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Abstract

Porous multi-walled carbon nanotube (MWCNT) films combine strong optical absorption
with thermal, Kerr-like, thermo-optical, and magneto-optical responses. However, these
effects depend on film structure and may require different design conditions. In this work, a
multiphysics model was used to analyze 12 MWCNT film configurations with dependance
on thicknesses, porosity, and orientation parameters. The model included optical attenu-
ation, transient heating, nonlinear refraction, thermo-optic modulation, magneto-optical
response, and optical phase shift under irradiances of 7-20 MW cm 2 and magnetic fields
up to 1 T. Optical density ranged from approximately 0.4 to 2.8, while transmittance showed
negligible variation with irradiance. Thin and porous films produced the highest tempera-
ture rises, approximately 4.5 K, and the largest total refractive-index changes. In contrast,
thicker films generated larger accumulated phase shifts. The thermo-optic contribution
is dominated under nanosecond laser irradiation. As the pulse duration approached the
picosecond regime, the lower deposited energy reduced the photothermal response, so the
Kerr-like and magneto-optical terms accounted for a larger total refractive-index change.
This predictive parametric study identifies architecture- and pulse-dependent trends for
future experimental evaluation of multifunctional MWCNT films.

Keywords: multi-walled carbon nanotubes; nonlinear optics; magneto-optical coupling;
thermo-optical response

1. Introduction

Carbon nanotube films remain technologically relevant because they combine broad-
band optical absorption, low density, electrical conductivity, mechanical flexibility, and
highly anisotropic thermal transport within a single material architecture. These character-
istics have enabled their use as black absorbers, thermal and infrared detectors, transparent
or flexible electrodes, electromagnetic shields, photothermal converters, and active ele-
ments in electronic and optoelectronic devices [1-7]. Unlike conventional homogeneous
coatings, however, the macroscopic properties of MWCNT films are not determined exclu-
sively by the intrinsic behavior of the individual nanotubes [8]. Film thickness, porosity,
nanotube connectivity, and orientational order regulate the number and quality of intertube
contacts, the available optical interaction length, and the pathways for charge and heat
transport [9-12]. Increasing thickness generally enhances optical attenuation and reduces
sheet resistance, but also increases the areal thermal capacity. Porosity decreases the effec-
tive amount of solid material and modifies photon trapping and heat dissipation, whereas
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alignment introduces directional dependence into the electrical conductivity, thermal con-
ductivity, and optical absorption relative to the incident polarization [13,14]. Consequently,
these structural variables may improve one functional response while simultaneously
limiting another.

The architecture of CNT films can be adjusted through several fabrication routes.
Their thickness can be controlled by the deposited CNT concentration, the number of
coating or transfer cycles, filtration volume, or growth time during chemical vapor depo-
sition [15]. Porosity can be modified through the initial nanotube concentration, growth
density, mechanical compression, solvent-induced densification, or the incorporation and
subsequent removal of sacrificial phases [16]. Nanotube alignment can be promoted during
direct growth or through shear flow, mechanical stretching, controlled vacuum filtration,
dielectrophoresis, and external magnetic fields [17,18]. These methods allow the transition
from randomly interconnected porous networks to partially or highly aligned architec-
tures. Nevertheless, simultaneously controlling thickness, porosity, and alignment remains
challenging because these parameters are not independent in real films. For example, den-
sification reduces porosity but also increases intertube contact and electrical conductivity,
while alignment can improve axial heat transport and polarization-dependent absorption
without necessarily increasing the optical absorbed energy [19-24]. A systematic parametric
analysis is therefore required to separate their individual and combined contributions.

Compared with conventional dark coatings based on metallic blacks, oxides, carbon
paints, or polymer—pigment composites, CNT films offer broadband absorption, extremely
low reflectance, low areal mass, flexibility, and resistance to electrochemical corrosion [1,11].
Furthermore, their optical absorption can be combined with electrical, thermal, nonlinear-
optical, and magnetically tunable responses [25,26]. Their network structure also en-
ables properties that are difficult to obtain simultaneously in ordinary coatings, including
polarization-dependent absorption, anisotropic heat conduction, and nonlinear refractive-
index modulation. These characteristics linked CNT materials with applications ranging
from logic circuits and high-frequency electronics to magnetoresistance devices [27-29].
However, CNT coatings also present important limitations. Pristine nanotubes have low
wettability and tend to agglomerate because of strong van der Waals interactions, which
complicates dispersion, deposition, and adhesion to many substrates. Surface functionaliza-
tion, binders, or intermediate layers can improve adhesion and processability, but may alter
electronic transport, reduce nanotube-nanotube contact, or introduce additional thermal
resistance [30]. Furthermore, although CNT films do not undergo metallic corrosion, they
are not immune to oxidation at sufficiently high temperatures in air. Their possible rele-
vance to quantum technologies should therefore be described cautiously: individual CNTs
and CNT quantum dots have demonstrated spin transport and quantum confinement,
whereas porous MWCNT films are more realistically considered tunable conductive or
magneto-optical interfaces for precision electronic and sensing architectures [31,32].

