for dark and clear states of the SPD sample. This 
effect is mostly observed at wavelength ranges above 1400 
nm. Oscillations of Rspec at the clearest optical appearances 
of the SPD sample for highest voltage levels are due to 
constructive interferences caused by high transmission of 
light. These constructive and destructive interferences are not 
considered in the Pfrommer model and will be studied in 
future works using Swanepoel method [10]. This interference 
behavior has also been observed for the clear on states of 
other smart windows devices based on PDLC [11]. 

 

 
Fig. 4. (a) Spectral real part of the refractive index nSPD for ten levels of voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for 

Tdir. 
   
 
 

 

 
Fig. 5. (a) Spectral imaginary part of the refractive index κSPD for ten levels of voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-

plot for Tdir. 
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Fig. 6. (a) Spectral direct transmittance Tdir from outside air (layer “o”) to inside air (layer “i”) of Fig. 1 for ten levels of voltage, from 0 to 

100 Vpeak. (b) Spectral voltage contour-plot for Tdir. 
 

 
Fig. 7. (a) Spectral specular reflectance Rspec from outside air (layer “o”) to inside air (layer “i”) of Fig. 1, for ten levels of voltage, from 0 

to 100 Vpeak. (b) Spectral voltage contour-plot for Rspec. 
 

3.2.2 Transmittance and reflectance of the inner SPD layer 
substrate surrounded by ITO thin layer based top and 
bottom special interfaces (τ15 & ρ15) 

Figures 8 and 9 show spectral and SVCP of tau15 and ro15 
(τ15 & ρ15) parameters, i.e., the τ & ρ of inner layers assembly, 
consisting on the special interfaces 1-3 and 3-5 
(corresponding to the ITO thin layers 2 and 4 respectively) and 
the inner SPD active layer 3.  Here, the outer air-glass (o1) and 
glass-air (5i) interfaces, together with glass substrate top and 
bottom layers 1 and 5, were neglected. Equations 19 and 20 
are derived from the matrix Pfrommer model [6] to compute 

τ15 & ρ15 parameters: 
 

( )
( )[ ]233531

33513
15 1 d

d
∆⋅⋅−

∆⋅⋅
=

ρρ
τττ  (Eq. 19) 

( )[ ]
( )[ ]233531

2
3353113

1315 1 d
d

∆⋅⋅−
∆⋅⋅⋅

+=
ρρ
ρττρρ  (Eq. 20) 

Being Δ3(d) the substrate attenuation factor of the SPD 
inner active layer 3 (Equation 9). 

 

 
Fig. 8. (a) Spectral direct transmittance tau15 from top glass substrate (layer “1”) to bottom glass substrate (layer “5”) of Fig.1 for ten 

levels of voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for tau15. 
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Fig. 9. (a) Spectral specular reflectance ro15 from top glass substrate (layer “1”) to bottom glass substrate (layer “5”) of Fig. 1 for ten 
levels of voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for ro15.

 
Equations 21 and 22 are used by Kortum [12] for 

determining τ & ρ of two interfaces (top interface A and 
bottom interface B) for downwelling and upwelling light 
beams “i” and “j” respectively: 

i
B

j
A

i
B

i
Ai

AB ρρ
τττ
⋅−

⋅
=

1
 (Eq. 21) 
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B

j
A

i
B
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A

i
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A
i
AB ρρ

ρττρρ
⋅−
⋅⋅

+=
1

 (Eq. 22) 

Comparing Equations 19 & 21 and 20 & 22 it can be 
deduced the following relations: τA

i=τ13, τA
j=τ31·Δs(d), 

τB
i=τ35·Δs(d), ρA

i=ρ13, ρA
j=ρ31·Δs(d) and ρB

i=ρ35·Δs(d). The 
extinction attenuation factor Δs(d) appears multiplying to τ & 

ρ parameters of both (top and bottom) special ITO thin layers 
2 and 4 only when light crosses the extinction inner SPD active 
layer 3. For the cases where downwelling light beam “i” 
crosses the bottom interface B (τB

i and ρB
i) and for the cases 

where upwelling light beam “j” crosses top interface A (τA
j and 

ρA
j).  

Figures 10 and 11 show the spectral and SVCP of 
parameters τo1 (tauo1) and ρo1 (roo1). Note that the outer τ & ρ 
are bidirectional and symmetrical (due to the sandwich 
structure of the SPD sample), i.e., τo1=τ1o=τ5i=τi5 and 
ρo1=ρ1o=ρ5i=ρi5. Since the outer τ & ρ parameters are not 
affected by the optical appearance of the SPD inner active 
layer 3 (dark or clear), they are independent of the applied 
voltage and the SVCP result perfectly verticals. 

