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Featured Application: Photothermal characterization of chiro-optical phenomena in metasurfaces.

Abstract: Chirality, a lack of mirror symmetry, is present in nature at all scales; at the nanoscale, it
governs the biochemical reactions of many molecules, influencing their pharmacology and toxicity.
Chiral substances interact with left and right circularly polarized light differently, but this difference
is very minor in natural materials. Specially engineered, nanostructured, periodic materials can
enhance the chiro-optical effects if the symmetry in their interactions with circular polarization is
broken. In the diffraction range of such metasurfaces, the intensity of diffracted orders depends on
the chirality of the input beam. In this work, we combine a photothermal deflection experiment with
a novel theoretical framework to reconstruct both the thermal and optical behavior of chiro-optical
behavior in diffracted beams.

Keywords: chirality; diffraction; photothermal deflection technique; self-assembled metasurfaces

1. Introduction

A chiral object cannot be superimposed onto its mirror image; and thus has a left and
right version, like our hands. Even though the physical properties of the two versions are
equal, their interactions with the outside world depend on the “handedness”. For example,
by looking at the components of many commercial weed killers, some of them can act as
a herbicide when in the proper handedness; while the other handedness is inactive [1].
Chirality governs the biochemical reactions of many important molecules, defining their
pharmacology and toxicity; more than 50% of pharmaceuticals and 40% of agrochemicals
are chiral [2,3]. The characterization of chirality involves an interaction of the chiral material
with circularly polarized beams of the opposite handedness. The pioneering work was
done by Pasteur, by studying the rotation of the polarization plane of linear polarized
light travelling in chiral media, i.e., the optical rotatory power or optical activity (OA) [4].
This effect is due to the difference in the propagation velocity of two circularly polarized
beams of opposite handedness, in which a linear polarized beam can be decomposed.
Another aspect of interaction between chiral light and chiral substances is the differential
absorption of the left and right circular polarized light (LCP from RCP, respectively), and
this differential absorption is usually defined as circular dichroism (CD). Unfortunately,
the CD of most molecules is extremely low and lies in the ultraviolet range; the absorption
vanishes at small molecular concentrations [5,6]. One way to enhance CD is to exploit
self-assembly processes in supramolecular chiral arrangements, as demonstrated in [7–11].
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Another possibility is the coupling of molecules with chiral nanostructured substrates, as
shown in [12].

Over the past few years, nanotechnology developments have enabled the fabrication
of specially engineered nanostructured materials, which can confine and enhance chiro-
optical effects in the near- and far-field [13–16]. In parallel, scientists have been developing
new methods to characterize chiro-optical effects at the nanoscale. Interestingly, unconven-
tional measurements of chiral detection by means of photothermal phenomena are once
again becoming topical. This is because of the definition of CD, which would optimally
require direct measurements of absorption to occur during the chiro-optical process. Such
absorption, without the influence of scattering, was measured in nanostructures by means
of a photo-acoustic technique [17–21]. On the other hand, the combination of a thermal lens
and circular dichroism has led to very sensitive chiral analyses on microchips [22], which
has further led to remarkable works on the CD microscopy of a single nanostructure [23,24].
Chiral photothermal effects in planar metamaterials have been numerically proposed for
chiral bolometers [25], while photothermal chirality in Au helical nanoparticles has been
measured by means of luminescence ratio thermometry [26].

Here, we show that the photothermal deflection technique (PDT) can be applied
to study chiral photothermal effects in the diffraction range of metasurfaces, and that
PDT results can be used to reconstruct thermal profiles, which depend on the excitation
handedness. PDT is usually used for scattering-free and non-destructive characterization
of different solid materials [27–30]. It was not until recently that scientist realized the
new possibilities of using PDT to study thermal effects at the nanoscale, e.g., for plasmon-
enhanced solar cells [31], photon quantum yield in quantum dots [32], and phosphor with
high photoluminescence efficiency [33]. We recently proposed a PDT setup as a cheaper
and simpler alternative to diffraction spectroscopy: we measured chirality-dependent
diffraction orders in asymmetric metasurfaces [34]. In the present work, we go deeper
into this new methodology with respect to the work in [34]. In Section 3.1, we explore the
limits of applicability, by lowering the modulation frequency to 16 Hz, where the thermal
diffusivity length is too large, causing undesired interference effects among the heat sources,
and a lack of localization and identification of the diffracted orders. In Section 3.2, we
develop an analytical model to acquire a quick estimate of the spatial position of the
diffracted orders. In Section 3.3, we calculate the temperature rise of all the diffractive
orders at both 514 nm and 458 nm laser excitation wavelengths. We show a detailed
theory of the reconstruction of thermal effects from the PDT signal. Specifically, we use
the amplitude and phase data of the PDT signal, which are a consequence of handedness-
dependent beam diffracted by the metasurface. We reconstruct the thermal profile formed
by a number of diffracted beams and show how they depend on the chirality of diffraction
and we show a 3D plot of the absorbed power distribution on the metasurface. Moreover,
we retrieve the average thermal properties of the metasurface, such as the diffusivity
and spot size of all diffracted beams. In [34], we laid the foundations for a new type of
application of the PDT technique at the nanoscale, and here we show the potentiality of the
technique to investigate different aspects of the characterization of nanostructures, paving
the way for further applications.

