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Abstract: Protection of human eyes or sensitive detectors from high-intensity laser radiation is
an important challenge in modern light technologies. Metasurfaces have proved to be valuable
tools for such light control, but the actual possibility of merging multiple materials in the
nanofabrication process hinders their application. Here we propose and numerically investigate
the opto-thermal properties of plane multilayered structures with phase-change materials for
optical limiters. Our structure relies on thin-film VO2 phase change material on top of a
gold film and a sapphire substrate. We show how such a multi-layer structure can act as a
self-activating device that exploits light-to-heat conversion to induce a phase change in the VO2
layer. We implement a numerical model to describe the temporal evolution of the temperature
and transmittivity across the device under both a continuous wave and pulsed illumination. Our
results open new opportunities for multi-layer self-activating optical limiters and may be extended
to devices based on other phase change materials or different spectral regions..

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The quest to achieve dynamic control of nanoscale optical devices is at the forefront of scientific
investigation in photonics. In the past years, a plethora of solutions, including liquid crystals,
hot electrons, materials with large nonlinear and electro-optical coefficients, mechanical strain,
and phase change materials (PCM), have been proposed to tune the radiation properties or
enhance the field confinement in nanostructured devices such as nanoantennas and metasurfaces
[1–4]. In particular, PCMs have shown great versatility since they can be integrated within
nanoscale devices and allow for dynamic control with different stimuli along with large contrast
of the optical constants between the two phases [5–10]. Within the family of PCMs today
available, vanadium dioxide (VO2) stands out due to its abrupt dielectric to metal transition at
∼ 70◦C, which can be induced thermally, electrically or optically [11–13]. In this way, depending
on the external control source, it is possible to switch the phase of the device on different
timescales ranging from picoseconds to seconds [14–16]. An important application of PCM is
the optical limiter used to prevent damage in detection devices or protect eyes from coherent
radiation [17,18]. In this framework, a fast, self-activating device is needed to achieve a reliable
protection tool. Nanoantennas and metasurfaces have been extensively investigated to perform
beam steering, polarization control, sensing and nonlinear frequency mixing, thus showing the
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possibility to implement unique and non-trivial functionalities which are not available in thin
films [19–21]. Recent works incorporated VO2 to dynamically tune, by means of an external
trigger, the transmission of metasurfaces [22,23] and perform dynamic polarization control
[24,25]. VO2-based nanostructured devices have also been employed to perform optical limiting
in the infrared region. Broadband optical limiting above 2 µm was reported in [26], while in
[18] the authors achieved 25.2 dB turn down ratio around 1200 nm with shorter bandwidth
(∼20 nm). However, the complexity in the fabrication process itself and the need to maintain
a high resolution (on the order of tens of nanometers) on large samples may hinder the large
scale production via standard fabrication techniques, such as deep UV photolitography [19–21].
Furthermore, mixing materials to achieve dynamic control makes the fabrication process, such
as electron beam litography, even more difficult and delicate [18,22,23,27]. In stark contrast to
nanostructured metasurfaces, thin-film planar multilayers, which are composed by stacking a few
nano-scale films of different materials on top of each other, have lower versatility but feature
large area, easier and faster fabrication processes compatible with industrial needs. Indeed,
such multi-layer structures have already been employed to build smart windows, perfect mirrors,
compact modulators and filters [28,29].

Here, a multilayered structure composed of a VO2 film stacked on a thin gold (Au) layer on
a sapphire (Al2O3) substrate is proposed and its thermo-optical properties are studied. The
gold film provides an efficient way to increase the radiation absorption inside the VO2 and
induces thermal switching upon controlled illumination intensity on shorter timescales. First,
by employing a Transfer matrix approach we maximize the transmittivity contrast of the device
when the VO2 changes from dielectric to metallic phase. Then, we implement a numerical model
that takes into account the mutual influence between light and heat propagation on the VO2
optical properties, extending previous models which considered VO2 phase transition as a step
function of the temperature and did not consider latent heat during the phase transition [14,30].
Next, we numerically investigate the transient response of the device upon illumination with a
train of laser pulses (wavelength λ = 1550 nm), and the influence of the light intensity, pulse
duration and repetition rate on the device response. Finally, the characteristic time and number
of pulses needed to achieve steady optical transmission reduction under pulsed illumination were
determined. To the best of our knowledge, our work provide the first study of multiple pulses
temporal dynamics of temperature and transmittivity in a self activating PCM based device. The
results provide an easy-to-grow and robust multilayer device for a self-activating optical limiter.
The adopted limiting scheme may be easily extended to other PCMs, other spectral regions and
nanostructured devices such as nanoantennas and metasurfaces.

