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Abstract: Transparent conductive electrodes have become essential components of numerous op-
toelectronic devices. However, their optical properties are typically characterized by the direct
transmittance achieved by making use of spectrophotometers, avoiding an in-depth knowledge of the
processes involved in radiation attenuation. A different procedure based on the Double Integration
Sphere combined with the numerical Inverse Adding-Doubling (IAD) method is employed in this
work to provide a comprehensive description of the physical processes limiting the light transmit-
tance in commercial indium tin oxide (ITO) deposited on flexible PET samples, highlighting the
noticeable contribution of light scattering on the total extinction of radiation. Moreover, harnessing
their flexibility, the samples were subjected to different mechanical stresses to assess their impact on
the material’s optical and electrical properties.
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1. Introduction

Transparent conductive electrodes are receiving increasing attention as they play a
crucial role in multiple optoelectronic devices such as touch panels [1,2], e-paper [3], solar
cells [4,5], and light-emitting diodes [6]. To optimize their performance, it becomes manda-
tory to use materials that simultaneously combine high electrical conductivity with high
optical transparency, and ideally, to achieve greater versatility, they should also be flexible.
One of the drawbacks of using transparent oxide films is that they are brittle by nature and
therewith limit the flexibility of the device [7]. Tin (Sn) doped In2O3 films, familiarly known
as indium tin oxide (ITO), have been widely studied and employed as transparent conduct-
ing electrodes (TCEs) for the last decades. This material has proven unique characteristics
such as reduced resistivity (as low as 1 mΩ·cm), high optical transmittance in the visible
wavelength range (>80%), and good adhesion to the substrate [8–10]. However, there is an
unavoidable trade-off between the electrical resistivity and the optical transparency, as to
increase the electrical conductivity, a thicker film is necessary and that, in turn, reduces the
material’s transparency [11].

A number of different techniques such as spray pyrolysis [12], electron beam evapo-
ration, colloidal synthesis [13], pulsed laser deposition [14], thermal evaporation, screen
printing, ion-assisted plasma evaporation [15], sol-gel process [16], chemical/physical
vapor deposition [17], etc., have been used to deposit ITO thin films. Besides all these
methods, spin coating [18] and magnetron sputtering [19] are the most common techniques
since they offer the optimum compromise to achieve high-quality films over wide area
substrates. The temperature employed in the fabrication process determines the microstruc-
ture of the material as low temperatures yield amorphous materials while the use of a
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high-temperature methodology gives rise to polycrystalline ITO [20]. In addition, it has
clearly been demonstrated that crystalline materials provide better performance than their
amorphous counterpart [20,21]. However, the maximum temperature of the fabrication
process could be limited by the substrate where ITO is deposited. On the other hand, for
flexible applications (e.g., wearables), the ITO microstructure could be altered by excessive
mechanical stress due to its inherent brittle nature. Kim et al. [22] demonstrated that the
electrical resistivity of a ZnSnO (20 nm)/Ag (10 nm)/ITO (30 nm) multilayer electrode on a
polyethylene terephthalate (PET) substrate was hardly affected by cyclic bending, whereas
a thicker ITO reference film showed a noticeable resistivity increase after several bending
cycles. However, the effect of the bending stress on the optical transparency of the ITO has
not been studied to date.

Several studies in the literature [18,22–24] have systematically determined and ana-
lyzed the optical properties of TCEs, and most of them have been mainly focused on the
evaluation of the direct optical transmittance and/or reflectance in the visible and/or near-
infrared wavelengths ranges making use of spectrometer measurements. Mahmouidi et al.
compared in [25] spectral transmittance values of different TCEs such as ITO, carbon nan-
otubes, Ag nanowires, organic materials, metal nanoparticles, aluminum-doped zinc oxide,
and graphene. All of them exhibited transmittance values within the range of 82% to 90%
(only graphene showed a value higher than 90%). However, this type of measurement does
not provide conclusive information to get a deep understanding of light interaction within
the material. This analysis of the optical properties of materials is commonly described
in terms of the absorption coefficient, µa, and the scattering coefficient, µs, according to
the radiative-transport equation [26]. The determination of these coefficients provides the
contribution of light scattering and absorption to radiation extinction (light transmittance).

The complexity of the material structure hinders the analytical solution of this equation,
requiring the use of numerical iterative procedures such as the Inverse Adding-Doubling
(IAD) method [27]. This procedure must be applied in conjunction with reflection and
transmission measurements performed with an integrating sphere or a double integrating
sphere (DIS) system, to estimate the main optical properties of the media represented by
their scattering and absorption coefficients. Nevertheless, up to now, this methodology
has been mainly used for the determination of the optical properties of organic biological
tissues [28], and not for the investigation of the absorption and scattering characteristics of
inorganic TCEs.

One of the main advantages of the DIS system versus other procedures such as the
Kubelka-Munk method [29,30] and systems of reflection and transmission measurements,
is that the total reflectance and total transmittance are acquired simultaneously with the
sample in the same position, under the same illumination conditions and mechanical
constraints. Thus, the use of the DIS measurement system is favored due to its improved
accuracy [31]. Moreover, according to the numerous studies that make use of it, some
authors [31,32] describe the DIS measurement techniques as the “golden standard” method
for determining optical properties.

