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Abstract: Collimated, diffuse, and total light intensity gradients, for forward and backward light senses, were determined in a three substrate layers —
glass/electrolyte/glass — almost transparent sample, using optical constants and new equations for intrinsic and extrinsic scattering and absorption
coefficients. These new equations were obtained for the inner electrolyte layer from the systems of differential equations of the four-flux and
two-flux radiative transfer models, used for determining intrinsic and extrinsic coefficients, respectively, once knowing the optical constants of
outer glass layers, from a single glass substrate sample measured in advance. Extinction coefficients were determined from optical constants and
considering the wavelength compression of light when it enters into a material, decreasing its speed with respect to the vacuum. The same
extinction coefficients for glass and electrolyte layers were computed in three different ways. First, from optical constants, they were determined
using collimated transmittance and reflectance solutions of four-flux model. From them, collimated interface reflectance and attenuation due to
extinction were computed. These intermediate parameters for glass and electrolyte layers were required for determining inner collimated light
intensities at the interfaces, which were used at the collimated forward and backward differential equations, solving for the forward and backward
extinction coefficients. The three-extinction matching requirement was successfully satisfied for the glass and electrolyte layers. Two average
crossing parameters equations, for each sense, and four forward scattering ratios equations, for collimated and for diffuse light intensities for each
sense, were used in the system of diffuse differential equations (DDE) for intrinsic coefficients. For them, intuitive equations were proposed
based on collimated and diffuse light intensities at each interface. New equations for extrinsic parameters were determined by equalizing the
system of total differential equations of the two-flux model to the sum of the systems of collimated and DDE of the four-flux model.
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1. Introduction

The inverse problem of absorption and scattering of light by
small particles, from the transmittance (7) and reflectance (R)
measurements, was defined in Bohren and Huffman [1] as the hard
problem. The direct problem, defined as the easy problem,
considers input data such as concentration, shape, size, and
refractive index of particles and surrounding medium. When the
size of the particles is of the order or bigger than the incident
wavelength, scattering of light, besides absorption, becomes
important and the Lorenz—Mie theory provides a solution for the
single scattering direct problem [2]. Mie explicitly solved
Maxwell’s electromagnetic equations and investigated the scattering
of a single spherical particle in a non-absorbing matrix for a wide
range of sizes. Because of the work coming from Lorenz, the
complete solution was called the Lorenz-Mie theory that was
extensively summarized for small and large particles in [1, 3, 4]
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and for complex shapes of particles different than spherical [5].
Inhomogeneities in heterogeneous materials are associated with a
macroscopic dielectric permeability and the optical properties are
governed by a spatial average, which is expressed through an
appropriate effective medium theory [6]. If the inhomogeneities in
the composite medium are large enough, the effective medium
theories are not valid and radiative transfer theories [7, 8] such as
the two-flux model (2FM) and four-flux model (4FM) are used
instead [9]. Multiple scattering and radiative transfer calculations,
of great importance in many areas of science and technology [4, 9],
were used to compare four-flux calculations of 7 in previous works
[10, 11]. Two-flux model considers two diffuse light beams in
opposite senses, forward (i) and backward (j) [12], at the
differential equations relating extrinsic scattering and absorption
coefficients, leading to the hyperbolic solution for R. Two
collimated light beams were added besides for the 4FM [13].
Scattering and absorption cross sections were related to intrinsic
scattering and absorption coefficients of the 4FM in Maheu et al.
[14] for the diffuse differential equations (DDE), leading to the
solutions for collimated-diffuse 7' (7,.,) and R (R.z), that is, the
diffuse 7" and R when illuminating with collimated light. Extinction
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coefficients, that is, the sum of the intrinsic scattering and absorption
coefficients, are involved into the collimated differential equations
(CDE), leading to the solutions for collimated-collimated 7' (7.)
and R (R..), that is, the collimated 7 and R when illuminating with
collimated light. Although 2FM was originally designed for
completely diffuse samples, it can be approximated for samples
showing partly collimated and partly diffuse light transmitted and
reflected [15], considering the differential equations of 2FM as total
differential equations (TDE). The hyperbolic solution of the 2FM
for T was given in Maheu and Gouesbet [16]. A correction was
considered for taking into account the interfaces [17], leading to the
solutions for total 7' (7;) and R (R,). If 2FM is considered for total
instead of diffuse 7 and R, diffuse fractions of light at the interfaces
are required for determining total interface reflectance, computed as
the sum of collimated and diffuse components [15].