2. Design

In order to design an efficient self-activating optical limiter, it is crucial to control the threshold
intensity at which the phase transition in VO2 occurs. The design depicted in Fig. 1(a) may prove
useful for this purpose, thanks to the presence of the thin gold layer. The latter acts as a reflector
to enhance the electromagnetic field inside the PCM. In contrast to Ref. [31], here we place the
gold layer between the VO2 and the substrate because this configuration allows to maximize the
transmittivity contrast when impinging from the VO2 side.

The optimization of the geometrical parameters is performed by employing a Transfer matrix
(T-matrix) approach. In a nutshell, a plane wave impinges on the device from the air side (top
of the device), as shown in Fig. 1(a). The device is illuminated at normal incidence. The light
transmittivity (Tr) is calculated in two cases: (i) when the VO2 layer is fully in the dielectric
phase (“on” state) or (ii) when the entire VO2 layer is in the metallic phase (“off” state). For
these calculations we adopt the refractive index of the VO2 in the dielectric and metallic phases,
reported in [30]. The refractive indices of the gold and the sapphire are taken from Ref. [32] and
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Fig. 1. (a) Pictorial sketch of the device. Left is when the VO2 layer is fully in the dielectric
phase ("on" state) and right is when the entire VO2 layer is in the metallic phase ("off" state).
(b) Transmittivity difference ∆Tr (colour scale) as a function of the wavelength (λ) and VO2
film thickness, for a fixed Au thickness of 5 nm. (c) Transmittivity difference (colour scale)
as a function of Au and VO2 film thickness, for a fixed wavelength λ = 1550 nm. The
transmittivity difference is defined as ∆Tr = Trdiel − Trmet. The red squares correspond to
the optimal configuration at λ = 1550 nm.

Ref. [33], respectively. See supplementary material for more details about possible fabrication
techniques and optical characterization.

The transmittivity difference ∆Tr=Trdiel-Trmet between the dielectric and metallic phases as a
function of the incident light wavelengths is reported in Fig. 1(b). In this case a fixed thickness
of 5 nm is considered for the gold thin film layer. We observe that ∆Tr increases at longer
wavelength since the difference between the imaginary parts of the VO2 refractive index in the
two phases becomes larger. Since the dielectric phase has non-zero imaginary part, increasing
the VO2 thickness beyond ∼ λ/20 decreases the transmittivity in the “on” state and thus ∆Tr
also decreases. Furthermore, a thicker gold film provides a larger heating source, which may
help to reduce the intensity threshold and the transmittivity value in the “on” state; however,
this occurs at the cost of a reduced transmittivity contrast and transmittivity in the “off” state.
We choose a working wavelength of 1550 nm since it is a standard in optical communications.
Nevertheless, our device can achieve comparable performances at longer wavelengths, resulting
in larger bandwidth applications. In Fig. 1(c), we report the gold and VO2 thickness optimization
at 1550 nm, which gives an optimal thickness of 6 nm and 52 nm, respectively. The device has
comparable performances also at non-normal incidence since it is not based on the shift of sharp
resonances (see Fig. S2 and S3).
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3. Opto-thermal simulations

Once we have obtained the optimal configuration for optical limiting, we study the self-activating
performance of the device under a dynamic excitation (i.e. transient illumination). We introduce
a fully-coupled opto-thermal model to quantify the thermal dynamics in the system and its
repercussion on the optical properties of the structure during the phase transition of the VO2 layer.
The full opto-thermal problem is solved using the finite-element method (FEM) in COMSOL
Multiphysics [34,35].