Hence, this work aims to investigate optical properties such as the absorption and
the scattering of incident light on ITO, considered the most representative material for
transparent conductive electrodes, making use of the numerical IAD method combined
with a DIS experimental setup. Additionally, the effect of flexural stress on the light
transmittance of the ITO films will be assessed for its potential use in flexible electronics.

2. Materials and Methods

Of the whole family of TCEs, we selected indium tin oxide (ITO) as the most commonly
used display application. In particular, we considered ITO deposited on polyethylene
terephthalate (PET) films, hereinafter referred to as ITO-PET, as raw materials in this work.
ITO-PET is commonly used in the fabrication of flexible organic light-emitting diodes
(OLEDs) [33], and also as a reference anode in conventional flexible polymer-based organic
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solar cells (OSCs) [34]. For this study, we have employed commercial samples provided by
two vendors [35–38] whose main properties are shown in Table 1.

Table 1. Properties of the raw materials employed in the study, as provided by the manufacturer.

60 Ω/sq 80 Ω/sq 100 Ω/sq 300 Ω/sq

Reference 639303 [35] [36] 639281 [37] 749796 [38]
Thickness 0.13 mm 0.175 mm 0.13 mm 0.13 mm

ITO Thickness 130 nm 23 nm 72 nm 24 nm
Transmittance

(∼=550 nm) ≥78% ≥88% ≥78% ≥78%

It is a common practice to describe the optical properties of the ITO samples in
terms of their direct transmittance measured with a UV/visible spectrometer. However,
this procedure provides limited information on the physical processes determining the
optical performance of any material. Thus, to assess the optical properties of the ITO-PET
samples, the Inverse Adding-Doubling (IAD) method [27] was used in conjunction with
the experimental setup depicted in Figure 1 for measuring the total diffuse reflectance and
total diffuse transmittance of light transmitted through the samples under study.

Materials 2023, 15, x FOR PEER REVIEW 3 of 11 
 

 

2. Materials and Methods 
Of the whole family of TCEs, we selected indium tin oxide (ITO) as the most 

commonly used display application. In particular, we considered ITO deposited on 
polyethylene terephthalate (PET) films, hereinafter referred to as ITO-PET, as raw 
materials in this work. ITO-PET is commonly used in the fabrication of flexible organic 
light-emitting diodes (OLEDs) [33], and also as a reference anode in conventional flexible 
polymer-based organic solar cells (OSCs) [34]. For this study, we have employed 
commercial samples provided by two vendors [35–38] whose main properties are shown 
in Table 1. 

Table 1. Properties of the raw materials employed in the study, as provided by the manufacturer. 

 60 Ω/sq 80 Ω/sq 100 Ω/sq 300 Ω/sq 
Reference 639303 [35] [36] 639281 [37] 749796 [38] 
Thickness 0.13 mm 0.175 mm 0.13 mm 0.13 mm 

ITO Thickness 130 nm 23 nm 72 nm 24 nm 
Transmittance 

(≅550 nm) ≥78% ≥88% ≥78% ≥78% 

It is a common practice to describe the optical properties of the ITO samples in terms 
of their direct transmittance measured with a UV/visible spectrometer. However, this 
procedure provides limited information on the physical processes determining the optical 
performance of any material. Thus, to assess the optical properties of the ITO-PET 
samples, the Inverse Adding-Doubling (IAD) method [27] was used in conjunction with 
the experimental setup depicted in Figure 1 for measuring the total diffuse reflectance and 
total diffuse transmittance of light transmitted through the samples under study. 

 
Figure 1. Schematic representation of the experimental setup depicting the double integrating 
sphere (DIS). (a) reflection and transmission measurements of the sample; (b) reflection 
measurement of the reflectance standard; (c) dark measurement for the reflection setup; (d) 
measurement with an empty port corresponding to 100% transmission and (e) dark measurement 
for the transmission setup.  

The double integrating sphere (DIS) measuring system [32], as represented in Figure 
1a, consisted of two spheres with the sample placed between them. Briefly, two 60-mm-
diameter integrating spheres (Oriel, model 70674, Stratford, CT, USA) each one with a 3-
mm-diameter detector port, a 12.5-mm-diameter sample port with a baffle between ports, 
and also a 12.5-mm-diameter entrance port, were used for total reflection and total 
transmission measurements. A white light source (240–1100 nm, Thorlbas, Germany) 

Figure 1. Schematic representation of the experimental setup depicting the double integrating sphere
(DIS). (a) reflection and transmission measurements of the sample; (b) reflection measurement of the
reflectance standard; (c) dark measurement for the reflection setup; (d) measurement with an empty
port corresponding to 100% transmission and (e) dark measurement for the transmission setup.

The double integrating sphere (DIS) measuring system [32], as represented in Figure 1a,
consisted of two spheres with the sample placed between them. Briefly, two 60-mm-
diameter integrating spheres (Oriel, model 70674, Stratford, CT, USA) each one with a
3-mm-diameter detector port, a 12.5-mm-diameter sample port with a baffle between
ports, and also a 12.5-mm-diameter entrance port, were used for total reflection and total
transmission measurements. A white light source (240–1100 nm, Thorlbas, Germany)
connected to the double integrating sphere system by an optic fiber (M92L01, Φ = 200 µm,
0.22 NA) was used as a light source. The ITO-PET samples were sandwiched between two
optical borosilicate glass slides (1.1 mm thickness).