Collimated interface reflectance (r.), determined from optical
constants (complex refractive index) using Fresnel transmission and
reflection coefficients averaged for both light polarizations, shows a
bidirectional behavior, that is, obtaining the same value for light
traveling from the faster to the slower mediums and vice versa.
Despite other works [15, 18, 19] indicating the opposite, diffuse
interface reflectance (r,;) also must show a bidirectional behavior
when considering the suggestion of Kottler [20] using the critical
angle (6, of total internal reflection (TIR) as the limit of
integration, instead of 90°, following the expression for computing
ry of [21]. The bidirectionality of », was observed in a previous
work of Barrios et al. [22], using the optical 7" and R measurements
of a suspended particle device (SPD) smart window, at both optical
states, that is, dark OFF and clear ON, without and with applied
voltage, respectively. Extrinsic  scattering and absorption
coefficients for the SPD sample were determined in Barrios et al.
[22], considering total T and R for approximated 2FM method and
using the appropriate 7, solving mistakes of fittings observed in
previous works with the same SPD sample when no bidirectional r,
had been considered. Intrinsic scattering and absorption coefficients
of 4FM for the SPD sample were also determined in Barrios et al.
[22], thanks to a new proposed fifth equation required for solving
the system of four equations (for T,., R.., T.4 and R.;) and five
unknowns appearing at the solutions of the 4FM [14]. The
procedure carried out in Barrios et al. [22] for the SPD sample,
studied in a single-layer method, was divided into three steps. At
the first step, optical constants were determined from collimated
regular T (7,.,) and specular R (R,,.) measurements using 4FM T,
and R.. solutions [14]. Extrinsic scattering and absorption
coefficients were determined from total 7' (7},,) and total R (R,)
measurements using 2FM T, and R; solutions in the second step
[14-17]. The third step consisted of determining intrinsic scattering
and absorption coefficients from diffuse 7' (7, and diffuse R (Ryy)
measurements using 4FM T, and R.; solutions [14], being the
unknowns the intrinsic scattering coefficients and the forward
scattering ratio (FSR). Intrinsic absorption coefficients were
determined subtracting intrinsic scattering coefficients to extinction
coefficients, being this one computed from optical constants. The
new equation proposed in Barrios et al. [22], for the average
crossing parameter (ACP), was computed from collimated and
diffuse light intensities at the interfaces, knowing that ACP=1
when Tyr = Ryir=0 (ie., Tyeg = Tyr and Ry = Ry;) and ACP =2
when T, = Rye=0 (ie., Tyr = Ty and Ry = Ryop). A value of
ACP =3%3 was considered for the homogeneous clouds of Venus
in Sagan and Pollack [23] (i.e., considering that light travels the
same distance in the three axis, i.e., the main diagonal of a cube of
side unity). Although the magnitude of the fluxes is irradiance
(mW/m? per nm), they are considered unitless and normalized to
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the forward collimated light beam, since the samples are only
forward illuminated through the front interface at the optical
characterization process. Intrinsic and extrinsic scattering and
absorption coefficients are expressed in m~! units. The rest of the
parameters, that is, ., 7, and FSR, and also all collimated, diffuse,
and total light intensities are unitless, with values varying from 0 to
1. The single-layer method used with the SPD [22] sample was
tested successfully with a polymer dispersed liquid crystal (PDLC)
smart window sample, at the translucent OFF and at the transparent
ON optical states.

A multilayer collimated study of the SPD sample was carried out
in Barrios and Alvarez [24], following multilayer matrixial methods
[25-28]. The optical constants of the inner active layer of the SPD
sample were determined using the optical constants of the glass
outer substrate layers and indium-doped tin oxide (/70) transparent
conductor thin film layers, both determined in advance from two
separated samples (i.e., a glass and an /TO-glass) and considering
five layers at the sandwich structure (i.e., glass/ITO/SPD/ITO/glass).
The inner SPD active layer, of thickness higher than incident light
wavelength of the solar spectrum range, was hence considered also
as substrate and not as a thin film. However, the new equation for
ACP [22] was not consistent with the multilayer diffuse study of
the SPD. In order to obtain the intrinsic and extrinsic scattering and
absorption coefficients in a multilayer method, the current work
describes the 4FM new equations discovered by its author in
another recent work [29], using a three-substrate-layer sample, that
is, a glass/electrolyte/glass (GEG) sample. Besides SPD and PDLC,
electrochromic devices (ECDs) are another type of electrically
controllable smart window technology. As explained in Barrios
Puerto [29], the inner electrolyte (E) substrate layer of the GEG
sample was also used in a WO3-NiO inorganic-based ECD, using
fluorine-doped tin oxide (F70) instead of ITO, since indium
element is rare in nature. The sandwich structure of the whole ECD
was glass/FTO/WO3/E/NiO/FTO/glass, considering FTO, WOj3, and
NiO as thin film layers and glass and E as substrate layers. The
optical appearance of WO;3; and NiO are transparent colorless
without applied voltage. With a low DC applied voltage, a redox
reaction takes place between cathodic WO; and anodic NiO inner
active layers, changing the optical appearance to bluish, for WOs;,
and to brownish, for NiO, that is, obtaining a neutral gray optical
appearance for the whole ECD at the colored ON optical state and a
transparent colorless optical appearance at the bleached OFF
optical state.

In this work, it is detailed the new method discovered in Barrios
Puerto [29] for obtaining intrinsic scattering and absorption coefficients,
carried out with the three-substrate-layer sample, that is, GEG multilayer
sample, and using the CDFE and the DDE of the 4FM [13, 14]. Instead of
one ACP and one FSR parameters, as in 7,; and R.,; solutions of
reference [14], two ACPs and four FSRs were required in Barrios
Puerto [29]. As a novelty in relation to reference [29], the new
equations for obtaining extrinsic scattering and absorption
coefficients were discovered, using the TDE of the 2FM [12] and
knowing that the TDE can be computed as the sum of the collimated
and the DDE, that is, TDE = CDE + DDE. The new equations
retrieved for all the parameters of the 4FM and of the 2FM
(dependent on the parameters of the 4FM) are explained in detail in
the present paper. The compression of wavelength of light when it
enters into a slower medium (keeping constant its frequency when
modifying the speed of light) was considered for obtaining the
extinction coefficients from the optical constants retrieved from the
first step of the previous method [22], that is, fitting 7., and Ry, to
T.. and R.. 4FM solutions, respectively [14]. Then, the same spectral
value for the extinction coefficients than the obtained from the
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Figure 1
Sandwich structure of the glass/electrolyte/glass (GEG) sample. (a) Collimated and diffuse light intensities of the
four-flux model and (b) Total light intensities of the two-flux model (computed as the sum of collimated and diffuse)
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optical constants were obtained from the forward and backward CDE,
once determined all collimated light intensities computed at the
interfaces. This phenomenon, named the three-extinction matching
requirement, was used for determining the rest of the new
equations. Finally, the retrieved 4FM and 2FM parameters were
used for plotting the thickness gradients of collimated, diffuse, and
total light intensities, for forward and backward light senses.