Due to the transverse symmetry of the structure, we consider a 2D geometry (a cross-sectional
plane x − z in Fig. 1(a)) to reduce the computation time. The geometry includes four domains: a
top air domain (with refractive index n = 1), a VO2 and a gold layer, and a sapphire substrate.

We start solving the problem from the optical part and then we calculate the heat generated
due to light-to-heat conversion to compute the variation of the optical properties of VO2. This
process is iteratively repeated up to convergence. While solving the optical problem we monitor
the device transmittivity and compute ohmic losses. We illuminate the structure with a plane
wave in air at normal incidence of wavelength 1550 nm and intensity I0.

The problem shows a translation symmetry along the x-direction, hence, we introduce periodic
boundary conditions (Floquet periodicity) on the vertical sides [36]. The horizontal width of the
geometry is set to 800 nm. The optical problem is solved with a frequency-domain study and the
solution allows to compute the absorbed power density (averaged over one temporal cycle) as
Qh(r) = Re[J̃(r) · Ẽ∗(r)]/2, where Ẽ∗ and J̃ are the complex-conjugate of the electric field and the
complex valued current density, respectively, Re denoting the real part of the complex value [37].

The absorbed power density allows to quantify the heat source term to be assigned to VO2 and
gold domains in the thermal problem. Note that the light absorption in the substrate is neglected,
hence its refractive index is entirely real. To model the thermal problem, we solve the diffusion
equation [37] in the VO2, gold and substrate domains. On the lateral sides we assign adiabatic
boundary conditions. Indeed, the problem is symmetrical in the xy-plane and hence the only
non-zero component of the heat flux is along z. To limit the computational burden, the thermal
problem was not solved in the air domain. The presence of the air was accounted for by assigning
on the interface air-VO2 a radiation boundary condition q · n = σϵ

(︁
T4 − T4

amb
)︁

and a convection
boundary condition q · n = h (T − Tamb), where q is the heat flux, n is the unit normal vector
pointing outside the domain, σ = 5.67 × 10−8 W/m2K4 is the Stefan-Boltzmann constant, ϵ ≈ 1
is the emissivity, h ≈ 25 W/m2K is the convective heat transfer coefficient (free convection in air
is assumed [38]) and Tamb = 293.15 K is the external ambient temperature. The same radiation
and convection boundary conditions have been assigned on the bottom face of the substrate as
well, since it is assumed to be in contact with air.

The simulation parameters are reported in Table 1. The specific heat per unit mass of the
VO2 is reported for temperatures far from the phase transition. Indeed, VO2 is endowed with
a first order phase transition with the presence of latent heat across the phase transition. As a
consequence, around the critical temperature, the specific heat is a function of the temperature
[39]. The developed model accounts for the presence of the latent heat, which is usually neglected
even if it plays a significant role on shorter relaxation timescales.

Table 1. Mass density ρ, thermal conductivity κT and specific heat per unit mass Cp for VO2, Au
and Al2O3. The VO2 and Au thermal parameters are taken from Ref. [28] and [42], respectively. In

this table we reported the specific heat of the VO2 far from the phase transition.

Parameters VO2 Au Al2O3

ρ [kg/m3] 4600 19300 3900 ([40])

κT [W m−1 K−1] 6 317 40 ([41])

Cp [J kg−1 K−1] 690 129 775 ([41])
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In the model we neglected the variations of thermal conductivity (κT ) and mass density (ρ) of
the VO2 across the phase transition. We also neglected the thermal conductivity reduction in
thin films due to ballistic effect and the thermal boundary resistance at the interface among the
involved materials (in analogy with Ref. [43]). Indeed, the presence of these refinements would
complicate tremendously the model without affecting the results significantly.