The broad range of properties reported for CNT films further illustrates why thick-
ness, porosity, and alignment must be considered when defining their operating regime.
At room temperature, freestanding CNT buckypapers have exhibited in-plane thermal
conductivities of approximately 81 W m~'K~! for randomly oriented networks, compared
with 153 W m~'K~! parallel and 72 W m~'K~! perpendicular to the preferential nanotube
direction, corresponding to a thermal anisotropy ratio of about 2.1 [33]. Their optical
behavior can extend from semitransparent to nearly black: CNT networks approximately
100 nm thick can retain visible transmittances close to 88%, whereas films approaching
10 um can absorb more than 99% of the incident radiation; broadband attenuation has
also been demonstrated for random MWCNT films over wavelengths from 300 nm to
400 um [34-36]. On the other hand, magnetic effects are generally weaker and require com-
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paratively stronger external fields. MWCNT thin films have shown magnetically controlled
electrical conductivity and nonlinear optical transmission at fields reaching approximately
5T. In addition, negative magnetoresistance associated with weak localization and inter-
tube transport has been investigated between 4.2 and 200 K under fields up to 9 T [25,37].
These values place the present study of 10-30 um thick films within the strongly absorbing
regime, whereas the modeled magnetic-field interval of 0-1 T represents a comparatively
low-field operating window. This combination of architectural and operating parame-
ters provides a suitable framework for examining how thermal, nonlinear-optical, and
magneto-optical mechanisms interact across different MWCNT film configurations.

Despite extensive research on CNT-based coatings, thickness, porosity, and alignment
are commonly examined separately. Consequently, their coupled influence on thermal,
electronic nonlinear, thermo-optical, and magneto-optical responses remains insufficiently
resolved [38,39]. This limitation is relevant when some intrinsic material coefficients remain
almost unchanged, while the observable macroscopic response varies since the film archi-
tecture modifies optical absorption, effective transport, thermal storage, and interaction
length. This study presents a multiphysics framework for 12 porous MWCNT film configu-
rations, combining three thicknesses (10, 20, and 30 um), two porosities (¢ = 0.3 and 0.4),
and two orientational states (S = 0 and 0.5). The model connects the structural parameters
with effective density, areal heat capacity, optical attenuation, anisotropic thermal trans-
port, temperature rise, nonlinear and thermo-optical refractive-index changes, magneto-
optical adjustment, and accumulated optical phase shift. The novelty lies in identifying
architecture-dependent trends within the investigated parameter ranges rather than seek-
ing a single universally optimal film. The analysis demonstrates how thin and porous
films can favor thermal and refractive index modulation, whereas thicker architectures
can enhance the accumulated phase response. This provides a theoretical basis for future
experimental evaluation for efficient absorbing MWCNT films according to the required
thermo-opto-magnetic functionality.

2. Methodology
2.1. Definition of MWCNT Variants and Material Parameters

To systematically investigate the influence of the film morphology on the thermo-
optical response, a parametric numerical study was carried out by varying three key
structural parameters of the MWCNT films: thickness, porosity, and nanotube alignment.
Film thicknesses of 10, 20, and 30 pm were selected to represent the typical range reported
for free-standing carbon nanotube films. Two porosity levels (0.3 and 0.4) were considered
to account for differences in packing density resulting from the fabrication process, while
two alignment states were analyzed: 0, corresponding to randomly oriented nanotubes,
and 1/2, representing partially aligned nanotubes along a preferred direction. The combi-
nation of these variables generated a total of 12 different film configurations, allowing the
individual and coupled effects of each structural parameter on the optical, thermal, and
thermo-optical behavior to be evaluated.

The material properties employed in the numerical simulations are summarized in
Table 1. The thermophysical, mechanical, and optical parameters were selected from
representative values reported in the literature for MWCNT films and were assumed
to remain constant throughout the simulations. In contrast, the film thickness, porosity,
and nanotube alignment were treated as independent variables in the parametric study.
Two porosity values, ¢ = 0.3 and 0.4, were selected based on an experimental value of
approximately 0.36 reported for CNT films [40]. This range was used to evaluate how small
changes in porosity affect the film response while keeping the other material properties
constant. These values represent the conditions analyzed in the model and not general
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limits for MWCNT films. The thickness range of 10-30 um was selected based on CNT
films grown by CVD using bilayer metallic catalyst systems, which allow controlled CNT
nucleation and film thickness within this range [41]. This approach allows the influence of
the film microstructure on the thermal transport, optical absorption, and thermo-optical
response to be isolated while maintaining identical intrinsic material properties for all
simulated configurations. Moreover, in the absence of a directly reported Cotton—-Mouton
coefficient for porous MWCNT films, Cp was treated as a phenomenological parameter
rather than as an experimentally established material property. Previous measurements on
MWCNT films showed nonlinear trends in optical properties as a function of magnetic field,
which were modeled using a second-order susceptibility [25]. These experimental results
support the phenomenological quadratic field dependence adopted in the present model,
although the selected value of Cg = 1.0 x 10~4T~2 remains a nominal modeling parameter.

Table 1. Thermophysical, magnetic, and optical properties of the MWCNT film employed in the
numerical simulations.