The total reflection measurements were carried out three times for each sample and,
in all the cases, the sample’s lateral size exceeded the diameter of the sphere sample port.
Reflection measurements of our samples were referenced to a 98% optopolymer reflectance
standard (OPST3-C, Optopolymer, Germany, Figure 1b) and a dark measurement, where
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the sample port was empty (Figure 1c). The total diffuse reflectance (MR), was calculated
as a percentage according to the following expression:

MR = rstd
R
(
rdirect

s , rs, tdirect
s , ts

)
−R(0, 0, 0, 0)

R(rstd, rstd, 0, 0)−R(0, 0, 0, 0)
(1)

where rstd is the reflection of the reflectance standard, R
(
rdirect

s , rs, tdirect
s , ts

)
is the reflection

measurement of the sample of interest, R(rstd, rstd, 0, 0) is the reflection measurement of
the reflectance standard, and R(0, 0, 0, 0) is the dark measurement (sample port empty).

The total diffuse transmittance was measured under the same setup conditions, mak-
ing use of the DIS setup with collimated light. Transmittance measurements of the samples
were referenced to 100% with the illuminating source activated and the sample port empty
(Figure 1d) and a dark measurement was carried out with an open port without any il-
lumination source (Figure 1e). The total diffuse transmittance was calculated, also as a
percentage, using the following expression:

MT =
T
(
rdirect

s , rs, tdirect
s , ts

)
− Tdark(0, 0, 0, 0)

T(0, 0, 1, 1)− Tdark(0, 0, 0, 0)
(2)

where T
(
rdirect

s , rs, tdirect
s , ts

)
is the transmission measurement of the sample of interest,

T(0, 0, 1, 1) is the transmission measurement of the empty sample port, and Tdark(0, 0, 0, 0)
is the dark measurement with an open port without any illumination.

From the diffuse reflectance (MR) and diffuse transmittance (MT) measurements, the
absorption coefficient (µa) and the reduced scattering coefficient ((µ

′
s = µs(1− g), where

g is the scattering anisotropy factor) were determined using the IAD method [39]. With
values of µa and µ

′
s obtained numerically, we can calculate new values of MR and MT

that will be compared with the measured ones. According to the IAD algorithm [27], this
process is iterated until the calculated and experimentally obtained values of MR and
MT are within a specified tolerance (for this work the tolerance default value was set to
0.01%). A flowchart of the IAD algorithm is shown and explained in Figure S1 of the
Supplementary Information.

To solve the inverse problem, knowledge of the refractive index of the sample is
required. Changes in the refractive index over the range of wavelengths employed in the
present study were assumed negligible and, therefore, we consider the refractive index
n = 1.827 for λ = 590 nm as the mean value for the visible range [40]. To determine
the scattering anisotropy factor, we employed a customized goniometric optical setup
(Figure S2) to measure the angular distribution of scattered light within the angular range
of 0–175◦ [41]. The g values obtained are indicated in Table 2:

Table 2. Scattering anisotropy factor (g) for the different samples measured.

RS(Ω/sq) 60 Ω/sq 80 Ω/sq 100 Ω/sq 300 Ω/sq

g 0.985 ± 0.011 0.987 ± 0.016 0.989 ± 0.021 0.989 ± 0.014

The key role played by the absorption and the scattering processes in the extinction
of the light when passing through the analyzed sample, is evaluated with the albedo
coefficient (a) that can be calculated in terms of µa and µ

′
s, according to the following

equation [42]:

a =
µ
′
S

µ
′
S + µa

(3)

In addition, to determine the level of similarity regarding the spectral behavior of
different optical magnitudes, the Variance Accounting For (VAF) coefficient with Cauchy-
Schwarz inequality is used. This statistical parameter is defined as follows [43]:



Materials 2023, 16, 1425 5 of 11

VAF =

(
∑780

k=380 ak.bk

)2(
∑780

k=380 a2
k

)(
∑780

k=380 b2
k

) (4)

where ak is the spectral value of MR, MT, µa and µ
′
s (for wavelengths from 380 to 780 nm)

and bk is the equivalent parameter for the measurement to be compared. The closer this
coefficient gets to unity (100%), the more similar the two curves become.

Finally, to investigate the effect of mechanical flexibility on light transmittance, the di-
rect transmittance (T%) of radiation propagating throughout the visible spectral range
was calculated from the incident and transmitted intensities measured using a spec-
trometer (Thorlabs CCS200/M, 200–1000 nm) with a spectral light source (BDS130 Deu-
terium/Tungsten, 190–2500 nm) as:

T =
I
I0

(5)

where I0 is the incident light intensity, and I is the transmitted light intensity. Transmittance
was a measure for tensile and compressive strain using customized circular brackets,
providing four different radii of curvature, 37.5, 75, 150, and 300 mm, respectively as shown
in Figure 2. For the sake of completeness, the resistance of the strained samples was also
measured for each curvature. The double-integrating sphere measuring system does not
allow the coupling of customized brackets, therefore, the ITO-PET samples under bending
stress were measured only for their direct transmittance.
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Figure 2. Schematic representation of the experimental setup employed to measure the different
strained samples.