As we will see later, the thermal problem may be solved with a stationary or time-dependent
solver. The obtained temperature is used to modify the dielectric function of the VO2 layer. In
the latter domain, the effective complex dielectric function εeff depends on the fractions of the
VO2 in the dielectric and metallic phases, which in turns depend on the temperature according to
the Looyenga mixing rule [30]:

[εeff(λ, T)]s = [1 − f (T)] [εdiel(λ)]
s + f (T) [εmet(λ)]

s , (1)

where εdiel and εmet are the complex dielectric functions of VO2 in the dielectric and metallic
phase, respectively, s = 1/3 and the fraction of the metallic phase is given by:

f (T) =
{︃
1 + exp

[︃
W
kB

(︃
1
T
−

1
Tc

)︃]︃}︃−1
, (2)

with W = 4.85 eV and Tc = 75.1◦C. We point out that the effective dielectric constant in VO2
might be described properly also with a Bruggeman effective medium theory [44], rather than
with the Looyenga mixing rule [30]. However, the analytical expression for εeff in the Bruggeman
formalism is more complicated and might hinder the convergence of the solution. For this reason,
we used the much simpler expression obtained with the Looyenga mixing rule.

Equation (1) allows to describe the spatial profile of the VO2 refractive index modified by
the thermal dynamics. With this information, the electromagnetic problem is computed again.
The FEM model solves the electromagnetic and thermal physics at the same time, finding a
self-consistent solution for this nonlinear problem.

The thickness of the air domain for the optics is taken as 2 µm and truncated with a port
boundary condition, which introduces the light beam in the system. The substrate thickness for
the thermal problem is taken as ≈ 7 µm so as to mimic real samples. To limit the computational
burden, the optical problem was solved on a much shorter substrate (≈ 3 µm), that was truncated
with a port boundary condition with no light entering in the computation cell from it.

We used a triangular mesh, whose maximum element size is shorter than 1/7 of the light
wavelength in each domain. To guarantee the accuracy of the obtained solution, in the short VO2
and Au domains the maximum element size was reduced to 1/5 of the domain thickness.

Steady-state simulation. Before modelling a complete temporal evolution inside the device, we
consider the simpler case of illumination with continuous light. In this case, the thermal problem
needs a stationary solver to find the equilibrium solution. The heat source is the absorbed power
density Qh(r) computed from the optical problem. The opto-thermal problem is solved with a
frequency-stationary solver.

Time-dependent simulation. In this case we model the transient response of the device upon
a time-varying light illumination. The system starts from an equilibrium condition, where the
temperature is set at room temperature Tamb = 293.15 K everywhere and hence the device is in the
“on” state. In this equilibrium situation, we assume that the source term in the thermal problem
is zero. Afterwards, to model the thermal dynamics in the device, we assign a time-dependent
source term in the VO2 and gold domains of the type G(t)Qh(r), where G(t) is a function
accounting for the temporal evolution and Qh(r) is the absorbed power density computed with the
optical problem. This source terms triggers the thermal dynamics, in turns altering the refractive
index of the VO2 domain and yielding the transient limiting performance.

We consider two possible scenarios for the transient excitation: the first is the switch on of a
continuous wave excitation. This case aims at studying the response of the device initially in the
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“on” state and at a time t0 a hazardous continuous light is turned on. Hence, we set G(t) = H(t− t0),
where H is the Heaviside step function. We compute the temporal dynamics, bringing the device
from the initial rest state to the final steady-state-like condition. In practice, this case represents
the transient evolution of the device just after the switch on of a CW light until the steady state
condition is reached. The second scenario corresponds to the illumination with a train of multiple
pulses. In this regime, the device is initially in the “on” state and, afterwards, it is excited by a
train of pulses (with repetition rate RR). We note that any pulse shape may be introduced in the
model at the expense of computation time to reach convergence. Although mode-locked laser
pulse shape is described by a sech2 function, we employed a Gaussian line shape since it is very
similar but gives better convergence results. Hence, we choose a time-dependent light intensity
profile of the form:

G(t) =
N∑︂

m=1
exp

{︄
−4 ln(2)

[︃
t − t0 − (m − 1)/RR

τ

]︃2
}︄

, (3)

where τ is the temporal full-width at half maximum (FWHM) of the pulse, t0 is the pulse
central time [42] and N is the number of pulses (the case with N = 1 corresponds to a single
pulse illumination). We usually set t0 = 10τ to avoid conflicts with the initial conditions of
equilibrium at room temperature. In practice, this scenario mimics the device response in the
case of illumination with a pulsed laser source.