2. Devices and Experimental Setup

Optical T'and R measurements of the GEG sample were carried
out in previous works [29] using a double-beam Perkin Elmer Lambda
950 spectrometer equipped with an integrating sphere, in the solar
wavelength range (300-2500 nm), in steps of 5 nm. The sandwich
structure of the GEG multilayer sample is shown in Figure 1. The
sample was illuminated only by the front outer interface at z = 86,
that is, with /% = %=1, and therefore J* = J% + J0=0 =
1%, being the front and back inner interfaces at z = § and z = 0 and
with the front and back outer interfaces at z = 66 and z =00,
respectively. Figures 2 and 3 show the collimated and diffuse
results for the 4FM [13, 14] solved parameters, respectively,
obtained in Barrios Puerto [29] for the GEG sample. For the 2FM
[12] solved parameters, Figure 3(b) shows the results obtained,
comparing extrinsic (S and K) and intrinsic (@ and ) scattering and
absorption coefficients obtained. The sandwich structure of the
GEG multilayer sample also appears in Figures 4, 5, and 6, not
from left to right as in Figure 1, but from top to bottom, that is, the
forward intensities pass to be descending from top to bottom, in
contour diagrams (a), (b), and (c), and the backward intensities

become ascending from bottom to top, in contour diagrams (d), (e),
and (f), for collimated and diffuse light intensities gradients of
Figures 4 and 5, and for total light intensities gradients of Figure 6.

The values of the light intensities shown in Figure 1 were
computed at the interfaces using the intensities labeled with an
asterisk (*), meaning that the intensity arrows do not end at the
interface, but rather begins. These asterisked intensities follow the
definition that at the interfaces light is neither scattered or
absorbed but only transmitted or reflected. Therefore, TregGEG,
Rypo“EC, TyC, RyifFC, T, %F¢, and R,,,“FC, the collimated,
diffuse, and total 7 and R measurements for the GEG sample are
actually the values of the external intensities with an asterisk,
divided by the incident intensity /% = [,% = 1, that is, illuminating
only by the front external interface side at z = 66 and none
through the back external interface at z =00 (J° =0). The rest of
the intensities in Figure 1 are computed taking into account that
light attenuation due to extinction occurs in the three substrate
layers, that is, in the two outer front and back glass layers of
thicknesses dz%=1.5 mm and especially in the inner electrolyte
layer, of thickness dz£ =25 pm, and not at the interfaces.

3. Theory

The theory presented below is developed for a three-substrate-
layer assembly (Figure 1) with the electrolyte substrate (showing
the main light scattering and absorption) placed inner and two glass
substrate layers placed outer. Despite the GEG sample shows a low
value of scattering and absorption, the equations developed in this
section are thought to be valid for materials with any level of
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Figure 2
Collimated-collimated (cc) transmittance and reflectance fittings and measurements of glass (G) and glass/electrolyte/glass (GEG)
samples: (a) Regular transmittance and (b) specular reflectance. Comparison of extinction coefficients retrieved with collimated
differential equations and with matrix form for glass (c) and electrolyte (d) substrate layers
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scattering and absorption. ACP (£) and FSR (6) parameters and
g, a, and f coefficients retrieved from the CDE and the DDE of
4FM [13, 14] were first used in Barrios Puerto [29], being detailed
in this section. The new equations for S and K coefficients were
derived from the TDE of 2FM [12] for the multilayer GEG sample.
Contrary to standard solutions of 4FM [14] and 2FM [12], the
current solutions show a dependence of the extrinsic parameters on
the intrinsic parameters, that is, S, K = f (a, fp, & o). However,
instead of one ACP and one FSR parameters, ACP will be two
parameters (ACP' = & and ACP = &), depending on forward and
backward light senses, and FSR will be four parameters (FSR,'
ol, FSR/ = o/, FSR;/ = o/, and FSR/ = o), depending on
forward and backward light senses and also depending on
collimated and diffuse light components. Besides, FSR and
backward scattering ratio (BSR) are complementary, that is, ¢’ = 1
—d/, for collimated and for diffuse flux, that is, 6./=1-6/ and
o/ =1-0,. This section begins with the determination of the
optical constants of the inner electrolyte layer, used to compute
collimated and diffuse light intensities, which added are the total
light intensities, required in the three systems of differential
equations, CDE and DDE of 4FM [13, 14] and TDE of 2FM [12].

3.1. Optical constants of outer glass and inner
electrolyte layer with matrices

Complex refractive index or optical constants (n and «) of a
material is shown in Equation (1). At an interface between outside
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(0) and inside (i) media, Fresnel transmission (z) and reflection (p)
coefficients at normal incidence, for S and P polarized light, are
shown in Equations (2) to (5). Interface transmittance (f) and
interface reflectance () are computed using Equations (6) and (7),
respectively, being X = S, P, for both polarization of light,
multiplying = and p coefficients by its conjugated:

n=n—ix (1)
21,
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n, +n;
5 Mo 3)
Poi ﬂ:, +7’llt
20,
TaiP =7 £ (4)
n, + n;
. (
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", #,
o =Re(n—,’) P :Re(j) X3 ©)
(4 [
oi:|oi‘2:p¢}7(i.lbf7(i (7)
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Figure 3
(a) Diffuse transmittance and reflectance measurements of glass/electrolyte/glass (GEG) sample (error of calibration
of the spectrometer detector at 900 nm), (b) Intrinsic and extrinsic scattering («) and absorption (f) coefficients,
(c) Forward scattering ratio (FSR = o) for collimated and diffuse, forward (i) and backward (j) light intensities,
light intensities, and (d) Average crossing parameter (ACP = £) for (i) and (j) light intensities
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Interface matrix M,,; of Equation (8) using #,, and r,,; parameters (i.e.,
the mean of two S & P polarized ¢ and r) relates I, & J, and [; & J;, that
is, the radiation intensity propagating forward (/) and backward (J)
from an interface in the direction from the outside (“0”’) medium to
the inside (“7””) medium:

