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We investigate transient, photo-thermally induced meta-
surface effects in a planar thin-film multilayer based on
a phase-transition material. Illumination of a properly
designed multilayer with two obliquely incident and phase-
coherent pulsed pumps induces a transient and reversible
temperature pattern in the phase-transition layer. The deep
periodic modulation of the refractive index, caused by the
interfering pumps, produces a transient Fano-like spec-
tral feature associated with a guided-mode resonance. A
coupled opto-thermal model is employed to analyze the
temporal dynamics of the transient metasurface and to
evaluate its speed and modulation capabilities. Using near-
infrared pump pulses with peak intensities of the order of
100 MW/cm2 and duration of a few picoseconds, we find that
the characteristic time scale of the transient metasurface is
of the order of nanoseconds. Our results indicate that induc-
ing transient metasurface effects in films of phase-transition
materials can lead to new opportunities for dynamic control
of quality (Q)-factor in photonic resonances, and for light
modulation and switching. © 2023 Optica Publishing Group

https://doi.org/10.1364/OL.486733

Introduction. Metasurfaces are ultrathin planar structures that
can be used for wavefront engineering. The angular and fre-
quency responses of a metasurface are encoded in its planar
pattern, and, therefore, the metasurface functionalities are
typically set at the time of fabrication. Gratings supporting
high-quality (Q) resonances are periodic structures that can be
regarded as nonlocal metasurfaces [1]. Indeed, the periodicity
of a grating introduces an additional transverse momentum to
impinging light, and it enables coupling to modes with long life-
time and large extension over the plane of the grating. Nonlocal
metasurfaces can be either diffractive (metagratings), when the
periodicity is superwavelength, or nondiffractive (zeroth-order
gratings), when the periodicity is subwavelength. Periodic per-
turbations of refractive index in gratings are typically achieved

by fabricating arrangements of slits or grooves in the plane of
the structure. If a continuous, single or multilayer film supports
a guided mode in the plane of the film, then the introduction
of a periodic perturbation of the refractive index may gener-
ate an abrupt change of reflectance and transmittance of plane
waves near a specific wavelength, known as Wood–Rayleigh
anomaly [2]. The anomaly is due to the resonant coupling of
an evanescent diffracted order to the guided mode [3]. This
kind of anomaly is known as guided-mode resonance (GMR).
GMRs manifest themselves as asymmetric, Fano-like features
[4] in the frequency and angular spectra of plane waves illu-
minating the grating. In a one-dimensional grating, coupling
to a GMR mode is ruled by the phase-matching requirement:
β = k∥ + m2π/p, where β is the guided mode propagation con-
stant, k∥ is the incident plane wave wave vector component
parallel to the plane of the grating, p is the grating periodic-
ity, and m is the diffraction order [5–8]. Without the periodic
perturbation, the mode is “dark” for plane wave excitation,
since the propagation constant β exceeds k∥ . GMRs act as
highly selective wavelength and angular filters. Devices based on
GMRs include optical sensors, filters, mirrors, switches, mod-
ulators, as well as nanoscale frequency mixers exploiting the
large electric-field enhancement and light confinement at the
resonance [9,10].

The response of nonlocal GMR metasurfaces is ruled by
their periodicity. Endowing these structures with the ability to
dynamically change the periodicity is highly desirable to develop
reconfigurable and tunable functionalities for applications that
range from radio frequency and visible-light communications
to microscopy and analog optical computing. Instead of intro-
ducing gratings by permanently modifying the geometry of the
planar structures, one can induce them in a volatile way by
exciting a properly designed system with an external control
light (pump). For example, by applying interfering pumps to a
planar structure and exploiting photo-acoustic or photo-thermal
effects, a transient grating can be generated that disappears when
the pump light is switched off. Transient diffraction gratings are
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employed for spectroscopy in materials science and chemistry
[11]. In transient grating spectroscopy, an interference pattern
induced by two obliquely incident and phase-coherent pumps
generates a spatial refractive-index modulation on a film, which
then diffracts the light of a probe signal into the first diffraction
order. This tool is used to examine the electronic and phononic
responses of complex materials, as well as for molecular dynam-
ics [12–14]. The onset of the first diffraction order in a transient
grating induced on a single film of vanadium dioxide (VO2)
has been observed in the ultraviolet [15]. Here we leverage the
use of interfering pumps to induce GMR metasurface effects
in unpatterned planar multilayers, and to dynamically control
the Q-factor and the free-space coupling to nanophotonic reso-
nances. Since a large index modulation is required to efficiently
couple light to a GMR, we consider a planar multilayer based on
a phase-transition material (PTM), which, under proper external
stimuli, undergoes an abrupt phase change that strongly modi-
fies its optical properties. Indeed, PTMs are recently receiving
increasing attention for their ability to tune the electromagnetic
response of photonic nanostructures [16–21]. In the proposed
structure, the key elements to induce the transient metasurface
effect are the following: (i) the presence of a “dark” guided mode
supported by the multilayer; (ii) an illumination scheme with two
interfering pumps; (iii) deep index modulation “written” in the
PTM film when the interfering pumps are active. We confirm
these mechanisms by using an opto-thermal model. We estimate
that the characteristic lifetime of the GMR metasurface effect
generated by pump pulses with duration of a few picoseconds is
of the order of a few nanoseconds for a multilayer composed by
a slab of silicon covered by a thin film of VO2.