Property Symbol Value Unit Reference
Density o 1340 kg:m~3 [42]
Thermal conductivity k 70 W-m 1K1 [40]
Specific heat capacity Cp 2100 J-kg L.K™! [40]
Linear refractive index ng 1.55 - [24]
Nonlinear refractive index ny —-1.0x 101 cm? W1 [24]
Nonlinear absorption coefficient B —35x 1078 cm W1 [24]
Linear absorption coefficient 0 4600 cm ™! [24]
Thermo-optic coefficient dn/dT —5.0x 1073 oc-1 [26]

Magneto-optical coefficient Cp 1.0 x 107* T2 -

The thermophysical and optical parameters used in the simulations were selected
from representative values reported in the literature. However, their combined use for
porous MWCNT films with the specific thicknesses, porosities, and alignment states con-
sidered here has not yet been validated against corresponding experimental measurements.
Therefore, the present work should be regarded as a predictive parametric study aimed
at identifying relative trends among film architecture. The absolute values depend on
the assumed material properties, effective-medium relations, and boundary conditions,
and should be verified experimentally using films tested under equivalent optical and
magnetic conditions.

2.2. Properties Calculations for MWCNT Film Configurations

The porous MWCNT films were characterized by three structural parameters: thick-
ness h, porosity ¢, and nanotube alignment parameter S. The intrinsic thermophysical
properties of the MWCNT material were maintained unchanged across all configurations.
Therefore, the differences among the modeled films arise from changes in their architec-
ture rather than from the arbitrary assignment of different material properties. Porosity
determines the solid fraction contained within the film, thickness controls the amount of
material and thermal storage per unit area, and alignment modifies the coupling between
the linearly polarized laser field and the nanotube network.

Neglecting the comparatively small mass and heat capacity of the air contained
within the pores, the effective density of the porous film was calculated using a volume-
averaging approximation, per = (1 — ¢)pomweNT, Where pywent is the density of the
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compact MWCNT material [40]. The mass per unit area of each film was subsequently
obtained as:

% = peteh = (1 — @)pmwenth 1)
where m is the film mass and A is its surface area. Equation (1) shows that increasing
either porosity or decreasing thickness reduces the amount of solid material interacting
with the incident radiation. The effective volumetric heat capacity was determined from:
Cyvol = peffCp, where C, is the intrinsic specific heat capacity of the MWCNTSs. Since the
incident laser energy and heat source are expressed per unit surface area, the thermal
storage capacity of the films was represented by the areal heat capacity:

Ca = Cyoth = (1 — ¢)pmwentCph (2)

Thus, thickness does not modify the volumetric heat capacity but directly increases the
areal heat capacity. Conversely, increasing porosity reduces both quantities because of the
lower effective density. The calculated values for all film configurations are summarized in
Table 2.

Table 2. Calculated properties for the 12 MWCNT film configurations.

h Peff m/A Cool Ca
Conf. (um) ¢ S kgm3) (kgm?) Mm3KY (m 2K 15)
F1 10 0.3 0 938.0 0.00938 1.9698 19.70 1/3
F2 10 0.3 173 938.0 0.00938 1.9698 19.70 2/3
F3 10 0.4 0 804.0 0.00804 1.6884 16.88 1/3
F4 10 0.4 %3 804.0 0.00804 1.6884 16.88 2/3
F5 20 0.3 0 938.0 0.01876 1.9698 39.40 1/3
Fé6 20 0.3 %3 938.0 0.01876 1.9698 39.40 2/3
F7 20 0.4 0 804.0 0.01608 1.6884 33.77 1/3
F8 20 0.4 173 804.0 0.01608 1.6884 33.77 2/3
Fo 30 0.3 0 938.0 0.02814 1.9698 59.09 1/3
F10 30 0.3 %3 938.0 0.02814 1.9698 59.09 2/3
Fl11 30 0.4 0 804.0 0.02412 1.6884 50.65 1/3
F12 30 0.4 173 804.0 0.02412 1.6884 50.65 2/3

Additionally, the interaction between the linearly polarized laser field and the nan-
otube network was described through the orientation Hermans factor as [43]:

p(s) =12 @)

where S is the orientational order parameter. In this work, S = 0 represents a randomly
oriented nanotube network, whereas S = 1/2 describes partial alignment along the di-
rection of the incident electric-field polarization. These values result in #(0) = 1/3, and
7(1/2) = 2/3. The factor #(S) represents the ensemble-averaged projection of the nan-
otube axes onto the laser polarization direction. Finally, Table 2 summarizes the 12 film
configurations obtained by combining three thicknesses, two porosities, and two nanotube
orientation states. It also presents the resulting structural and thermal properties used to
evaluate their multifunctional response.

2.3. Theoretical Description of Thermal, Optical, and Magneto-Optical Effects

The interaction between the incident laser radiation and the porous MWCNT films
was described using a sequential multiphysics model. First, film porosity and nanotube
alignment determine the effective optical absorption. The absorbed optical energy sub-
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sequently produces a transient temperature field, which modifies the refractive index
through the thermo-optic effect. Simultaneously, the incident irradiance produces an elec-
tronic nonlinear contribution, whereas the external magnetic field introduces an additional
magneto-optical variation. The total refractive-index change and accumulated optical phase
shift were obtained by combining these contributions.