A I - PR IR b ¢
|:]u:| N [: tzor,r:| {L} = Mo {L‘] ®

Substrate layer matrix N;: The extinction attenuation factor z.. of a thick
layer or substrate describing the reduction in intensity of radiation of
wavelength 4,, = A/n, from an initial value /; to the final value 1, as it
traverses the substrate layer of thickness d, is shown in Equation (9).
Substrate layer matrix N 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). Matrix multiplication:
Interface matrix and substrate layer matrix are used in two samples,
that is, the glass sample, with a single substrate layer, for
determining #¢ and «°, and the GEG sample, with three substrate
layers, for determining n and «:
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Glass sample: Computing the substrate layer matrix between the two
0-G and G-i interface matrices is shown in Equation (11). When
illuminating only from the outside medium (“0”) in the forward
() direction, I,=1 and J;=0. Then, Equation (11) becomes
Equation (12) and the forward intensity of the inside medium (/;)
and the backward intensity of the outside medium (J,) are related
to T,.° and R..C, respectively, that is, the T and R of an outside-

glass medium interface matrix (M,¢), a glass layer matrix (Ng),
and an inside-glass medium interface matrix (Mg;):

(10)

{?}me-MrM@[ﬁ} (11)
G
e | = Moo N M- | (12)

GEG sample: Two outer interface matrixes (M, and M;), two inner
interface matrixes (Mg and Mgg), two outer layer matrixes (Ng),
and one inner layer matrix (Ng) are required for the GEG sample
in order to calculate the electrolyte optical constants n and % by
fitting 7..°%° and R..%¢ to T,,,°%¢ and R,,,° measurements,
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Figure 4
Collimated light intensities gradients of a glass/electrolyte/glass (GEG) sample. (a), (b), and (c) Forward light decreasing. (d), (¢), and
(f) Backward light decreasing. (a) and (f) Top glass outer layer. (b) and (f) Inner electrolyte layer. (c) and (d) Bottom glass outer layer
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respectively. Hence, four interface matrices (M,g, Mgg, Mgg, and
Mg;) and three layers matrices (Ng, twice, for front and back glass
layers, and Ng) are observed in Equation (13):

1 TGEG
RGEG | = M,y - Ng - Mgg + Ng - Mgg - Ng - Mg; - 66 (13)
cC

Once glass and electrolyte optical constants are determined using
matrix formulation of previous section by using Equations (12)
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and (13), respectively, collimated and diffuse light intensities are
computed to be used in CDE and DDE of 4FM [13, 14].

3.2. Collimated and diffuse differential equations
of 4FM

Showing a symmetrical behavior for forward and backward
light senses, Equations (14) and (15) are the CDE [13, 14] that
were used to obtain the forward and backward extinction
coefficients €; and g; of the inner electrolyte layer of the GEG
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Figure 5
Diffuse light intensities gradients of a glass/electrolyte/glass (GEG) sample. (a), (b), and (c) Forward light increasing. (d), (e), and (f)
Backward light increasing. (a) and (f) Front glass outer layer. (b) and (f) Inner electrolyte layer. (c) and (d) Back glass outer layer
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sample. In order to obtain all light intensities appearing at Equations
(14) and (15), the following procedure from the outside to the inside
of the sample should be carried out. Since I, =1 and J,°=0 in
Figure 1, 1. and J,% are calculated from Equations (16) and (17)
for the regular 7 and the specular R or collimated components,
respectively. Hence, T,,,°2¢ = (I.%* and R..%%% = (J.%)*.
Then, 1,° and J.° are calculated with Equations (18) and (19),
respectively. The system of Equations (20) and (21) was solved
for 7,° and J.2 in Equations (22) and (23), respectively. Collimated
light intensities with asterisk (I.°)* and (J.°)* of Equations (14)
and (15) are computed with Equations (24) and (25), respectively.
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Extinction coefficients for glass and electrolyte substrate layers £

and ef are given in Equation (26) and used to compute collimated
attenuations 7, and 7. with Equation (27):

dl. (1) — (1)

e A R U (14)

d c ? — ? -

G_UD-U_ 05
Ty = (1= 18) - I (16)
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Figure 6
Total light intensities gradients of a glass/electrolyte/glass (GEG) sample. (a), (b), and (c) Forward light decreasing.
(d) and (f) Backward light decreasing and (e) increasing. (a) and (f) Front glass outer layer. (b) and (f) Inner electrolyte layer.
(c¢) and (d) Back glass outer layer
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U = (= rd®) - Je et 12 (25) U2 = —rd®) Ty +1g" - 1y (37)
47k 4wk nX 1 (m-1)(3m+1) mm—l m—1
X = =X +85X=G,E (26) -
Pt Py p flm) =3+ (m+1 = (2 R
X — =N X — G E 27) _2m*(m* —2m — 1) (m* +1) In(m)
(m? +1)(m* —1) m+1m—1)
As observed in Equation (9) for determining z,,, the Equation (26) can (38)
be used to verify that the wavelength (1) must be 4,, = A/n instead of 4,
that is, lower wavelength than that of empty space or air, since n > 1. ¢ = / e L[ (39)
Taking this into account, the forward and backward light extinction 0
coefficients €; and €, were obtained according to the CDE in o s
Equations (14) and (15) and compared with £* from Equation (26) E=1+ Ii+Tq (40)

when x = E (electrolyte), turning out to be equal when using the
sandwich structure of Figure 1, suitable for the measured GEG
sample, with three substrate layers. Then, in the same way, @ and
p intrinsic coefficients can be obtained by means of the DDE, that
is, from Equations (28) and (29). In order to obtain all light
intensities appearing at the DDE in Equations (28) and (29), as at
the CDE in Equations (14) and (15), the following procedure from
the outside to the inside of the sample should be carried out.
Since 1,”> = J,°°=0 in Figure 1, 1,"° and J,* are calculated from
Equations (30) and (31), for the diffuse 7 and R components,
respectively. Hence, T,;,°F¢ = (1,”°)* and R F¢ = (J,)*. Then,
17 and J? are calculated with Equations (32) and (33), being 7,°
and J,® with Equations (34) and (35). Diffuse light intensities with
asterisk (1°)* and (J,)* of Equations (28) and (29) are computed
with Equations (36) and (37), respectively. Then, »,* and »,%F are
computed using the Equation (38) [19] with m = ny/n;, being n;
< n,, that is, when traveling from the faster to the slower
medium. As with r,, r; also shows a bidirectional behavior when
integrating up to 6, [20-22]. The collimated attenuation of glass
(z.% was computed with Equation (27) for X = G (glass) and the
diffuse attenuation of glass (z,°) was computed with Equation
(39), integrating the extinction attenuation of light, inside the
glass layer, up to 6,:

dly _ (L) — 1
dz  dit
— ~(1)y'ola — ot~ [iota + (§p+ Eda)  (28)