3. Results and Discussion

Figure 3 depicts the spectral diffuse reflectance (MR) and diffuse transmittance (MT)
of the four ITO-PET samples in the visible range (400–780 nm). The diffuse reflectance
distributions of the ITO-PET electrodes display a similar spectral behavior for all the surface
resistances analyzed (VAF > 99.0%), with values ranging between 6.7% (ITO-PET 100 Ω/sq
at 777 nm), and 4.3% (ITO-PET 80 Ω/sq at 400 nm). Furthermore, for the whole wavelength
range, the reflectance shows a lower value for the 80 Ω/sq samples, as this material was
provided by a different provider. In general, spectral reflectance increases for the initial
range from 400 nm to 450 nm, keeps a gentle reduction in the central portion of the visible
spectrum, and then shows a slight upswing above 675 nm. On the other hand, the diffuse
transmittance increases from 400 nm to 500 nm. For higher wavelengths, the transmittance
remains approximately constant for the 100 Ω/sq and 300 Ω/sq ITO-PET electrodes, while
for the lower resistance values, 60 Ω/sq and 80 Ω/sq, MT displays a smooth reduction.
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The MT values ranged between 64.0% (ITO-PET 100 Ω/sq at 400 nm) and 77.1% (ITO-
PET 300 Ω/sq at 546 nm). Also, as for MR, the spectral transmittance showed similar
spectral behavior for all the surface resistivity analyzed. This conclusion was statistically
corroborated by a VAF value of 99.0%.

Materials 2023, 15, x FOR PEER REVIEW 6 of 11 
 

 

as this material was provided by a different provider. In general, spectral reflectance 
increases for the initial range from 400 nm to 450 nm, keeps a gentle reduction in the 
central portion of the visible spectrum, and then shows a slight upswing above 675 nm. 
On the other hand, the diffuse transmittance increases from 400 nm to 500 nm. For higher 
wavelengths, the transmittance remains approximately constant for the 100 Ω/sq and 300 
Ω/sq ITO-PET electrodes, while for the lower resistance values, 60 Ω/sq and 80 Ω/sq, ࢀࡹ 
displays a smooth reduction. The ࢀࡹ values ranged between 64.0% (ITO-PET 100 Ω/sq 
at 400 nm) and 77.1% (ITO-PET 300 Ω/sq at 546 nm). Also, as for ࡾࡹ , the spectral 
transmittance showed similar spectral behavior for all the surface resistivity analyzed. 
This conclusion was statistically corroborated by a VAF value of 99.0%. 

  
(a) (b) 

Figure 3. Spectral diffuse reflectance (a) and diffuse transmittance (b) for each one of the ITO-PET 
electrodes. Solid lines correspond to the mean value extracted from the measurements and their 
standard deviation is also indicated as vertical lines. 

Figure 4a,b shows the spectral distribution of the scattering and absorption 
coefficients for the ITO-PET electrodes evaluated. The spectral behavior of the reduced 
scattering coefficient, ࢙ࣆᇱ , displayed higher values, ranging between 7 cm−1 (ITO-PET 100 
Ω/sq at 652 nm) and 14 cm−1 (ITO-PET 60 Ω/sq at 774 nm) than the absorption coefficient, 4 ,ࢇࣆ cm−1 (ITO-PET 80 Ω/sq at 598 nm) and 8 cm−1 (ITO-PET 60 Ω/sq at 689 nm) for the 
visible range analyzed in this study. The scattering coefficient of the analyzed ITO-PET 
showed similar spectral behavior for high and low resistivity (VAF > 99.0%). The highest 
values of scattering and absorption for the ITO-PET of 60 Ω/sq explain the lower 
transmittance of this electrode, a behavior related to the higher ITO coating thickness (130 
nm) [44]. 

  

Figure 3. Spectral diffuse reflectance (a) and diffuse transmittance (b) for each one of the ITO-PET
electrodes. Solid lines correspond to the mean value extracted from the measurements and their
standard deviation is also indicated as vertical lines.

Figure 4a,b shows the spectral distribution of the scattering and absorption coefficients
for the ITO-PET electrodes evaluated. The spectral behavior of the reduced scattering
coefficient, µ

′
s, displayed higher values, ranging between 7 cm−1 (ITO-PET 100 Ω/sq at 652

nm) and 14 cm−1 (ITO-PET 60 Ω/sq at 774 nm) than the absorption coefficient, µa, 4 cm−1

(ITO-PET 80 Ω/sq at 598 nm) and 8 cm−1 (ITO-PET 60 Ω/sq at 689 nm) for the visible
range analyzed in this study. The scattering coefficient of the analyzed ITO-PET showed
similar spectral behavior for high and low resistivity (VAF > 99.0%). The highest values of
scattering and absorption for the ITO-PET of 60 Ω/sq explain the lower transmittance of
this electrode, a behavior related to the higher ITO coating thickness (130 nm) [44].
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Figure 4. Reduced scattering coefficient (a) and absorption coefficient (b) of the ITO-PET electrodes.
Solid lines correspond to the mean value extracted from the measurements and their corresponding
standard deviation is also indicated as vertical lines.

According to Figure 4, scattering is the most relevant optical extinction phenomenon
that occurs when light interacts with the ITO-PET samples. This conclusion is corroborated
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by the albedo coefficient shown in Figure 5, with values above 0.6 regardless of the electrode
resistivity. The high values of the anisotropy coefficient, g, obtained in this study (Table 2),
close to one for all the ITO-PET electrodes highlight the anisotropy of this material explain-
ing the prevalence of the scattering over the absorption for the light transmitted through
these materials. This optical behavior follows a trend similar to that observed in translucent
biological tissues [28,42] and dental zirconia [45], where the scattering coefficient is usually
higher than the absorption. Anisotropic materials and materials with complex structures
display higher scattering properties. Although the present study does not contemplate
the evaluation of the structure and morphology of ITO thin films, previous studies [46,47]
determined these characteristics, confirming their complex structure.
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To assess the impact of mechanical stress on the transmittance (T%) and resistivity of
the electrodes, both compressive (C) and tensile (T) strains corresponding to four different
radii of curvature: 37.5 mm, 75 mm, 150 mm, and 300 mm were applied, and the direct
transmittance measured as shown in Figure 6.