2.3.1. Linear and Nonlinear Optical Absorption

The optical response of the MWCNT films was modeled by considering both linear
and irradiance-dependent absorption. The nonlinear variation of the absorption coefficient
was calculated as:

Aani(I) = BI (4)

where [ is the incident irradiance and f is the nonlinear absorption coefficient. The
irradiance-dependent absorption coefficient of the MWCNT material was therefore
expressed as:

a(I) = ao + Aani.(I) = ag + pI ©)

where gy is the linear absorption coefficient. In the present model, § < 0, indicating that
the effective absorption decreases as the incident irradiance increases, consistently with an
effective saturable-absorption-type response within the investigated irradiance interval.
The transmittance of a beam in this nonlinear regime can be expressed as:

T — &p(ha(l)

1+ hgl ©)

The effects of porosity and nanotube orientation were incorporated through the solid
fraction (1 — ¢) and the optical coupling factor 77(S), respectively. The effective absorption
coefficient of each film configuration was therefore calculated as:

aest(I, 9, S) = (1 — ¢)n(S)(ao + BI) )

Equations (4)—(7) describe the combined influence of the electronic nonlinear absorp-
tion, porosity, alignment, and film thickness. Assuming negligible optical reflection, the
effective absorptance of each film configuration was calculated as A, f f(l ,9,8,h)=1-T,
where A is the fraction of the incident optical power absorbed by the film. This expression
accounts for the exponential attenuation of the optical intensity through the film thickness.
The effective absorptance was subsequently used to calculate the heat source produced
by each film configuration. Since the irradiance-dependent coefficient in Equation (4) was
evaluated using the incident irradiance, the model assumes that a.¢ remains uniform
through the film thickness.

2.3.2. Laser-Induced Thermal Response

The transient temperature distribution was calculated by treating the MWCNT film as
a thermally thin layer. Under this approximation, the temperature is considered approxi-
mately uniform across the film thickness but can vary over the in-plane coordinates x and
y. The governing two-dimensional heat-transfer equation was expressed as [42]:

AT
Cag = V- [keit(9, S)HVAT] + ass (x,9,£) — HioooT (8)

where AT(x,y,t) = T(x,y,t) — To, Tp is the initial ambient temperature, keg (¢, S) is the
configuration-dependent in-plane thermal conductivity, and Hj.g is an effective heat-
transfer coefficient accounting for heat exchange with the substrate and surroundings.
Equation (8) was solved numerically over an 8 x 8 mm? surface using a two-dimensional
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finite-difference method. The initial condition was AT (x,y,0) = 0, while the film bound-
aries were maintained at ambient temperature.
The absorbed heat flux was represented with a spatial gaussian beam as:

2PincAeff 27’2
rt) = ——exp| —— t 9
Qavs (7, ) nw% P w% Sn(t) )
where 2 = x? + yz, Pi is the incident optical power, wy is the laser-beam radius, and

Qin(f) is the temporal activation function. The latter was set equal to unity during laser
irradiation (t,4,,) and zero after the laser was switched off. Therefore, the absorbed power
was not prescribed as identical for all films but varied according to irradiance, thickness,
porosity, and nanotube alignment. This formulation allows the optical response of each
film configuration to determine its corresponding thermal source. The optical excitation
and thermal simulation conditions used in Equations (8) and (9) are summarized in Table 3.
The irradiation time corresponds to the total exposure to a 10 Hz pulse train and not to the
duration of an individual laser pulse.

Table 3. Optical excitation and thermal simulation conditions.

Parameter Symbol Value Unit
Laser wavelength (nm) A 532 nm
Pulsed irradiance Ipeak 7-20 MW.-cm 2
Pulse duration Tp 4 ns
Repetition rate frep 10 Hz
Beam waist wo 0.6 mm
Average incident power Pinc 1.58-4.52 mW
Total irradiation time Haser 10 S
Heat-loss coefficient Hipss 22 W-m 2K !

Although the optical intensity decreases through the film thickness, the 2D optical
source was obtained by integrating the Beer-Lambert absorption by preserving the total
absorbed power. To evaluate the mean approximation, the film thickness was divided into
thin layers, and the local intensity was calculated as I(z + Az) = I(z)exp[—aeg(I(z))Az],
using aeg(1(z)) = (1 — ¢)n(S)[wo + BI(z)]. The resulting depth-dependent transmittance
and absorptance were compared with those calculated using the incident irradiance in ag.
Across all configurations and irradiances, the maximum relative deviations, calculated as
| (T, A)jocal — (T) A) unitorm |/ (T, A)joear X 100, were 0.083% for transmittance and 0.0033%
for absorptance. Moreover, the through-thickness thermal-diffusion time ranged from
54 x107°t07.2 x 107> s, much shorter than the 0.1 s interval between pulses and the 10 s
irradiation time. Therefore, the averaged approximations considered in the model are valid
within the investigated parameter ranges since negligible relative deviations are obtained.

2.3.3. Electronic Nonlinear and Thermo-Optic Contributions

The instantaneous electronic nonlinear response was described using a Kerr-like
relation. To account for the amount of optically active material and its orientational
coupling with the incident polarization, the effective nonlinear refractive-index change was
calculated as:

Anne = (1 — @)5(S)npI (10)

where 15 is the nonlinear refractive-index coefficient. Unlike the thermal contribution, this
nonlinear response follows the temporal scale of the incident optical excitation. The laser-
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induced temperature increase produces an additional refractive-index variation through

the thermo-optic effect:
dn

dT

where dn/dT is the thermo-optic coefficient and ATmax is obtained from the thermal model.