Ay _Ja—Ua)"

dz  dif

= Jiola+ (I¥) ol + (I})*E'0l, — J3(8 + &ola)  (29)

Tag®C = (1—1§) - I (30)
Ry®6 = (1—=1§) -] 31)
I=(17) t§=r-Jp 7§ (32)
Jo=U) =1 1P 7§ (33)
3 I GE . 0
P R I i o0
d 1— rgE 1— rgE
1P GE . s
) GE . 186 4+ — -1
]5 _ (]d) —rg Id _ Tf; "d 4 (35)
d 1— rgE 1— rgE
(L) = (1 —rg®) Iy + 1" - T3 (36)

RA+I9+J0 475

Once calculated all light intensities of the system of the DDE in
Equations (28) and (29) in Barrios Puerto [29] and based on the
Equation (40) used for ACP in Barrios et al. [22] as the fifth
equation, intuitive expressions were proposed: Equations (41) and
(42), for the two ACPs (¢ and &) and Equations (43) and (44), for
the two FSR parameters for diffuse light intensities (¢;/ and o), in
both light senses, that is, FSR and complementary BSR, that is,
o/=1-0/, x = c,d. The complementary of 6/ and 6,/ can be easily
observed in Equations (43) and (44). Now the system of the DDE in
Equations (28) and (29) can be solved for @ and ¢, in Equations (45)
and (46), respectively. According to Equation (26), for the electrolyte
layer, intrinsic absorption coefficient f is calculated subtracting
extinction and intrinsic scattering coefficients:

- 41
= +ﬁ+@ (41)
- ]2
S “2)
i I
0y = Ig +]3 (43)
]8
=T (44)
a:I‘g_ (B) = (J0) + 1+ (& (I5) +& - J0) - ¢ - dF )
d2b () + R+ & (1) +8 -5
b _ATBLEBEC »
D
A=[@R) + R +&7] - [ - (1)"]
=& (1) (09 = J5+ (@) + J]e"dz")
B2 = £ (15) 0 (1§ + 75 — (8)" — (15)" + +ePdeP [£(15)" + §73])

(J9) =19 = T3 + +ebdE T3

— &)

(00 + -+ e [0 + 97

C=goya((1)" +

D = [()" + 815 — (15)* —

3.3. Total differential equations of 2FM

Considering that the TDE in Equations (47) and (48) of the 2FM
[12] can be computed as the sum of the CDE — Equations (14) and
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(15) — and the DDE — Equations (28) and (29) — of the 4FM [13, 14], S
and K can be solved as a function of a, f, &, and o parameters. Values of
collimated and diffise inner light intensities, that is, 1., 1%, (I.)*, (L),
J2,JP, (JO*, and (J,°)*, are computed from Equations (22), (34), (24),
(36), (23), (35), (25), and (37), respectively. Note that since TDE = CDE
+ DDE, Equation (47) is equal to Equation (14) plus Equations (28) and
Equation (48) is equal to Equation (15) plus Equation (29). Then, solving
S and K, Equations (49) and (50) are obtained as function of intrinsic
parameters and collimated and diffuse light intensities related to 4FM
retrieved in the previous section, that is, a, f, &, oy, Xy, and (Xy/7)*,
being X = 1J, Y = ¢,d, and Z=0,6. Since light at interfaces can only
be transmitted or reflected, collimated and diffuse interface
transmittance (¢. and ;) are complementary to r. and r,, respectively
(ie., t.=1-r. and ty= 1-r,). Besides, due to the 6, used as limit of
integration for r,, they are bidirectional:

da () + (1) =10 -1

dz dzF

= S+K)- (@) + (L)) =s- (e +7a) @7
a0 +715— 00 = Ud)
dz dzE
= —(S+K)- (RT3 +S- (@) + (1)) @9
S_s;;’+s?;+sg;+s;;+s;i,d+s?,d+sg;’+s;;”+s;’f+s;; @)

Dy - Dy
Dy = (I2 = JO18 + (1§ = J)t*
Dy = I + Igtg® + Jeré + Jarg® + 2+ Jg
Sif = 12731 - [a(1+ €0l — 801, — oleg) + B(1 - &)
st =~ (a1 = (ol +80)) (14 19)] + 1 - €1)
S = (I2)?aol[L +r& (15 — 2)]
S5 = 02| l(r)? - o
St = Ua)*ré*
([BE - ) — o801, — §015F) | - o801, — £ ) )
Syt = Lili
(algob(er - 26)) - g0l + plle - )]
Sif = Rt G a0l + 0]
st =Ja{a- [ —1§) (1-ol) — @] + - [0 - 8) - 11— )]}
P = o{rEGErgE —ol — (Ejafj - S"G{irgE) (1 + rSE)
it = (128 [+ 180, (1 —2)

K_m+m+@+@
Dk

(50)
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K§=@¢%4}72&)+5
Kf = Jla {tCGE —200(1 + 1) + ﬁtCGE}
K{ = Ip&'tg*

K = 1881+ 1)

Note that collimated and diffuse asterisk outer light intensities in
Figure 1(a), starting instead of finishing at the interfaces,
correspond to collimated and diffuse measurements, that is,
TregGEG — (ICOO)*, RspeGEG - (JC&%)*’ Td;‘f'GEG - ([d()())*’ and
Ryi°EC = (J2)*. Then, total T and R components of Figure 1(b)
are calculated adding collimated and diffuse 7" and R components
of Figure 1(a), respectively, that is, T, 70 = T, +
TdifGEG — (]COO)* + (IJOO)* and RMGEG R. GEG +
RayfC = (U2 + (SO

4. Results and Discussion

Optical constants were first obtained by a single fitting process
from collimated 7 and R measured components, required for
determining intrinsic and extrinsic parameters from the expressions
of Section 3. Fitting 7T,., and Ry, measurements to 7. and R..
Equations (12) and (13), respectively, for both G and GEG
samples, are shown in Figure 2(a) and (b), respectively. A very
small value for extinction coefficients ¢ is obtained for the glass
substrate layer in Figure 2(c) compared with the value obtained for
the electrolyte (£) substrate layer in Figure 2(d), that is, 7 << &F.
The slight difference between &% = &% ~ €% obtained for the G
layer from the CDE Equations (14) and (15) and from matrix form
Equation (26) is related to the calibration of the used spectrometer.
A perfect match is obtained for the E layer.