Device concept and structure. A sketch of the proposed
induced transient metasurface device is illustrated in Fig. 1. A
high-index planar layer acting as a waveguide is covered with a
thin film of VO2 and sits on a lower-index substrate. The wave-
guide film is made of crystalline silicon (Si), which is known
to be compatible with the growth of high-quality VO2 films
[22], while the substrate is made of SiO2. VO2 is a PTM with a
dielectric (monoclinic) to metallic (tetragonal) phase transition,
occurring, in the bulk form, at a critical temperature Tc = 67◦C
[23]. When this temperature is reached, an abrupt variation of the
material electrical conductivity can be observed, with a signifi-
cant modulation of refractive index at optical wavelengths [24].
In the infrared, including telecommunications wavelengths, the

Fig. 1. Schematics of the multilayer and excitation mechanism:
two pulsed and phase-coherent pump beams excite the structure
at oblique incidence (θi). The probe at normal incidence experi-
ences the transient GMR metasurface effect induced by the spatial
interference pattern generated by the pump pulses.

material is insulating/transparent below Tc, and opaque/metallic
above Tc. The transition can be induced with different kinds of
stimuli, including optical radiation [25], and it is volatile. For
example, upon the application of direct or indirect heating, the
material will switch from insulating to metallic, while it will
return to its initial state after the stimulus stops. In the proposed
device, the structure is illuminated with a combination of two
interfering pumps, tuned in the absorption range of VO2, and a
probe, as illustrated in Fig. 1. At equilibrium, i.e., without the
application of the pumps, the system is an unpatterned planar
thin film and, therefore, supports only broadband Fabry–Pérot
resonances for a probe signal that is normally incident upon
the multilayer. When the two obliquely incident coherent pumps
are applied, an interference pattern of bright and dark regions
will form on the structure. Due to absorption in the VO2 film,
the interfering pumps produce a periodic temperature profile,
as indicated in Fig. 1. When the intensity of the pumps is suf-
ficiently large to locally trigger the phase transition in the PTM
layer, the fingerprint of the temperature spatial profile is a peri-
odic perturbation of the VO2 refractive index. In this way, a
transient metasurface grating can be photo-thermally induced.
Transient metasurface effects are probed with a plane wave at
normal incidence, i.e., the probe signal. The shape and size of
the grating can be modulated by varying the peak intensity of
the pumps, their time duration, the angle of incidence, and the
wavelength of the pumps. In the illustrative example discussed
here, the pumps are both y-polarized and produce an overall inci-
dent electric field with a complex vector E⃗p = ŷ2E0 cos(kxx)ejkzz,
where kx = 2π/λ0 sin(θi) and kz = 2π/λ0 cos(θi) are the wave
vector components in the x and z directions, respectively, λ0

is the free-space wavelength of the pump, θi the angle of inci-
dence, and E0 the electric field amplitude of each pump. Since the
absorption is proportional to the square of the pump field ampli-
tude, the periodicity of the induced grating in the x direction
is p = λ0/[2 sin(θi)]. We have designed the structure to obtain
the GMR metasurface effect in the near infrared while keeping
an appropriate light confinement of the pump field in the VO2