AnT - ATmax (11)

2.3.4. Magneto-Optical Contribution

For the transverse magnetic-field geometry considered in the simulations, the magnet-
ically induced refractive-index change was represented using a quadratic Cotton-Mouton-
type relation [44]:

Ang = Cg(1 — ¢)n(S)B? (12)

where Cp is the effective magneto-optical coefficient and B is the magnetic flux density.
Equation (12) is an effective low-order description of the magnetic response and does
not imply a substantial physical realignment of the nanotubes during the application of
the field. Instead, it represents the comparatively small change in the optical response
associated with the magnetically perturbed electronic structure of the MWCNT network.

2.3.5. Total Refractive-Index and Optical Phase Modulation

The total change in refractive index was calculated by adding the electronic nonlinear,
thermo-optic, and magneto-optical contributions:

Attyora) = Anny, + Ant + Ang (13)

Accordingly, the refractive index of the film under simultaneous optical, thermal, and
magnetic excitation was expressed as 1y = Meff + Anyora], Where 14 is the unperturbed
effective refractive index of the porous MWCNT film. Finally, the optical phase shift
accumulated relative to the basal film was calculated as:

27th
AD = TAntotal (14)

where A is the optical wavelength.

2.4. Scheme of Multiphysics Interactions

Figure 1 illustrates the multiphysics framework considered for the MWCNT films.
A linearly polarized laser beam propagates normally to the film surface, where part of
the incident radiation is absorbed by the nanotube network and the remaining fraction is
transmitted. Simultaneously, an external magnetic field is applied perpendicular to the film
plane. The two panels compare randomly oriented (S = 0) and partially aligned (S =1/2)
CNT networks for films with different thicknesses and porosities. These structural variables
regulate complementary aspects of the response: thickness determines the thermal mass
and optical interaction length, porosity modifies the amount of active MWCNT material
per unit volume, and nanotube alignment controls the coupling between the incident
polarization and the nanotube axes. Consequently, their combined variation governs optical
absorption, heat accumulation and redistribution, and the electronic, thermo-optical, and
magneto-optical contributions to the total refractive index change. The optical irradiance
was varied from 7 to 20 MW cm 2, whereas the applied magnetic field ranged from 0 to 1 T.
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Linear polarized laser
» | - .|, Magnetic
| Field
| & ; Randomly
! aligned (S=0) |&

\

MWCNT
Films

Partially 5
aligned (S=1/2) }

Transmitted laser

Thickness (10 = 30) um
Porosity (0.3 = 0.4)

Figure 1. Schematic representation of porous MWCNT films with increasing thickness under linearly
polarized laser irradiation and an external magnetic field in randomly oriented and partially aligned
nanotube networks. SEM images adapted from ref. [43].

3. Results and Discussion

Figure 2 shows the variation in optical density as a function of film thickness, poros-
ity, and nanotube alignment. Optical density increases linearly with thickness for all
configurations. At a fixed thickness and porosity, the partially aligned networks exhibit
approximately twice the optical density of the randomly oriented networks, owing to their
larger orientation factor. Conversely, increasing the porosity from 0.3 to 0.4 reduces the
optical density by approximately 14%, because the fraction of optically active MWCNT
material decreases. Consequently, the optical density varies from approximately 0.4 for
the thinnest, most porous, randomly oriented F3 film (h = 10 pm, ¢ = 0.4, and S = 0)
to 2.8 for F10 film (h = 30 pum, ¢ = 0.3, and S = 1/2). In summary, thickness produces
the largest variation in optical density, while nanotube alignment provides an additional
twofold increase.

=@ Random network, S =0
= Aligned network, S = 1/2

Optical density

20

30 0.3

Film thickness (pm)

Porosity

Figure 2. Parametric design and effective film properties.
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Figure 3 shows the optical transmittance as a function of incident irradiance for
the three film thicknesses. For all configurations, transmittance remains nearly constant
throughout the analyzed irradiance range, indicating that the nonlinear modulation is
negligible under these conditions. However, film architecture produces substantially larger
variations. At/ = 10 um, the randomly oriented networks exhibit the highest transmittance,
increasing from approximately 7.7 for ¢ = 0.3 and 11.2% for ¢ = 0.4. Partial nanotube
alignment markedly enhances the interaction with the incident polarization, reducing
transmittance to approximately 0.6 and 1.3% for ¢ = 0.3 and 0.4, respectively. Increasing
the thickness to 20 and 30 pm further suppresses optical transmission because of the longer
propagation length and the resulting increase in accumulated absorption. At & = 20 pm,
the transmittance of the randomly oriented networks decreases to approximately 0.60 and
1.25% for ¢ = 0.3 and 0.4, respectively, while the partially aligned films show values close
to zero. For the 30 pm films, transmittance remains below approximately 0.14% for the
randomly oriented networks and approaches zero for the partially aligned configurations.
At every thickness, increasing porosity from 0.3 to 0.4 increases transmittance because
the fraction of optically active MWCNT material decreases. Overall, thickness and nan-
otube alignment dominate the transmission response, whereas incident irradiance has no
appreciable influence within the analyzed range.