Measurements of 7;-and R ;- for the GEG sample are shown in
Figure 3(a). Intrinsic scattering () and absorption () coefficients of
the electrolyte layer were determined in Figure 3(b) from Equations
(26) and (45), since f = e—a. FSR and BSR show small differences
for collimated and diffuse light intensities (¢’ =~ o,/ and 6/ ~ 6/) in
Figure 3(c). They were determined from Equations (43), (44), and
(46), and knowing that ¢/ =1—0c,. A higher value of ACP for
backward light, from Equation (42), than for forward light, from
Equation (41), observed in Figure 3(d), is explained by a higher
haze (H) or diffuse/total ratio in R than in 7 — in Figure 2(a), 2(b)
and Figure 3(a) — or Hy > Hr, with Hg = Ry /R, °EC and Hy
=T, d!-fGEG/TtO,GEG. Extrinsic coefficients (S and K) for the inner
electrolyte layer of the three layers GEG sample, computed from
Equations (49) and (50), respectively, are observed in Figure 3(b),
together with intrinsic coefficients (@ and ).

The ultraviolet cutoff of the glass substrate layer, observed for
both G and GEG samples, causes the abrupt drop observed in
Figure 2(c) and (d) at the start of the spectrum, since almost no
light is transmitted, with highly increasing of the extinction.

Collimated, diffuse, and total light intensities gradients are now
obtained using the methods described in Section 3, that is, from
extinction coefficients obtained from optical constants, and from
the intrinsic scattering and absorption coefficients, using the two
ACPs and the four FSRs, and from the extrinsic scattering and
absorption coefficients, respectively. For collimated light
intensities gradients, (I.°)* and J.° must be substituted by (1,%)*
and J.Z in CDE Equations (14) and (15), respectively, in order to
compute collimated forward and backward light intensities at each
point of the layer. Equations (51) and (52) are then used for this
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task. As in CDE with (I.%)* and J.%, for diffuse light intensities
gradients, (1,°)* and J,°> must be substituted by (I,7)* and J/Z in
Equations (45) and (46), respectively, which are the solutions of
the DDE Equations (28) and (29), in order to compute diffuse
forward and backward light intensities at each point of the
layer. Equations (53) and (54) are then used for this task. Note
that (I;/)* and J/ also depend on (/,%)* and J. of Equations (51)
and (52), respectively. For total light intensity gradients,
TDE Equations (47) and (48) become Equations (55) and (56),
where I° = 1.9 + 1,0 and (JO* = (J.O)* + (J.O)*, being (F)* =
IAH* + (I5* and = JZ + JF# the unknowns, solved in
Equations (57) and (58), respectively:

(L) = % (51)

¢ = 15_][% (52)
(17 = - #HELC) (53
o WP +0) (54)

D+E
Al =18Z[a(l — o) —e] — 1} + +olaZ{(I?)" +J7)
B = Stz ((J3)" +adzE(1D)°) + +6 0222 (o7 — ol (7))
Cl = dolaZ?(e(I2)" — (o + )J7)

A =[1+82Z(e - a)](J9)" — ozl + +EaZ)((11)" +JE)
B = az{ol{(I2)" + J) + £, (13)" — 1)}

O = az2é [8(1 — o)+ oc(ojd + ag)] () + %)
D=1+[§ &)1 —¢)laz - E§2% (o + &)

E= ozZ{ [sjafj — é"aj;j] +§E’Z[(2 - O{i 70';>8++0t<0f1 +a{i)]}

Z\* __ 70
%ZMTI:(HKNUZ)*—S-JZ (55)
Z _ (70\*
%:%:—(&LK)-[ZJFS-(IZ)* (56)
L4 (K+8)-Z] - ()8 Z
(1) = 2 K B5-K (57)
o U N (K4S) 248 7 (3)

1+27*-K-(2-S—K)

Collimated, diffuse, and total light intensities gradients of Figures 4,
5, and 6, respectively, were carried out computing nine inner light
intensities values in steps of 2.5 pm, for the inner electrolyte
layer, and five inner light intensities values, for front and back
outer glass layers. Hence, for the electrolyte inner layer of 25 pm
thickness, the inner light intensities were computed using
Equations (51) to (58) for zy=0, z; =2.5 pm, z; =5 pm, z; =7.5
pm, z4 =10 pm, zs =12.5 pm, zg=15 pm, z; =17.5 pm, zg =20
pm, zo=22.5 pm, and z;o=25 pm = dzf, being the light
intensities at zo and z;¢ (placed at z=0 and at z = §, respectively,

in Figure 1), the light intensities at the extremes previously
computed. For forward collimated and diffuse light intensities at
the electrolyte layer, I.(zo) = 1.° and I,(z) = I, using Equations
(22) and (34), respectively, and I.(z;9) = (I.0)* and I,(zi0) =
(I%)*, computed using Equations (24) and (36), respectively. For
backward collimated and diffuse light intensities at the electrolyte
layer, J.(zo) = (J.°)* and Jzo) = (J,)* using Equations (25) and
(37), respectively, and J.(z19) = J.° and Jz10) = J.°, computed
using Equations (23) and (35), respectively.