The control parameter of the energy entering from the port is the light energy density Φ
(averaged over time). Hence, the light intensity set on the port is I0 = Φ

√︁
4 ln(2)/(πτ2). We

compute the temporal dynamics to study the device excitation due to each pulse and the subsequent
relaxation.

The problem is solved with a frequency-transient solver. To help the convergence, a frequency
study step is solved prior to tackle the frequency-transient study step. In order to have a precise
solution in a reasonable computation time, the time step is adapted to be very short around the
transient changes of the excitation and coarser during the slower cooling process. In particular,
in the switch on case we approximate the Heaviside step function with a function smoothly
increasing from 0 to 1 around the switch on time t0. The extension of the temporal duration where
the smooth transition occurs is taken as 2 ps, a very short interval with respect to the cooling
time. The time step along the smooth transition is smaller than the duration of the transition
itself. Instead, for the pulsed excitation, during the time instants of the pulse duration the time
step is set as 1/10 of the pulse temporal FWHM. In both cases, the time step is progressively
released during the cooling process to have 100 temporal points in every temporal decade.

4. Results

Latent heat, which is often neglected in the literature, is the energy released or absorbed by a
body during a first order phase transition. In our work, we study first the influence of latent
heat on the maximum temperature reached in the VO2 layer and we show its influence upon the
cooling dynamics. Secondly, we study the device behavior for different pulse energies, at fixed
pulse duration, in order to obtain the threshold intensity for self-activated switching of the device.
Then we show that there is an optimum pulse duration maximizing the temperature increase
in the VO2. Lastly, we show the activation dynamics when a train of pulses, which is usually
generated in mode-locked and Q-switched lasers, impinges on the device.

4.1. Single pulse

In Fig. 2(a) we report the temperature (left axis, red curves) in the middle of the VO2 layer and
the transmittivity (right axis, blue curves) as functions of time. A temporal Gaussian pulse with
energy density Φ = 10 mJ/cm2 and temporal width of τ = 20 ps impinges on the device. The
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solid (dashed) red and blue lines are obtained including (neglecting) the latent heat λh. The
shaded grey region indicates temperatures below the critical temperature Tc ∼ 75◦C [30]. From
Fig. 2(a), it is clear that the inclusion of the latent heat lowers the maximum temperature achieved
inside the VO2 and thereby the threshold intensity required to switch the device increases. Indeed,
part of the pulse energy is employed to modify microscopically the VO2 layer to bring it to the
new phase, thus lowering the maximum temperature. Figure 2(a) also suggests that the time
necessary to recover the initial rest condition is different for transmittivity and temperature.
Indeed, the transmittivity is determined by the phase of VO2 rather than the exact temperature
value, thus the critical time is the time after which the temperature decreases below the critical
value, rather than the time necessary to retrieve the room temperature in all the device.

The energy stored in the latent heat is released during the cooling process, thus slowing down
a bit the latter (see the shoulder appearing in the red curve in the time span between 1 ns and
10 ns). When the latent heat is included in the simulations, we observe that the device stays in
the “off” state for a longer time. We will exploit this behavior for the analysis of multiple pulses
excitation. Since the presence of the latent heat is more realistic and useful for optical limiting
purposes, from now on, we always include it in the modelling.

In Fig. 2(b) we report the temporal evolution of the temperature in the middle of the VO2 layer
for different peak intensities of a 20 ps laser pulse. For I0<150 MW/cm2, the critical temperature
is not reached and thus the device does not activate. For I0 ∼ 150 MW/cm2, there is a plateau
temperature dictated by the presence of the latent heat and the heat propagation time. For I0>150
MW/cm2, the maximum temperature is not reached immediately after the pulse arrival, but ∼ 300
picoseconds later. To further understand this behaviour, in Fig. 2(c) we report the temperature
as a function of time and position within the multilayer (z-axis). The horizontal dashed line
denotes the middle of VO2 layer. It is clear that the major amount of heat is generated after a
few picoseconds in proximity of the air-VO2 interface (top left of the figure), which presents
the higher temperature values (see also Fig. S1). For longer times, heat propagates toward the
substrate and the temperature profile along the vertical axis becomes homogeneous, as expected
for thermal equilibrium. We highlight the role of the gold layer, since shortly after the pulse
arrives, in its proximity, the temperature increases due to the fact that this layer acts not only as a
mirror that enhances the electromagnetic field in the VO2 film, but also as a heat source (see
Fig. 2(c)-(d)). The maximum temperature inside the substrate is achieved at longer time delays,
which depends on the z-coordinate. This further confirms that the main dissipation channel of
heat is the substrate, whose thermal properties play a key role in determining relaxation time.