These results show that the analyzed samples present the same spectral behavior
for both, compressive and tensile strain (VAF > 99.1%) for all ITO-PET samples and all
the curvatures under study. Direct transmittance increases rapidly for increasing wave-
length up to 500 nm from which a gentle increase is observed up to 780 nm. The 60Ω/sq
sample shows a different behavior with a peak near 450 nm and a smooth variation up
to 780 nm, a feature that agrees with previous studies on MOCVD-ITO grown on sap-
phire [48]. This behavior can be explained by attending to the absorption coefficient shown
by this material in Figure 4, as the obtained transmittance follows a reverse trend with the
absorption coefficient.

It has to be highlighted that direct transmittance does not show a clear modification as
a consequence of the substrate curvature as all of them depict similar behavior. According
to the manufacturer indications [35–38], a radius of curvature of up to 75 mm would not
damage the ITO coating, and in our case, we have not observed significant modifications of
both, optical and electrical performance when halving this radius to 37.5 mm.
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Along with the optical characterization, the surface resistivity of the ITO-PET samples
was measured (Keysight E4980AL Precision LCR Meter and Keysight 16089B Kelvin Clip
Leads) for the aforementioned radius, and the obtained values are summarized in Table 3.

Table 3. Results obtained from the measurement of the surface resistivity (Ω/sq) of the ITO-PET samples
under different radii of curvature. Measurements are expressed as (Ω/sq) and dispersion as %.

Compressive Strain Tensile Strain

300 mm 150 mm 75 mm 37.5 mm 300 mm 150 mm 75 mm 37.5 mm

60 Ω/sq 141 ± 9 137 ± 3 172 ± 10 162 ± 17 150 ± 5 153 ± 6 151 ± 6 167 ± 10
80 Ω/sq 557 ± 1 645 ± 5 624 ± 3 593 ± 4 600 ± 3 653 ± 3 559 ± 1 639 ± 4
100 Ω/sq 291 ± 10 299 ± 2 280 ± 3 282 ± 4 284 ± 4 265 ± 8 279 ± 1 289 ± 6
300 Ω/sq 1080 ± 1 1285 ± 3 1165 ± 3 1157 ± 8 1095 ± 5 1012 ± 4 1411 ± 2 1238 ± 15

The fluctuations in the data are due to variability among the samples rather than the
impact of the mechanical deformation of the experiments as a definite trend is not observed.
Moreover, these measurements were repeated two months after the initial ones without any
noticeable variation. These results prove that the ITO-PET samples are not degraded when
mechanical strain is applied up to a minimum radius of 37.5 mm, providing a technological
option for conformal electrodes in slightly curved surfaces.
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4. Conclusions

This work provides a methodology to carry out a comprehensive optical charac-
terization of transparent conductive electrodes (TCEs) that goes well beyond the usual
measurements of direct transmissions making use of spectrometers. From this optical
characterization, we can evaluate the scattering and the absorption coefficients of different
ITO-PET samples, the TCE was chosen for this study, as they give insight into the physical
mechanisms limiting the radiation transmittance through the material of interest. It can be
concluded that scattering is the most relevant optical extinction phenomenon that occurs
when light interacts with the ITO-PET samples, a conclusion corroborated by the albedo
coefficient. This technique can be applied to arbitrary TCEs and relate the values attained
for both coefficients with the processes followed in their fabrication. Moreover, we have
also analyzed the impact of mechanical stress on the optical and electrical properties of the
ITO-PET with different electrical resistance, up to a curvature radius of 37.5 mm without
observing a noticeable degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma16041425/s1, Figure S1. Flowchart representing the Inverse
Doubling-Adding algorithm; Figure S2. Schematic representation of the experimental setup employed
to measure the scattering anisotropy factor.

Author Contributions: Conceptualization, writing—original draft, supervision, M.M.P. and A.G.;
methodology, investigation, A.T.-L., A.B.R.-Á., J.C.C. and A.M.I.; formal analysis; A.T.-L., A.B.R.-Á.,
J.C.C. and A.M.I.; writing—review and editing, A.T.-L., A.M.I., M.M.P. and A.G.; funding acquisition,
A.G. and M.M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FEDER/Junta de Andalucía-Consejería de Transformación
Económica, Industria, Conocimiento y Universidades through the projects P20-00633, P20-00200, B-
RNM-375-UGR18, A-TEP-280-UGR18 and A-TIC-646-UGR20; and the project PID2020-116518GB-I00
funded by the MCIN/AEI/10.13039/501100011033. A. Toral-Lopez acknowledges the support of
Plan Propio of Universidad de Granada.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mochizuki, T.; Takigami, Y.; Kondo, T.; Okuzaki, H. Fabrication of flexible transparent electrodes using PEDOT:PSS and

application to resistive touch screen panels. J. Appl. Polym. Sci. 2018, 135, 45972. [CrossRef]
2. Cho, S.; Kang, S.; Pandya, A.; Shanker, R.; Khan, Z.; Lee, Y.; Park, J.; Craig, S.L.; Ko, H. Large-Area Cross-Aligned Silver Nanowire