(a) (b) (c)
12 e 1.4 0.14 -0 =0 =0=0"0+-0="0—
L 0 -0-0- 0 0 -0-0 -
00 -0-0-0 0-0-0 -
1.2 4 - 0.12 1 3
10 4 -
14 - 0.1 1 r
S § 9—0—0—0—0—0—0—0— g X
8 8 0.8 1 3 0.08 -
S 6 N 3
= —0—$=03,5=0 = =
a —8—$=03,5S=1/2 < 0.6 0—0—0—0—0—0—0—0— = (.06 - -
g -0 $=04.S=0 g g
= 41 -8 $=04,S=1/2 = — 0—0—0—0—0—0—0—0—
0.4 - - 0.04 1 -
21 [ 02+ L 0,021 !
; O -o-p- o 4@-0-0
0 ——————— o888 8 8 888 [0 - B0 - B - - - IO - IO . I B
8 10 12 14 16 18 20 8 10 12 14 16 18 20 g8 10 12 14 16 18 20
-2 -2 -
Irradiance (MW cm 7) Irradiance (MW cm 7) Irradiance (MW ¢cm 7)

Figure 3. Optical transmittance as a function of irradiance for MWCNT films with thicknesses of
(a) 10 um, (b) 20 um, and (c) 30 um, considering porosities of 0.3 and 0.4 and nanotube alignment
statesof S=0and S=1/2.

Figure 4 presents the simulated laser-induced thermal response of three representative
partially alignhed MWCNT films with low, intermediate, and high areal heat capacities under
a peak irradiance of 20 MW cm 2. The simulations were performed using S = 1/2 and its ef-
fective absorption coefficient to determine the absorbed average power. Figure 4a shows the
10 um film with ¢ = 0.4, which has the lowest areal heat capacity (C4 = 16.88 Jm 2K 1).
Its effective absorptance is 0.841, and it reaches the highest maximum temperature rise of
approximately 4.5 K. Figure 4b corresponds to heat map of the 20 um film with ¢ = 0.4.
Increasing the thickness doubles the areal heat capacity to 33.77 ] m~2 K~! and increases
the effective absorptance to 0.975; nevertheless, the maximum temperature rise decreases to
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approximately 2.7 K. Figure 4c presents the 30 um film with ¢ = 0.3, which has the highest
areal heat capacity (C4 = 59.09 Jm 2K ') and an effective absorptance of 0.998. Despite
absorbing nearly all the incident optical power, this configuration exhibits the lowest maxi-
mum temperature rise, approximately 1.6 K. In all three temperature maps, the Gaussian
heat source produces a localized hot spot centered on the irradiation region. Figure 4d
compares the temporal evolution of the maximum temperature rise. All configurations
exhibit rapid initial heating followed by a quasi-steady regime during irradiation and
rapid cooling after the laser is switched off at t = 10 s. Although the effective absorptance
increases with film thickness, the higher areal heat capacity and greater lateral heat transfer
reduce the resulting temperature rise.

(a) Low areal heat capacity (b) Intermediate areal heat capacity (c) High areal heat capacity
h=10 ym, $=04,C, =1688Jm *K ' h=20um, $=04,C, =3377Jm K ' h=30ym, $=03,C, =59.09Tm *K '

4 4 4 45
2 2 2 4
E E E
£0 £E0 E0 3.5
- - Pa)
-2 -2 -2 43
-4 -4 -4 125 ~
-4 2 0 2 4 4 =)
E—
L X (mm) | ! . X (mm) ’ L, q
- —0.84 - -2 -1
4 —LowAeﬂ. 0.841:CA 16.88Jm “K L
T _ s C = -2 -1
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High: Aeff 0.998, CA 59.09Tm “K

L)
N

AT
max
[}
jI\
T

@
T T T T 0
0 2 4 6 8 10 12 14 16 18 20
Time (s)

o —
|
Laser off
T
o
W

Figure 4. Laser-induced thermal response of representative MWCNT films. Steady-state temperature
distributions at 20 MW cm 2 for configurations with (a) low, (b) intermediate, and (c) high areal heat
capacity. (d) Temporal evolution of the maximum temperature rise during 10 s of laser irradiation
and the subsequent cooling stage. The dashed circle indicates the laser beam dimensions.

Figure 5 summarizes the influence of film architecture on the simulated thermal
response under the same incident irradiance, beam radius, irradiation time, film dimensions,
and heat-loss conditions. For each configuration, the absorbed power was calculated from
its irradiance-dependent effective absorption coefficient, film thickness, porosity, and
nanotube alignment. Thus, the thermal response reflects the combined effects of optical
absorption, thermal storage, and lateral heat transport. In Figure 5a, thickness was varied,
while the results were averaged over both porosities and alignment states. The decrease
in ATmax with thickness is associated with the greater areal heat capacity and lateral
thermal conductance of thicker films. In Figure 5b, porosity was varied while thickness and
alignment were averaged over their respective values. Increasing porosity produces a rise
in ATmax because it reduces both the effective thermal mass and heat-spreading capability
of the film. In Figure 5c, alignment was varied while thickness and porosity were averaged.
The lower ATmax obtained for S = 1/2 indicates that nanotube alighment enhances in-plane
heat transport and reduces thermal localization around the irradiated zone. Figure 5d

https://doi.org/10.3390/ cryst16090574


https://doi.org/10.3390/cryst16090574

Crystals 2026, 16, 574

12 of 19

(K)

max

shows Ty, as a function of C4, where Ty, is the thermal response time required for the
film to reach thermally stable state under a change in the irradiation conditions. Each
curve maintains a fixed combination of porosity and alignment, while thickness varies
from 10 to 30 um. The increase in 1y, with C4 indicates a slower thermal response for films
with greater thermal mass, whereas nanotube alignment reduces the characteristic time by
improving lateral heat diffusion. Overall, thickness mainly controls thermal storage, while
porosity and alignment regulate the balance between heat accumulation and redistribution,
providing a practical route for tuning the photothermal response of MWCNT films.