 

 
Fig. 10. (a) Spectral direct transmittance tauo1 from outside air (layer “o”) to top glass substrate (layer “1”) of Fig. 1 for ten levels of 

voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for tauo1. 
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Fig. 11. (a) Spectral specular reflectance roo1 from outside air (layer “o”) to top glass substrate (layer “1”) of Fig. 1 for ten levels of 

voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for roo1. 
 

3.2.3 Transmittance and reflectance of the thin layer ITO film 
based top and bottom special interfaces (τ13=τ53 & 
ρ13=ρ53 and τ31=τ35 & ρ31=ρ35) 

Fig. 12 and 13 show the spectral and SVCP of parameters 
tau13 and ro13, i.e., the τ & ρ of the special top ITO thin layer 2. 
Their reverse parameters tau31 and ro31 spectral and SVCP are 
shown in Fig. 14 and 15. Note the similarity between tau13 and 
tau31, i.e., the transmittance τ of the top ITO thin layer 2 is 
bidirectional. However, this is not the case for ro13 and ro31. 
Besides, due to the symmetrical sandwich structure (Fig. 1), 

the spectral and SVCP of parameters for the bottom ITO thin 
layer 4 are τ53=τ13=τ31=τ35 and ρ53=ρ13≠ ρ31=ρ35. Hence, tau35 
and tau53 are bidirectional but not ro35 and ro53 (and the same 
substituting 35 with 31 and 53 with 13). The transmittance of 
a special thin layer is the same no matter the direction 
considered from outside to inside or vice versa. For 
reflectance, this is not true. That is why only reflectance for 
glass-ITO-SPD correspond to 13 and 53 special interfaces and 
the reflectance to SPD-ITO-glass correspond to 31 and 35 
special interfaces. 

 

 
Fig. 12.  (a) Spectral direct transmittance tau13 from top glass substrate (layer “1”) to inner SPD active layer (layer “3”) of Fig. 1 for ten 

levels of voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for tau13. 
 

 
Fig. 13. (a) Spectral specular reflectance ro13 from top glass substrate (layer “1”) to inner SPD active layer (layer “3”) of Fig. 1 for ten 

levels of voltage, from 0 to 100 Vpeak.(b) Spectral voltage contour-plot for ro13. 
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Note that Fig. 12 is the same than Fig. 14 for bidirectional 
special interface transmittance. However, this is not true for 
Fig. 13 and Fig. 15 for non-bidirectional special interface 
reflectance. Special interface transmittance and reflectance 
are computed using transmission and reflection coefficients 
retrieved with Equations 13 to 17 used in section 2.3.3 for thin 
layers structures. Then Toi and Roi parameters of Equation 17 
retrieved for oi=13, 31, 35 and 53, i.e., from glass to inner SPD 
active layer, with the ITO thin layer considered as a special 

interface showing absorption.  
Then, Equations 6 and 7 are used with the Toi and Roi 

transmission and reflection coefficients of the special 
interface consisting on a thin film layer separating a glass 
substrate and SPD inner active substrate layer. These 
parameters retrieved from Equation 17 were determined in 
order to compute nSPD and κSPD in Fig. 3. Note also that 
Swanepoel method [10] can be used as oscillation.

 
 

 
Fig. 14. (a) Spectral direct transmittance tau31 from inner SPD active layer (layer “3”) to top glass substrate (layer “1”) of Fig. 1 for ten 

levels of voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for tau31. 
 

 
Fig. 15. (a) Spectral specular reflectance ro31 from inner SPD active layer (layer “3”) to top glass substrate (layer “1”) for ten levels of 

voltage, from 0 to 100 Vpeak. (b) Spectral voltage contour-plot for ro31. 

 
Using the four relations of Harbecke [18] for toi, roi, tio and 

rio describing the t & r coefficients (toi=1/T11, roi=T21/T11, 
tio=T11∙T22-T12∙T21)/T11 and roi=-T12/T11) for multilayer matrix 
multiplication, Equations 23 to 24 are derived from Pfrommer 
matrix model [6] for t & r coefficients of the special interfaces 
showing absorption. Top and bottom ITO thin layers T13 & R13 
and T31 & R31 are the same t & r coefficients than T53 & R53 and 
T35 & R35 respectively (in capital letters for differentiating from 
standard interfaces), which thin layer or film attenuation 
factor Δf(d) is determined by the of Eq. 14: 
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Derived Equations 23 to 26 for t & r coefficients are the 

same than the equations 2-32a, b and 2-33a, b of Knittel [19]. 
 