Forward and backward total light intensities were computed
adding collimated and diffuse light intensities — I(zo) = I.(zo) +
Ifz0) = (L)%, I(z10) = 1z10) + 1dz10) = 1, JHz0) = Jo(zo) +
Jd(ZO) = JC{s, and J(Zl()) = JC(ZIO) + Jd(ZIO) = (JCO)*. Then, for the
front and back outer glass layers, both of 1.5 mm thicknesses, the
five inner light intensities were computed (from e previously
calculated in Figure 2(c) using Equation (26) for X = G)
using Equations (51) and (52) for the collimated values, at
z;=0.25mm,z, = 0.5 mm, z; = 0.75 mm, z; = 1 mm, and zs = 1.25 mm,
being the light intensities at zy = 0 and at z = 1.5 mm = dz, the light
intensities at the extremes previously computed (being z, placed at
z = 6 and z¢ placed at z = 60, for the front glass, and z, placed at
z=00 and z placed at z =0, for the back glass, in Figure 1.

At the front outer glass layer, for forward collimated and diffuse
light intensities, /,(zs) = I’ and I(z¢) = 1, using Equations (18) and
(32), respectively, and I.(zy) = (I.°)* — computed using 1.%/z.C or
1-r9) + r.9J% — and IAz0) = (I;°)* — computed using 1,%/7,°
or r,%J.% — since I7=1 and [°=0, and for backward
collimated and diffuse light intensities, J(zg) = J,%° and Jzy) =
J» using Equations (17) and (31), respectively, and J.(zp) = (J.°)*
— computed using J.2%/7.% or (1=r.95)J2 4 r,OE-1.2 — and J(z) =
(J2)* — computed using J,2/7,C or (1-r,%F)J + r,OF-10 — since
I° # 1 and I” # 0. At the back outer glass layer, for forward
collimated and diffuse light intensities, 7.(z5) = 1.°° and I(z¢) = 1,
using Equations (16) and (30), respectively, and I.(zp) = (I.0)* —
computed using 7.°z.% or (1=r,95)-I047.9%.J0 — and I(z)) =
IP* — computed using 1,°/z,S or (1-r,95)-1 4+,CF-J,0 — since
10 # 1 and I,? # 0, and for backward collimated and diffuse light
intensities, J,(zg) = J.* and JAzo) = J,° using Equations (19) and
(33), respectively, and J.(z5) = (J.°°)* — computed using J.%z.C or
r21%° — and JAz) = (J,2%)* — computed using J,%/z,C or rC-1,%°
— since J.° = J,20=0.

Intrinsic and extrinsic parameters were only computed for the
electrolyte layer, but not for the outer glass layers, due to the low
value expected for them and also because of the similitude
between collimated and total 7 and R measurements observed
with the separated glass sample, that is, in samples without
scattering, a® =~ 0, ¢¢ ~ %, and ACP° ~ 1. Hence, Equations
(57) and (58) were only used for determining the total light
intensities at the nine inner positions of the inner electrolyte layer,
that is, from z; =2.5 pm to zg=22.5 pm, being the total light
intensities for the five inner positions of the outer glass layers
computed adding collimated and diffuse light intensities. The
same gradient plots for forward and backward light intensities of
the inner electrolyte layer is obtained by adding collimated and
diffuse gradient plots, observed in Figures 4, 5, and 6.

Collimated light intensities decrease while crossing at the inner
of the three layers of the GEG sample, for forward and backward
light senses, as it is observed in gradient plots of Figure 4. Inner
collimated and diffuse interface reflectance between glass and
electrolyte layers (#,°F and r,°F) are close to zero since a similar
value for real part of refractive index was obtained for both
electrolyte (nf) and glass (n%) layers using the procedure
described in Section 3, leading to a behavior showing a
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continuation in gradient plots between the different layers. The fact
that nf ~ n® causes asterisk light intensities at inner front and back
interfaces (for z = 6 and z =0 in Figure 1) showing a similar value
than light intensities without asterisk, that is, (I.%)* ~ 1%, (J.°)* = J 2,
I0)* = 1.0 and (J,)* ~ J.°. This is not true at outer front and back
interfaces (for z = 66 and z = 00 in Figure 1) since n¢ # n".

The same behavior of continuation in gradients plots between
the different glass and electrolyte layers is observed for the case
of diffuse light intensities in Figure 5, where both diffuse forward
and backward light intensities increase while crossing the layers.
Hence, illuminating the GEG sample with collimated light from
the outer front interface at z = 66 in Figure 1, both forward and
backward collimated light intensities decrease while crossing the
layers, but also both forward and backward diffuse light
intensities increase while crossing the layers.

Then, for the total light intensities’ gradient plots in Figure 6,
the behavior is similar to collimated case, for forward light sense,
and similar to diffuse case, for backward light sense, at the inner
electrolyte layer. For the forward total light intensity gradient
plots, in Figure 6(a), (b), and (c), total light intensity decreases
when crossing the three layers of the GEG sample. For the
backward total light intensity gradient plots, total light intensity
decreases only at the outer front and back glass layers, in
Figure 6(d) and (f), but not at the inner electrolyte layer, in
Figure 6(e), where total backward light intensity J increases.

5. Conclusion

A thorough analysis of optical measurements for a three-
substrate-layer sample, that is, GEG sample, consisting of two
outer glass layers and an inner electrolyte layer was carried out in
this paper. By fitting the collimated-collimated transmittance and
reflectance equations to experimental regular transmittance and
specular reflectance, the retrieved values of the optical constants
of a glass sample, in a single substrate layer matrix form, were
used to obtain the optical constants of the inner electrolyte layer
in a three-substrate-layer matrix form. Once collimated light
intensities at the interfaces were computed from glass and
electrolyte optical constants using collimated interface reflectance,
CDE of 4FM were used to obtain the same value for extinction
coefficients than the retrieved using the matrix form, considering
that wavelength of light at air, and not the frequency, decreases
when speed of light is decreased inside glass or electrolyte
substrate layers, hence using the real and imaginary parts of the
complex refractive index, and not only the imaginary part, for
computing the same extinction coefficients.