film (see Supplement 1 for details). In particular, for a pump
wavelength at λ0 = 940 nm and angle of incidence θi = 44◦, the
periodicity of the induced grating is p ≈ 675 nm. According to
the phase-matching condition, the GMR is expected at a wave-
length λGMR = p × nG, where nG = βλ0/(2π) is the effective index
of the TE0 mode of the air-VO2-Si-SiO2 slab waveguide. For an
Si and VO2 film thickness of 200 nm and 75 nm, respectively,
the guided mode effective index (calculated as outlined in [26])
is nG ≈ 2.86 and, therefore, λGMR = 1.93 µm. The GMR wave-
length can be controlled by changing the pump wavelength λ0

and the angle of incidence θi. In other words, the transient non-
diffractive, nonlocal metasurface effect mediated by the GMR
is expected for probe wavelengths near λGMR.

Results. To obtain the transient response of the structure, we
use a fully coupled opto-thermal model [20,27]. In our model,
before light excitation, the device is at equilibrium at room tem-
perature (Tamb = 20◦ C). Then, the pump pulses induce a light
dissipation and heat generation, yielding a transient temperature
increase in the system and a temporary modification of the VO2

refractive index. This index modulation is used to compute the
new optical response of the structure both at pump and probe
wavelengths, in a self-consistent way. In the simulations, we
consider pump pulses with Gaussian temporal shape, with time
duration (full width at half maximum of the intensity profile)
τ = 10 ps and peak intensity I0 occurring at the time t0 = 10τ.

https://doi.org/10.6084/m9.figshare.22806293
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Fig. 2. Time evolution of the probe transmittance for two values
of the pump peak intensity. (a),(b) I0 = 100 MW/cm2 and (c),(d)
I0 = 400 MW/cm2. Panels (b) and (d) report the probe spectra for
the same values of pump peak intensities as in panels (a) and (c),
and at three different instants: at equilibrium (blue curves, t = 0),
during the transition [red curves, t = 0.2 ns in panel (b) and t = 0.5
ns in panel (d)], and when VO2 switches back to its initial state
[yellow dashed curves, t = 1 ns in panel (b) and t = 6 ns in panel
(d)]. Dashed horizontal lines in panels (a) and (c) indicate t0, the
instant at which the peak of the pump pulses occurs.

The opto-thermal model, and all the parameters used in the
simulations, are reported in Supplement 1. In Fig. 2, we report
the time evolution of the probe transmission spectrum for two
values of the peak intensity of the pumps. At I0 = 100 MW/cm2,
the PTM film barely reaches the switching temperature, there-
fore the probe is only slightly modulated by the pump [see
Figs. 2(a) and 2(b)]. The entire thermal perturbation is approx-
imately 1-ns long. The broadband resonant peak centered at
approximately 2 µm, which remains virtually unaltered during
the pump excitation, is due to the Fabry–Pérot longitudinal reso-
nance localized in the Si film. When the pump peak is increased
to I0 = 400 MW/cm2, the temperature reached in the PTM layer
is higher than the transition temperature and the grating is fully
formed. This implies that the GMR is still clearly visible in the
probe spectrum within the broad bandwidth of the Fabry–Pérot
resonance, as illustrated in Figs. 2(c) and 2(d) – see the Fano-
like feature near λGMR ≈ 1.93 µm. In this case, since the grating
effect is strong, the Fabry–Pérot resonance is significantly mod-
ulated. We stress that the pure photoinduced phase transition
[28] occurs within shorter time scales (10–100 fs) and with much
larger pump peak intensities (∼ 100 GW/cm2); therefore, it plays
a negligible role in the photo-thermal dynamics presented here.

The guided mode acquires significant absorption losses when
the PTM film is partially switched into the metallic state,
leading to a relatively broad Fano resonance in the probe
spectrum with a Q-factor of approximately 18. Nevertheless,
the GMR abruptly appears once the pump reaches its peak
(t = t0 = 100 ps). The GMR is clearly visible during the relax-
ation time of a few nanoseconds in which the heat diffuses
from the hot spots (i.e., the bright regions of the pumps inter-
ference pattern) toward the rest of the structure. Finally, the
GMR gets completely quenched once the temperature in the
structure has cooled below the transition temperature of VO2

Fig. 3. Time evolution of the average temperature inside the VO2
film for I0 varying from 100 to 400 MW/cm2. The average is
performed across the film thickness at the position of maximum
interference between the pumps. The dashed line represents the
critical temperature of the VO2 film, Tc = 75◦C. At equilibrium, the
metasurface is at Tamb = 20◦C.