In Fig. 3 we report the temperature as a function of time for different pulse duration at the same
energy density. The shaded colored areas are the Gaussian pulses impinging at time t0 = 10τ.
We note that in the time span δt, the heat covers a distance d ∼

√
αδt, where α = κT/(ρCp) is the

thermal diffusivity. Hence, the time necessary for the heat to escape from the center of the VO2
layer to the gold and substrate scales as (dVO2/2)2/αVO2 ∼ 230 ps. For these reasons, in the case
of the curves reported in Fig. 3 for τ ≥ 500 ps, the heat escapes from the VO2 layer while the
pulse is still illuminating the sample. This heat diffusion explains the fact that the maximum
temperature is lower for longer pulses, since part of the pulse energy is dissipated towards the
substrate already during light illumination.

For τ smaller than 200 ps all the maximum T are achieved after ∼ 300 ps following the time
instant t0, the latter being the time that heat takes to propagate from the top part of VO2 (where the
spatial maximum of the temperature is recorded) toward the center of the film. Indeed, since the
major part of the pulse is absorbed at the interface VO2-air, once the pulse ends, the temperature
in the middle is still increasing due to heat diffusion from the VO2-air interface toward the gold
film. If τ ∼ 10 ps, the energy coming from the top interface of the device due to heat diffusion,
and the energy delivered by the pulse sum up at the same instant and the temperature increase is



Research Article Vol. 13, No. 1 / 1 Jan 2023 / Optical Materials Express 48

0.50

0.45

0.40

0.35

0.30

0.25

0.20

Intensity (MW/cm
2
)

 50
 100
 150
 200
 250
 300
 500

Te
m

p
er

at
u

re
 (

°C
)

Te
m

p
er

at
u

re
 (

°C
) Tran

sm
ittivity

10-9 10-8 10-7 10-6
Time (s)

(a)

(b)

(c) (d)

VO2

Al2O3

Au

-60

-40

-20

0

20

40

z co
o

rd
in

ate (n
m

)Time (ns)
 0.22
 2.20
 22.0

 latent heat
 NO latent heat

VO2

Al2O3

Au

220

170

120

70

20
160

140

120

100

80

60

40

20

-60

-40

-20

0

20

40

z 
co

o
rd

in
at

e 
(n

m
)

2 4 6 8

10
-9

2 4 6 8

10
-8

2 4 6 8

10
-7

Time (s)

20 120 220

Temperature (°C)

Fig. 2. (a) Temperature (red left axis) and transmittivity (blue right axis) as a function
of time with single pulse illumination (τ = 20 ps, Φ = 10 mJ/cm2). The continuous line
takes into account the latent heat of the first order phase transition of VO2. The shaded
area corresponds to temperatures lower than the critical temperature. (b) Temperature as
a function of time for different pulse intensities at fixed pulse duration τ = 20 ps. (c)
Temperature (T) as a function of position (vertical axis) and time (horizontal axis). The
vertical dashed white lines with color circular markers denote the time values at which the
temperature profiles displayed in panel d are taken. The yellow horizontal line corresponds
to the VO2/Au and Au/sapphire interfaces. (d) Temperature profile inside the multilayer at
different time instants: 0.22 (light blue solid line), 2.2 (magenta solid line), and 22.0 ns (dark
blue solid line). In panels c and d, the horizontal dashed line denotes the middle of VO2
layer and the solid yellow lines define the Au layer.
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colored shades represent the Gaussian pulse impinging on the device at time t0 = 10τ and
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maximized. At longer time delays, below the critical temperature, the cooling dynamics does not
depend upon the pulse duration and follows an exponential decay as expected for heat diffusion.