Then, the new method for decoupling extinction coefficients
into intrinsic scattering and absorption coefficients was based on
the DDE and the consideration of two ACPs, for forward and
backward diffuse light intensities, and four FSR, for forward and
backward and for collimated and diffuse light intensities. The
same value in both light senses for diffuse interface reflectance, at
outer and inner interfaces, were computed considering the critical
angle of TIR and used for determining diffuse light intensities,
required for obtaining intrinsic scattering coefficient (and hence
absorption coefficient subtracting from extinction coefficients) and
FSR and BSR for collimated and diffuse light intensities and
forward and backward ACPs.

From intrinsic parameters, new equations based on the TDE of
the 2FM were determined for extrinsic scattering and absorption
coefficients and used successfully for the electrolyte inner
substrate layer. Intrinsic and extrinsic retrieved parameters were
used for determining collimated and diffuse, and total light
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intensities, respectively, required for contour diagrams of light
intensities gradients. As future works, the new equations described
in this work need to be tested in other samples with three-
substrate-layer sandwich structure, especially for inner substrate
layer with different real part of refractive index than outer
substrate layers, contrary to the GEG sample here characterized.
Finally, with a major complexity study based on the matrixial
multilayer method, it would be of interest to use the new
equations in multilayer samples, including more substrates and
thin film layers.

The present work used the differential equations of the 4FM, for
determining new equations for the intrinsic scattering and absorption
coefficients. Then, from optical constants and intrinsic parameters of
CDE and DDEF of 4FM, and using the differential equations of the
2FM considered for total light components, new equations for
extrinsic scattering and absorption coefficients were determined
and successfully tested.

Recommendations

The reader is suggested to see the video indicated at
reference [29].
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Nomenclature

Greek symbols

a Intrinsic scattering coefficient

p Intrinsic absorption coefficient

6 z coordinate at front inner interface

86 7z coordinate at front outer interface

€ Extinction coefficient obtained from optical constants

£ Extinction coefficient obtained from forward collimated
fluxes at the interfaces

& Extinction coefficient obtained from backward collimated
fluxes at the interfaces
Imaginary part of complex refractive index

A Wavelength



Journal of Optics and Photonics Research Vol. 1 Iss.3 2024
¢ Average crossing parameter (ACP) I Diffuse forward light flux at front inner interface
g Average crossing parameter (ACP) for forward light flux 1’ Diffuse forward light flux at front outer interface
& Average crossing parameter (ACP) for backward light flux /70 Indium-doped tin oxide
o Forward scattering ratio (FSR) J Backward light sense
o'  Forward scattering ratio (FSR) for collimated forward light J Total backward light flux

flux i Total backward light flux at front inner interface
o/ Forward scattering ratio (FSR) for collimated backward light J? Total backward light flux at front outer interface

flux S Total backward light flux at back inner interface
o/  Forward scattering ratio (FSR) for diffuse forward light flux JO Total backward light flux at back outer interface
6/  Forward scattering ratio (FSR) for diffuse backward light Je Collimated backward light flux

flux JE Collimated backward light flux at front inner interface
(1-0) Backward scattering ratio (BSR) J»  Collimated backward light flux at front outer interface
T Fresnel transmission coefficient JO Collimated backward flux light at back inner interface
7 Fresnel transmission coefficient for S polarization J”  Collimated backward flux light at back outer interface
7 Fresnel transmission coefficient for P polarization Ja Diffuse backward light flux
7.9 Collimated extinction attenuation of glass substrate J#  Diffuse backward light flux at front inner interface
7°  Diffuse extinction attenuation of glass substrate J#°  Diffuse backward light flux at front outer interface
P Fresnel reflection coefficient I Diffuse backward flux light at back inner interface
P®  Fresnel reflection coefficient for S polarization J  Diffuse backward flux light at back outer interface
P” Fresnel reflection coefficient for P polarization K Extrinsic absorption coefficient
6. Critical angle for total internal reflection M,;  Interface matrix between medium outside “o” and inside “i”

mediums
English symbols N;  Substrate “s” layer matrix o
n Real part of complex refractive index

0 z coordinate at back inner interface n’ Complex refractive index
00 z coordinate at back outer interface PDLC Polymer dispersed liquid crystal
2FM Two-flux model R Reflectance
4FM  Four-flux model e Collimated interface reflectance
cc Collimated-collimated Tq Diffuse interface reflectance
cd Collimated-diffuse 7% Collimated interface reflectance between glass and
CDE  Collimated differential equations electrolyte
dz Thickness of substrate layer " Diffuse interface reflectance between glass and electrolyte
DDE  Diffuse differential equations Ree  Calculated specular reflectance
E Electrolyte Rspec  Measured specular reflectance
ECD  Electrochromic device Rea Calculated diffuse reflectance
FTO  Fluorine-doped tin oxide Ray  Measured diffuse reflectance
G Glass R, Calculated total reflectance
GEG  Glass/electrolyte/glass Rir Measured total reflectance
H  Haze T Transmittance
i Forward light sense le Collimated interface transmittance
1 Total forward light flux % Collimated interface transmittance between glass and
P Total forward light flux at back inner interface electrolyte
1" Total forward light flux at back outer interface /" Diffuse interface transmittance between glass and
P Total forward light flux at front inner interface electrolyte
I Total forward light flux at front outer interface Tee  Calculated regular transmittance
I Collimated forward light flux Treg  Measured regular transmittance
1" Collimated forward light flux at back inner interface Tca  Calculated diffuse transmittance
1.”  Collimated forward light flux at back outer interface Tair  Measured diffuse transmittance
L®  Collimated forward light flux at front inner interface T, Calculated total transmittance
1”  Collimated forward light flux at front outer interface Tior  Measured total transmittance
Iy Diffuse forward light flux TIR  Total internal reflection
1 Diffuse forward light flux at back inner interface § Extrinsic backscattering coefficient
1" Diffuse forward light flux at back outer interface SPD  Suspended particle device
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