Electrodes for Flexible, Transparent, and Force-Sensitive Mechanochromic Touch Screens. ACS Nano 2017, 11, 4346–4357.
[CrossRef] [PubMed]

3. Wu, H.; Kong, D.; Ruan, Z.; Hsu, P.C.; Wang, S.; Yu, Z.; Carney, T.J.; Hu, L.; Fan, S.; Cui, Y. A transparent electrode based on a
metal nanotrough network. Nat. Nanotechnol. 2013, 8, 421–425. [CrossRef] [PubMed]

4. Chen, X.; Xu, G.; Zeng, G.; Gu, H.; Chen, H.; Xu, H.; Yao, H.; Li, Y.; Hou, J.; Li, Y. Realizing ultrahigh mechanical flexibility
and >15% efficiency of flexible organic solar cells via a “welding” flexible transparent electrode. Adv. Mater. 2020, 32, 1908478.
[CrossRef] [PubMed]

5. Jeon, I.; Yoon, J.; Ahn, N.; Atwa, M.; Delacou, C.; Anisimov, A.; Kauppinen, E.I.; Choi, M.; Maruyama, S.; Matsuo, Y. Carbon
Nanotubes versus graphene as flexible transparent electrodes in inverted perovskite solar cells. J. Phys. Chem. Lett. 2017,
8, 5395–5401. [CrossRef]

6. Lian, L.; Dong, D.; Feng, D.; He, G. Low roughness silver nanowire flexible transparent electrode by low temperature solution-
processing for organic light emitting diodes. Org. Electron. 2017, 49, 9–18. [CrossRef]

7. Leterrier, Y.; Medico, L.; Demarco, F.; Manson, J.A.E.; Betz, U.; Escola, M.F.; Olsson, M.K.; Atamny, F. Mechanical integrity of
transparent conductive oxide films for flexible polymer-based displays. Thin Solid Films 2004, 460, 156–166. [CrossRef]

8. Jahng, W.S.; Francis, A.H.; Moon, H.; Nanos, J.I.; Curtis, M.D. Is indium tin oxide a suitable electrode in solar cells? Photovoltaic
properties of interfaces in organic p/n junction photodiodes. Appl. Phys. Lett. 2006, 88, 093504. [CrossRef]

https://www.mdpi.com/article/10.3390/ma16041425/s1
https://www.mdpi.com/article/10.3390/ma16041425/s1
http://doi.org/10.1002/app.45972
http://doi.org/10.1021/acsnano.7b01714
http://www.ncbi.nlm.nih.gov/pubmed/28397485
http://doi.org/10.1038/nnano.2013.84
http://www.ncbi.nlm.nih.gov/pubmed/23685985
http://doi.org/10.1002/adma.201908478
http://www.ncbi.nlm.nih.gov/pubmed/32103580
http://doi.org/10.1021/acs.jpclett.7b02229
http://doi.org/10.1016/j.orgel.2017.06.027
http://doi.org/10.1016/j.tsf.2004.01.052
http://doi.org/10.1063/1.2180881


Materials 2023, 16, 1425 10 of 11

9. Gwamuri, J.; Vora, A.; Mayandi, J.; Güney, D.O.; Bergstromb, P.L.; Pearce, J.M. A new method of preparing highly conductive ultra-
thin indium tin oxide for plasmonic-enhanced thin film solar photovoltaic devices. Sol. Energy Mater. Sol. Cells 2016, 149, 250–257.
[CrossRef]

10. Ellmer, K. Past achievements and future challenges in the development of optically transparent electrodes. Nat. Photonics 2012,
6, 809. [CrossRef]

11. Dong, Q.; Hara, Y.; Vrouwenvelder, K.T.; Shin, K.T.; Compiano, J.A.; Saif, M.; Lopez, R. Superflexibility of ITO Electrodes via
Submicron Patterning. ACS Appl. Mater. Interfaces 2018, 10, 10339–10346. [CrossRef]

12. Rhaleb, H.E.I.; Benamar, E.; Rami, M.; Roger, J.P.; Hakam, A.; Ennaoui, A. Espectroscopic ellipsometry studies of index profile of
indium tin oxide films prepared by spray pyrolysis. Appl. Surf. Sci. 2002, 201, 138–145. [CrossRef]

13. Jin, Y.; Yi, Q.; Ren, Y.; Wang, X.; Ye, Z. Molecular mechanism of monodisperse colloidal tin-doped indium oxide nanocrystals by a
hot-injection approach. Nanoscale Res. Lett. 2013, 8, 153. [CrossRef]

14. Yong, T.K.; Tan, S.S.; Nee, C.H.; Yap, S.S.; Kee, Y.Y.; Sáfrán, G.; Horváth, Z.E.; Moscatello, J.; Yap, Y.K.; Tou, T.Y. Pulsed laser
deposition of indium tin oxide nanowires in argon and helium. Mater. Lett. 2012, 66, 280–281. [CrossRef]

15. Laux, S.; Kaiser, N.; Zöller, A.; Götzelmann, R.; Lauth, H.; Bernitzki, H. Room-temperature deposition of indium tin oxide thin
films with plasma ion-assisted evaporation. Thin Solid Films 1998, 335, 1–5. [CrossRef]