4.2. Train of pulses

Many practical applications, however, do not rely on single pulses, but rather on a train of pulses
with constant repetition rate. Therefore, we turn our attention to the response of the device when
a train of finite number of pulses impinges on it. To do this, we consider a train of temporal pulses
with FWHM τ = 20 ps and energy density Φ = 20 mJ/cm2. We vary the time delay between the
pulses (correspondingly the repetition rate). In Fig. 4(a) we report the temperature in the middle
of the VO2 layer (solid red line, left axis) and the device transmittivity (solid blue line, right
axis) as function of time for 20 laser pulses with a time-delay of 0.1 µs. For the first pulse, the
temperature temporal dynamics is the same as in the case of a single pulse. However, before the
complete cooling occurs (i.e. when the temperature is still higher than Tamb), the second pulse
hits the structure. In this way, the maximum temperature reached after the second pulse is higher
than the maximum temperature after the first one. After multiple pulses, the heat accumulation
prevents the temperature to decrease below Tc in the time between individual pulses. Hence, as
long as the train of pulses is active, the device stays permanently in the “off” state, thus limiting
the transmitted light of the subsequent pulses.

As a comparison, Fig. 4(a) shows (dashed lines) the temperature and transmittivity dynamics
in the case of continuous wave (CW) illumination with intensity I0 = Φ · RR. It is clear that the
minimum temperature reached after the cooling in the pulse regime resembles the same trend of
CW illumination. However the “off” state is reached in shorter time in the CW configuration.
This is due to the fact that we are considering the same energy density impinging on the structure,
thus the electromagnetic field continuously transfers energy to the device, unlike in the pulsed
regime. It is clear that lower repetition rates require more pulses to induce a permanent “off”
state since part of the heat generated by light absorption is dissipated in the substrate before the
next pulse impinges on the device.

In Fig. 4(b), we report the number of pulses needed to achieve the permanent “off” state as a
function of the repetition rate. We note that for low repetition rates the number of pulses needed
to induce the switch weakly depends on the repetition rate. This is due to the fact that the device
cooling follows a decreasing exponential decay below the critical temperature and thus at long
time delays the temperature dependence on time is mild. On the other hand, at high repetition
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Fig. 4. (a) Temperature (red, left axis) and transmittivity (blue, right axis) temporal
evolution. Solid lines denote the temporal dynamics for pulsed illumination with τ=20 ps,
repetition rate RR=10 MHz, and Φ=20 mJ/cm2. Dashed lines denote the temporal dynamics
for continuous illumination with Φ=20 mJ/cm2 and I0 = Φ · RR=0.2 MW/cm2. The shaded
area corresponds to temperatures lower than the critical temperature. (b) Number of pulses
necessary to achieve the “off” state as the initial condition at different repetition rates.

rates the number of pulses needed to induce the phase switch strongly depends on the repetition
rate since during the initial cooling the temperature decrease is very fast.

5. Conclusions

In this article we proposed a VO2-gold-sapphire multilayer structure for optical limiting. We
optimized the structure with a Transfer Matrix approach to maximize the transmittivity contrast
of the limiter upon VO2 phase transition. We developed a numerical model to study the transient
limiting performances of the device. We include the latent heat related to the phase transition in
VO2, enriching the description provided by previous models employed in the literature, and the
refractive index temperature dependence due to light absorption. We considered both pulsed
and continuous wave illumination. We showed that the maximum temperature increase in the
middle of VO2 layer does not occur exactly when the pulse intensity is maximum but depends
also on the heat propagation into the device. We highlight that including the latent heat results in
higher threshold intensities to activate the device and longer relaxation dynamics. We provided
the first numerical study, to the best of our knowledge, of multiple pulse illumination of a phase
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change material based device and we showed that it is possible to perform optical limiting upon
illumination with multiple pulses.

Our results pave the way to a different approach in the design of optical limiting and dynamically
self-reconfigurable devices dedicated to pulsed laser sources. Indeed, the modelling approach
presented here is a key element to design a limiter with the desired properties. The approach
is easily applicable to different phase-change materials, different operating wavelengths and
substrate materials.
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