3.2.4 Spectral voltage-steps contrast contour-plots 
(SVSCCP) 

Note that the limits of the vertical axis of this second type 
of contour-plot, for spectral voltage-steps contrast, are from 
10 to 100 V, instead of from 0 to 100 V as in the first type of 
contour-plot, since SVSCCP show which step of voltage is 
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more effective for each parameter shown. Hence, the contrast 
is between adjacent voltage levels and the vertical axis stand 
for the high level of the step voltage. Checking both up and 
down plots in Fig. 3 and 16. For instance, the maximum 
difference of Tdir is observed between 10 V and 20 V and 
between 20 and 30V in the range 700 to 900 nm. At the 
opposite, real part of refractive index n does not show relevant 
changes for the different voltage steps. Voltage steps 
dependence with spectral Tdir, Rspec and imaginary refractive 
index k of the inner active layer of the SPD are mainly observed 
at the visible range. Contour plots showed that, for the first 
four steps from 0 to 40 Vpeak, more than 60% of the change of 
the whole range from 0 to 100 Vpeak is obtained. 

4. Conclusions  

The complex refractive index of the SPD’s inner active 
layer at dark and clear states was determined using the 
Pfrommer matrix model, differentiating between substrates 
and thin layers. The dependence of each transmittance and 
reflectance τ & ρ parameter at each interface with the 
appearance of the SPD sample showed bidirectional behavior 
and voltage independency of outer standard interfaces, where 
air and glass substrate layers are involved. However, for inner 
special interfaces showing absorption, τ & ρ of ITO thin films 
showed a quasi-independent behavior with the applied voltage 
used to switch the absorption suspended particles of the SPD 
sample. Swanepoel method [10] could be applied as future 
works in order to achieve an independent real part of the 
refractive index, which show oscillations at the clearest states 
of the SPD, with low values for extinction. Future works will 
deal with the determination of intrinsic αSPD & βSPD (MLG-4FM) 
and the extensive SSPD & KSPD (KM-2FM) scattering and 
absorption coefficients of four-flux [3] and two-flux [4,5] 
models, respectively, of the inner SPD active layer by 
computing the intermediate forward and reverse light beams 
(Fig. 1) and the diffuse fractions of light at each interface.  The 
study of the t & r coefficients and the collimated τ & ρ will be 
accompanied with the diffuse τ & ρ for both, the standard 
outer and the special inner interfaces showing absorption. 
Diffuse interface reflectance for standard outer interfaces is 
computed averaging the Fresnel reflection coefficients for the 
forward hemisphere [20]. Diffuse interface reflectance for 
special inner interfaces will be studied following Equations 9 
and 10 for collimated to diffuse transfers given by Simonot 
[21]. Besides, a study of the critical angle and the angles of 
incidence inside of the faces of a clear plate due to light 
refraction could result into an improvement of the fitting 
results [22-23]. Previous works of the author with the SPD 
sample were recently published for monolayer case [24], 
improving previous works on the monolayer case of the SPD 
sample [1,2]. Summarizing, the study presented in this work is 
a continuation of the study carried out in a previous work 
presented in a relevant international conference [25], which 
poster is presented at Figure S1 (Supporting information). 
The background coloration of the poster is determined by 
colorimetry for the direct transmittance from 0 to 100 V AC 50 
Hz sinusoidal signal with 10 V steps. As it can be observed, 
some plots of the present work are included in this previous 
work, such as Figures 1, 2, 17 and 18. The main contribution 
of the present work is the study of the voltage dependent 
optical parameters such as top and bottom special interface 
transmittances and reflectances inside the SPD sample, 
concerning those which are related to optical constants of the 
inner active SPD layer, and the non-voltage dependent optical 
parameters of those concerning the outer layers of glass 

substrate and inside or outside air. The same study of optical 
constants using collimated T&R components for monolayer 
case [24] was carried out in [27] using polymer dispersed 
liquid crystals (PDLC) smart windows, which switch between 
white milky translucent off and transparent on optical states 
applying 0 and 74 V at 50 Hz AC sinusoidal signal. The 
simulation of the optical appearance of other types of PDLC 
smart windows [28] using colorimetry CIE Yxy 1931 space 
color and sRGB matrix transformation between the chromatic 
coordinates and the alpha transparency parameter of 
Macromedia Flash in order to simulate the transparent effect. 
Same procedure was carried out for colors of Fig. S1 
(Supporting information) [25]. 

Supporting Information  

Poster presented at the conference of the reference [25]. 
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