16. Kim, S.S.; Choi, S.Y.; Park, C.G.; Jin, H.W. Transparent conductive ITO thin films through the sol-gel process using metal salts.
Thin Solid Films 1999, 347, 155–160. [CrossRef]

17. Forman, A.J.; Chen, Z.; Chakthranont, P.; Jaramillo, T.F. High surface area transparent conducting oxide electrodes with a
customizable device architecture. Chem. Mater. 2014, 26, 958–964. [CrossRef]

18. Ghanem, M.G.; Badr, Y.; Hameed, T.A.; El Marssi, M.; Lahmar, A.; Wahab, H.A.; Battisha, I.K. Synthesis and characterization
of undoped and Er-doped ZnO nanostructure thin films deposited by sol-gel spin coating technique. Mater. Res. Express 2019,
6, 085916. [CrossRef]

19. Wen, L.; Sahu, B.B.; Han, J.G. Approach for the optimization of characteristic properties of very high conductive ITO thin films
using advanced magnetron plasma process. Mater. Res. Express 2018, 6, 066415. [CrossRef]

20. Khachatryan, H.; Kim, D.-J.; Kim, M.; Kim, H.-K. Roll-to-Roll fabrication of ITO thin film for flexible optoelectronics applications:
The role of post-annealing. Mater. Sci. Semicond. Process. 2018, 88, 51–56. [CrossRef]

21. Marikkannu, S.; Kashif, M.; Sethupathy, N.; Vidhya, V.S.; Piraman, S.; Ayeshamariam, A.; Bououdina, M.; Ahmed, N.M.;
Jayachandran, M. Effect of substrate temperature on indium tin oxide (ITO) thin films deposited by jet nebulizer spray pyrolysis
and solar cell application. Mater. Sci. Semicond. Process. 2014, 27, 562–568. [CrossRef]

22. Kim, D.-H.; Lee, H.-K.; Na, J.-Y.; Kim, S.-K.; Yoo, Y.-Z.; Seong, T.-Y. ZnSnO/Ag/indium tin oxide multilayer films as a flexible and
transparent electrode for photonic devices. Superlattice Microstruct. 2015, 83, 635–641. [CrossRef]

23. Sibin, K.P.; Swain, N.; Chowdhruy, P.; Dey, A.; Sridhara, N.; Shashikaka, H.D.; Sharna, A.K.; Barshilia, H.C. Optical and electrical
properties of ITO films sputtered on flexible FED substrate as passive thermal control system for space applications. Sol. Energy
Mater. Sol. Cells 2016, 145, 314–322. [CrossRef]

24. Guillén, C.; Herrero, J. Structure, optical and electrical properties of indium tin oxide thin films prepared by sputtering in air or
nitrogen. J. Appl. Phys. 2007, 101, 073514. [CrossRef]

25. Mahmoudi, T.; Wang, Y.; Hahn, Y.-B. Graphene and its derivates for solar cells application. Nano Energy 2018, 47, 51–65. [CrossRef]
26. Chandrasekhar, S. Radiative Transfer; Dover: New York, NY, USA, 1960.
27. Prahl, S.A.; Van Gemert, J.M.C.; Welch, A.J. Determining the optical properties of turbid media y using the adding-doubling

method. Appl. Opt. 1993, 32, 559–568. [CrossRef]
28. Jacques, S.L. Optical properties of biological tissues: A review. Phys. Med. Biol. 2013, 58, R37–R61. [CrossRef]
29. Kubelka, P. New Contributions to the optics of intensely light-scattering materials. Part I. J. Opt. Soc. Am. 1948, 38, 448–457.

[CrossRef]
30. Kubelka, P. New Contributions to the optics of intensely light-scattering materials. Part II. J. Opt. Soc. Am. 1954, 44, 330–335.

[CrossRef]
31. Aernouts, B.; Zamora-Rojas, E.; Van Beers, R.; Watté, R.; Wang, L.; Tsuta, M.; Lammertyn, J.; Saeys, W. Supercontinuum laser

based optical characterization of Intralipid phantoms in the 500–2250 nm range. Opt. Express 2013, 21, 32450–32467. [CrossRef]
32. Lemaillet, P.; Bouchard, J.P.; Hwang, J.; Allen, D.W. Double-integrating-sphere system at the National Institute of Standards and

Technology in support of measurement standards for the determination of optical properties of tissue-mimicking phantoms. J.
Biomed. Opt. 2015, 20, 121310. [CrossRef]

33. Yang, Y.; Huang, Q.; Meltz, A.W.; Ni, J.; Jin, S.; Marks, T.J.; Madsen, M.E.; Di Venere, A.; Ho, S.T. High-performance organic
ligth-emitting eiodes using ITO anodes grown on plastic by room-temperature ion-assisted deposition. Adv. Mater. 2004,
16, 321–324. [CrossRef]

34. Na, S.-I.; Kim, S.-S.; Jo, J.; Kim, D.-Y. Efficient and flexible ITO-free organic solar cells using highly conductive polymer anodes.
Adv. Mater. 2008, 20, 4061–4067. [CrossRef]

35. Ref: 639303. Available online: https://www.sigmaaldrich.com/ES/es/product/aldrich/639303 (accessed on 1 February 2023).
36. ITO Coated Pet Film. Available online: http://www.crystal-material.com/Substrate-Materials/ITO-coated-PET.html (accessed

on 6 February 2023).
37. Ref: 639281. Available online: https://www.sigmaaldrich.com/ES/es/product/aldrich/639281 (accessed on 1 February 2023).