a b
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Figure 5. Influence of MWCNT film architecture on the simulated thermal response. Mean ATnmax as
a function of (a) thickness, (b) porosity, and (c) nanotube alignment, averaged over the remaining
parameters. (d) Characteristic thermal time versus areal heat capacity for fixed combinations of
¢ and S, with thickness varying from 10 to 30 um. All irradiation and boundary conditions were
kept constant.

Figure 6 separates the contributions governing the effective refractive-index variation
of the MWCNT films. Figure 6a presents the electronic nonlinear contribution, Anyy,, which
becomes progressively more negative as the irradiance increases from 7 to 20 MW cm 2.
The curves corresponding to different thicknesses overlap because this contribution is
governed mainly by porosity and nanotube alignment and is independent of thickness.
Aligned films exhibit the largest response, particularly for ¢ = 0.3, reaching approximately
—1.0 x 1074, Figure 6b shows the thermo-optic contribution, Ant, which also decreases
with irradiance but displays a stronger dependence on film thickness. The largest mag-
nitude is obtained for F3 configuration, —0.022 at 20 MW c¢m 2. This behavior is mainly
associated with its low areal heat capacity and reduced lateral heat spreading. F4 exhibits a
closely comparable response because its stronger optical coupling is partly balanced by its
higher in-plane thermal conductivity.
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Figure 6. Simulated refractive-index contributions of the 12 MWCNT film configurations: (a) elec-
tronic nonlinear contribution as a function of optical irradiance, (b) thermo-optic contribution as a
function of optical irradiance, (c) magneto-optical contribution as a function of the applied magnetic
field, and (d) total refractive-index change as a function of optical irradiance and film configuration.

Figure 6¢ presents the magneto-optical contribution, Ang, as a function of the applied
magnetic field. Unlike the electronic and thermal components, this contribution exhibits
a nonlinear dependence on B. Its magnitude is enhanced by nanotube alignment and
reduced porosity, reaching approximately 5.0 x 10> for the aligned configurations with
¢ = 0.3 at B = 1 T. Finally, Figure 6d combines the three contributions and displays the
total refractive-index variation, Ai,y, for the 12 film configurations in the irradiance range.
The total response remains negative since the electronic and, particularly, thermo-optic con-
tributions exceed the positive magneto-optical term. F3 and F4 exhibit the largest absolute
variation, with —0.0232 and —0.0226, respectively. Whereas thicker and randomly oriented
configurations show considerably weaker modulation. In general, the results indicate
that the thermo-optic response dominates the total change in refractive-index, while the
electronic and magneto-optical terms provide smaller architecture-dependent corrections.

MWCNT-based films have been extensively investigated because of their outstanding
thermal, optical, electrical, and magnetic properties. However, most studies examine these
responses individually or under a limited set of structural conditions, providing an incom-
plete panorama of how multiple properties emerge and interact when several variables
are modified simultaneously. In practice, changing film thickness, porosity, or nanotube
alignment can enhance one response while attenuating another, producing trade-offs that
cannot be identified through single-property optimization. A global analysis is therefore
required to establish the sequence of relationships connecting film architecture, optical
absorption, heat generation, refractive-index modulation, and accumulated phase shift.
Within this framework, Figure 7 integrates the principal responses of the 12 configurations,
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Figure 7. Comparative response of the 12 MWCNT film configurations: (a) maximum temperature
rise, (b) total refractive-index change, and (c) accumulated optical phase shift. Panels (b,c) were
calculated at B=1T.

Figure 7a shows that ATnax increases with irradiance for all configurations. F3
(h=10um, ¢ = 04, and S = 0) and F4 (h = 10 pm, ¢ = 04, and S = 0.5) exhibit
the highest and closely comparable temperature rises because they have the lowest areal
heat capacity. The stronger optical coupling in F4 is partly balanced by its greater in-plane
heat transport, causing F3 to reach a slightly higher temperature. Accordingly, Figure 7b
shows that F3 produces a slightly larger | Anyy, |, mainly due to the dominant negative
thermo-optic contribution. The electronic Kerr-like term reinforces this effect, whereas the
positive magneto-optical component partially compensates it. In Figure 7c, F11 (h = 30 um,
¢ = 0.4, and S = 0) produces the largest phase-shift magnitude because its greater thickness
increases the optical interaction length. Thus, thin and porous films favor temperature and
refractive-index modulation, whereas thicker films favor accumulated phase modulation.