(after approximately 6 ns). The duration of the entire thermal
process, which determines the lifetime of the induced grating,
is related to the choice of materials, the thicknesses of the films
in the multilayer, and the pump peak intensity. Dynamic control
of a Fano absorption resonance, similar to the result shown in
Fig. 2(c), has been observed in helium at extreme ultraviolet
wavelengths [29] using a high-intensity pulse (∼ 1013 W/cm2)
to ionize the excited state of helium and terminate the Fano
resonance. In contrast, the transient resonance in our concept
can appear at any desired wavelength by properly changing
the interference pattern of the pump beams. The dynamics of
the thermal process triggered by the pumps is illustrated in
Fig. 3, where the time evolution of the average temperature
inside the VO2 film is plotted for different values of the pump
peak intensity. This analysis shows that there is a threshold
value of pump peak intensity to trigger the GMR metasur-
face, which, for this structure, is in the range between 100
and 200 MW/cm2. The duration of the metasurface effect, and
therefore its deactivation time, grows with the pump peak inten-
sity, being approximately 1 ns for I0 = 200 MW/cm2, 3 ns for
I0 = 300 MW/cm2, and 6 ns for I0 = 400 MW/cm2. The primary
mechanism for heat dissipation is thermal conduction through
the substrate, as discussed in Supplement 1, where the pecu-
liar trend of the temperature decay during relaxation is also
explained.

The spatial distributions of temperature and refractive index
after the pump pulse has stimulated the PTM film and induced
the metasurface are reported in Fig. 4. The induced index modu-
lation is shallow for a pump intensity of I0 = 100 MW/cm2 [see
Fig. 4(b)] and deeper for I0 = 400 MW/cm2 [see Fig. 4(d)]. The
red contour line in the VO2 layer highlights the points in which
the temperature is equal to the switching temperature of the VO2

film, T = Tc = 75◦C [30]; therefore, this line defines the bound-
ary between the region of the film that has switched into the
metallic phase (T>Tc) and that in the insulating phase (T<Tc). As
one can observe in Fig. 4(b) and Fig. 4(d), the photo-thermally
induced grating may acquire an intricate shape and size, with
intermediate states of the PTM across the line at T = Tc. For
I0 = 100 MW/cm2, the thermally induced index modulation is
shallow, and the grating effect is barely induced [see Figs. 4(a)
and 4(b)]. Therefore, light can only weakly couple to the GMR.
However, a more intense pump of I0 = 400 MW/cm2 induces a

https://doi.org/10.6084/m9.figshare.22806293
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Fig. 4. (a) Spatial distribution of temperature after the pump has
heated the PTM film (I0 = 100 MW/cm2) and induced the grating, at
t = 0.2 ns. The red line is the contour level where T = Tc = 75◦C. (b)
Induced profile of the refractive index at the same instant for a probe
wavelength λGMR. The light blue region in the top layer is the portion
of PTM film that has switched into the metallic phase. (c) and (d)
same as panels (a) and (b), respectively, for I0 = 400 MW/cm2 at
t = 0.5 ns.

deeper grating effect and a stronger coupling to the GMR [see
Figs. 4(c) and 4(d)].

Conclusions. We have unveiled the dynamics of transient
metasurface effects in planar multilayers hosting a PTM film
of VO2 by using a pump–probe illumination scheme. We have
demonstrated that a transient Fano resonance associated with
the dynamic excitation of a GMR can be induced at relatively
modest pump peak intensities. The coupled opto-thermal model
shows activation times of the order of 10 ps for the induced
metasurface effects, and deactivation times of the order of a
few nanoseconds. Although here we have shown the concept
of transient grating metasurface in a configuration with one-
dimensional modulation of the refractive index, similar effects
can be induced in two-dimensional configurations by using dif-
ferent light pumping schemes. We foresee the use of multilayer
PTM films as a new platform to induce time-varying response
in photonic resonators, dynamic control of the Q-factor, and for
the development of efficient and compact light modulators and
switches.
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