http://doi.org/10.1016/j.solmat.2016.01.028
http://doi.org/10.1038/nphoton.2012.282
http://doi.org/10.1021/acsami.7b19098
http://doi.org/10.1016/S0169-4332(02)00656-6
http://doi.org/10.1186/1556-276X-8-153
http://doi.org/10.1016/j.matlet.2011.08.085
http://doi.org/10.1016/S0040-6090(98)00861-X
http://doi.org/10.1016/S0040-6090(98)01748-9
http://doi.org/10.1021/cm402551m
http://doi.org/10.1088/2053-1591/ab2750
http://doi.org/10.1088/2053-1591/aacae1
http://doi.org/10.1016/j.mssp.2018.07.033
http://doi.org/10.1016/j.mssp.2014.07.036
http://doi.org/10.1016/j.spmi.2015.04.002
http://doi.org/10.1016/j.solmat.2015.10.035
http://doi.org/10.1063/1.2715539
http://doi.org/10.1016/j.nanoen.2018.02.047
http://doi.org/10.1364/AO.32.000559
http://doi.org/10.1088/0031-9155/58/11/R37
http://doi.org/10.1364/JOSA.38.000448
http://doi.org/10.1364/JOSA.44.000330
http://doi.org/10.1364/OE.21.032450
http://doi.org/10.1117/1.JBO.20.12.121310
http://doi.org/10.1002/adma.200305727
http://doi.org/10.1002/adma.200800338
https://www.sigmaaldrich.com/ES/es/product/aldrich/639303
http://www.crystal-material.com/Substrate-Materials/ITO-coated-PET.html
https://www.sigmaaldrich.com/ES/es/product/aldrich/639281


Materials 2023, 16, 1425 11 of 11

38. Ref: 749796. Available online: https://www.sigmaaldrich.com/ES/es/product/aldrich/749796 (accessed on 1 February 2023).
39. Prahl, S.A. IAD Program. Available online: https://omlc.org/software/iad/index.html (accessed on 25 November 2022).
40. Refractive Index of ITO, Indium Tin Oxide, InSnO. Available online: https://www.filmetrics.com/refractive-index-database/

ITO/Indium-Tin-Oxide-InSnO (accessed on 1 February 2023).
41. Fernández-Oliveras, A.; Rubiño, M.; Pérez, M.M. Scattering anisotropy measurements in dental tissues and biomaterials. J. Eur.

Opt. Soc.-Rapid Publ. 2012, 7, 12016. [CrossRef]
42. Ionescu, A.M.; Cardona, J.C.; Garzón, I.; Oliveira, A.C.; Ghinea, R.; Alaminos, M.; Pérez, M.M. Integrating-sphere measurements

for determining optical properties of tissue-engineered oral mucosa. J. Eur. Opt. Soc. 2015, 10, 15012. [CrossRef]
43. Pecho, O.E.; Ghinea, R.; Ionescu, A.M.; Cardona, J.C.; Bona, A.D.; Pérez, M.M. Optical behavior of dental zirconia and dentin

analyzed by Kubelka-Munk theory. Dent. Mater. 2015, 31, 60–67. [CrossRef]
44. Dinga, G.; Clavero, C.; Schweigert, D.; Le, M. Thickness and microstructure effects in the optical and electrical properties of silver

thin films. AIP Adv. 2015, 5, 117234. [CrossRef]
45. Fernandez-Oliveras, A.; Rubiño, M.; Pérez, M.M. Scattering and absorption properties of biomaterials for dental restorative

applications. J. Eur. Opt. Soc. 2013, 8, 13056. [CrossRef]
46. Ghorannevis, Z.; Akbarnejad, E.; Ghoranneviss, M. Structural and morphological properties of ITO thin films grown by magnetron

sputtering. J. Theor. Appl. Phys. 2015, 9, 285–290. [CrossRef]
47. Stoica, F.; Teodorescu, V.S.; Blanchin, M.G.; Stoica, T.A.; Gartner, M.; Losurdo, M.; Zaharescu, M. Morphology, structure and

optical properties of sol–gel ITO thin films. Mat. Sci. Eng. B 2003, 101, 222–226. [CrossRef]
48. Chen, Z.; Zhuo, Y.; Tu, W.; Ma, X.; Pei, Y.; Wang, C.; Wang, G. Highly ultraviolet transparent textured indium tin oxide thin films

and the application in light emitting diodes. Appl. Phys. Lett. 2017, 110, 242101. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.sigmaaldrich.com/ES/es/product/aldrich/749796
https://omlc.org/software/iad/index.html
https://www.filmetrics.com/refractive-index-database/ITO/Indium-Tin-Oxide-InSnO
https://www.filmetrics.com/refractive-index-database/ITO/Indium-Tin-Oxide-InSnO
http://doi.org/10.2971/jeos.2012.12016
http://doi.org/10.2971/jeos.2015.15012
http://doi.org/10.1016/j.dental.2014.11.012
http://doi.org/10.1063/1.4936637
http://doi.org/10.2971/jeos.2013.13056
http://doi.org/10.1007/s40094-015-0187-3
http://doi.org/10.1016/S0921-5107(02)00667-0
http://doi.org/10.1063/1.4986452

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