Even though no single configuration maximizes all the optical responses, the relative
importance of the individual mechanisms also depends on the temporal conditions of the
optical excitation. Under nanosecond irradiation, heat accumulation produces a dominant
thermo-optic effect, while magneto-optical term remains smaller and become negligible. As
the pulse duration decreases at fixed peak irradiance and repetition rate, less optical energy
is deposited per pulse, reducing the average absorbed power and the resulting temperature
rise. The magneto-optical contribution does not increase at shorter pulse durations; rather,
it becomes relatively more significant as the thermo-optic term decreases. To examine
this effect, Figure 8 presents a pulse-duration plot analysis for F3 configuration over the

range from 1 ps to 4 ns, maintaining a peak irradiance of 20 MW c¢m 2

, a repetition rate
of 10 Hz, and a total exposure time of 10 s. Figure 8a shows the maximum temperature
rise, while Figure 8b compares the magnitudes of the thermo-optic, electronic Kerr-like,
magneto-optical, and total refractive-index changes. The results show that ATmax and the
thermo-optic contribution increase in proportion to the pulse duration. Consequently, at
picosecond durations the total refractive-index change is mainly determined by the partial

compensation between the negative Kerr-like and positive magneto-optical terms, whereas
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toward the nanosecond regime the thermo-optic contribution becomes dominant and
governs the total response. This analysis describes the accumulated response of the pulse
train and does not resolve the ultrafast temperature dynamics within an individual pulse.

1 , (a) . , y , (b) .
10 10 [
——F3 Configuration Thermo-optic f
@ 1ps - = =Electronic Kerr-like |
B 4ns o | e Magneto-optical .
10 ===="Total ‘
10-3 J
| =l
d
10—4 J
10—5 J
107 ' ' —
10° 10" 10° 10°
Pulse duration (ps) Pulse duration (ps)

Figure 8. Pulse-duration dependent effect of F3 from 1 ps to 4 ns: (a) maximum temperature rise and
(b) change in refractive index magnitudes. Calculations were performed at 20 MW cm~2,10 Hz, and
B=1T

Beyond the pulse-duration range explored in Figure 8, the response of MWCNT films
may also depend on the excitation wavelength, pore morphology, structural defects, and
components introduced during synthesis and processing. The present predictions are
restricted to 532 nm, while experimental studies show that the transmittance of MWCNT
networks varies with wavelength and generally increases toward the near-infrared re-
gion [35]. Therefore, if the effective absorption coefficient is lower at 1064 nm, the op-
tical penetration depth would increase, but the absorbed power and temperature rise
could decrease. For the same refractive-index change and film thickness, the relation
A® = (27t/A)Anh also predicts a phase shift at 1064 nm approximately half that at 532 nm.
A quantitative extension would require wavelength-dependent values of ag, B, 12, and
dn/dT. In addition, the model represents porosity only through its volume fraction. There-
fore, films with the same porosity but different pore sizes, packing, or spatial organization
are considered equivalent. However, these structural features can modify light trapping,
nanotube contacts, and thermal transport [45,46]. Structural defects can also modify opti-
cal transitions and reduce thermal conductivity [47], while catalyst particles, amorphous
carbon, residual surfactants, and binders may alter the effective properties of the film; for
example, surfactant removal has been shown to increase the electrical conductance of CNT
films [48]. These effects are currently included only indirectly through literature-based effec-
tive properties. Future models could incorporate morphology- and composition-dependent
coefficients, explicit three-dimensional pore structures, or multiphase descriptions, while
time-dependent density functional theory could provide wavelength- and field-dependent
optical parameters [49,50].

Finally, experimental validation of the predicted responses is needed to assess the
scope and applicability of the results. Such validation would require a combination of struc-
tural, optical, thermal, and magneto-optical characterization techniques. Film thickness
can be measured by cross-sectional scanning electron microscopy or profilometry, while
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pore morphology and porosity can be evaluated using gas-adsorption BET analysis [51].
Nanotube alignment can be quantified by polarized Raman spectroscopy [52]. The effective
optical transmittance and absorption coefficients can be obtaining used UV-Vis-NIR spec-
tra measurements. Z-scan measurements could determine the nonlinear absorption and
Kerr-like coefficients, while pump—probe experiments could separate the fast electronic
contribution from the slower thermal response [53]. Finally, magneto-optical effects can be
explored using ellipsometry under a controlled magnetic field to determine nonlinear prop-
erties [54]. Applying these techniques to films with equivalent architectures and excitation
conditions would allow direct validation of the predicted trends and absolute values.

4. Conclusions

A multiphysics framework was developed to determine how thickness, porosity, and
nanotube alignment jointly control the optical, thermal, and magneto-optical responses
of MWCNT films. The results show that these structural parameters affect each response
differently, so no single configuration maximizes all the evaluated behaviors. The thin and
porous F3 and F4 configurations produce the highest and closely comparable temperature
rises and refractive-index changes because of their low areal heat capacity. F3 shows a
slightly greater response because its random nanotube network limits lateral heat transport,
whereas the partial alignment in F4 increases both optical coupling and heat spreading.
Conversely, the thicker F11 configuration produces the largest accumulated phase-shift
magnitude because of its longer optical interaction length. Under nanosecond excitation,
heat accumulation makes the thermo-optic contribution dominant. As the pulse duration
decreases toward the picosecond regime at fixed peak irradiance and repetition rate, the
deposited energy and photothermal effect decreases. Consequently, the electronic Kerr-like
and magneto-optical contributions account for a larger fraction of the total refractive-index
response. Thus, the model identifies architecture- and pulse-dependent trends that provide
testable predictions for future experimental studies of tunable coatings, optical modulators,
and photothermal or magnetic sensing devices.
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