2. Materials and Methods
2.1. PDT Characterization of Metasurfaces

We investigated the same Ag-based metasurface from [34]; a photograph is shown in
the top left inset of Figure 1. It was fabricated using low-cost nanosphere lithography [35],
and a tilted deposition of 50 nm of Ag at 45◦ [20,36,37]. The sample was based on an
hexagonal array of polystyrene nanospheres; the periodicity of the array and the diameter
of the nanospheres were 522 nm, and 370 nm, respectively, and the metasurface lay on a
1 mm glass substrate. The tilted Ag deposition defined the asymmetric Ag shell, as well
as the elliptical nanohole array (ENHA) [38] on the substrate. The geometry of such a
metasurface led to diffraction orders for the wavelengths below its periodicity. Therefore,
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if such sample gets excited with an Ar pump beam, the light will be diffracted into well-
defined orders. The intensity of these orders depends on the pump beam polarization, as
the metasurface has asymmetric nanoshells and ENHA.

In Figure 1 we show a sketch of the PDT experiment, based on bringing the diffracted
orders back to the surface. Namely, if the sample is placed on a mirror, the metasurface
diffracts the beams to the glass, where they get reflected from the mirror, travel back to
the sample surface, and are finally absorbed by the metal. Six diffracted orders and the
zeroth order get absorbed by the metal on the surface, where they create heat sources. Each
heat source creates a local gradient of temperature, which deflects a probe-beam. Therefore,
the deflected signal is a measure of the induced heat, which depends on the intensity of
the diffracted order, and, thus, on the chirality of the pump beam. The bottom left inset
in Figure 1 shows a simple photograph of the diffracted orders of the sample, where the
pump beam at 514 nm excited the sample at a normal incidence. Six clear orders exit in the
positions of the hexagon vertices, while the back-reflected, zeroth order exits at the center.
In Figure 1, this beam is omitted as it is superimposed on the pump beam.

PDT exhibits a very high absorption sensitivity in solids, of the order of 10–7 cm–1 [28,39].
In this work, we measured diffraction-induced absorption at different wavelengths using
an argon beam (Coherent Innova 70): at 458 nm, 496 nm, and 514 nm. The pump beam’s
intensity was mechanically modulated at low modulation frequencies. In this work, we
reported the PDT data obtained at 16 Hz and 36 Hz. This beam passed through a linear
polarizer and a quarter wave plate, thus becoming circularly polarized with LCP or RCP.
For the probe beam, we used a He–Ne laser (Spectra Physics). This beam passed through
the air above the surface, traveling in the y-direction, where it was deflected by the thermal
gradients arising from the aforementioned diffracted orders. A 2D position sensor detected
this deflection and connected it to a lock-in amplifier; thus, giving both the PDT amplitude
and phase as a result. Moreover, we controlled the pump-probe distance using a motorized
translation stage.

Figure 1. Simplified schematic of the photothermal deflection measurements of diffracted orders.
Top left inset: photo of the sample. Bottom left inset: photo of the diffracted orders in Ag-plasmonic
semi-nanoshell arrays (Ag-SNSA) metasurface when a pump beam at 514 nm excites it.

2.2. Optical Simulations of the Metasurface

Here, we combined two different numerical approaches to study both the diffraction
of the metasurface, and its consequences on absorption. We previously used a commercial
3D finite difference time domain (FDTD) solver in Lumerical [40] to explain the PDT
experimental data by looking at the diffraction effects at the nanoscale [34]. The 3D
geometry of the sample is shown in Figure 2a; the polystyrene-based metasurface is covered
by asymmetric plasmonic shells, and there is an obvious ENHA layer on the substrate, as
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can be seen from the SEM images in our previous works [20,34]. Figure 2b shows a top view
of our sample, which has the in-plane tilt with respect to the unit–cell boundaries (given by
the surface a·a

√
3). In the first step of the simulation, we applied the procedure from [34].

As in the experiment, the metasurface was excited by the LCP or RCP beam from the top
(from the air side), diffracting this beam to the zeroth and higher orders. In Figure 2c we
show the path of one of these orders, in order to explain two different simulations. The
near-to-far field transformation below the metasurface gives the factor ρdi f f , which is the
fraction of the incident power that gets diffracted to this order. It also gives the angle, θdi f f ,
of the diffraction. Due to the chirality of the pump–metasurface interaction, ρdi f f depends
on the handedness of the pump, while θdi f f does not depend on it. The second step, instead,
involved computation of the total absorption in the unit cell, after the previous beam
was reflected from the underlying mirror. In this simulation, we excited the metasurface
from the bottom, at an incidence angle of θdi f f , and calculated the absorption per unit

volume as ρabs = −0.5ω2|
→
E |2 Im{ε}; at frequency ω, the electric field intensity was detected

by a 3D field monitor, while the Ag material parameters were taken from ellipsometric
measurements [28]. The result of this simulation was a 3D absorption distribution in the
unit–cell. However, this result was scaled with the ρdi f f factor, as the intensity of the
incident beam in the second simulation depended on its diffraction factor, ρdi f f .

Figure 2. Schematic of numerical simulations: (a) 3D geometry of the sample; (b) top view of the
metasurface; (c) schematic of the two different processes during the numerical modeling.

3. Results
3.1. Experimental Results Using PDT

The photothermal deflection technique has been applied by changing different param-
eters of the Ar pump beam: laser wavelengths (458, 496, or 514 nm); circular polarization
orientations (LCP or RCP); angle of incidence (0 or 20 deg); and chopper modulation
frequency (16 or 36 Hz).

The typical photothermal deflection amplitude response, where the probe beam scans
along the metasurface, is shown in Figure 3. The PDT scan contains a number of “M”
shape signals, allowing the detection of heat sources found along the probe beam path
(see Figure 4a). Each “M” shape corresponded to the local thermal gradients produced by
the incident pump beam (i.e., the largest signal at d = 0), and by several diffracted orders,
which could be localized and identified with the integer m = 1, 2, . . . , 6, according to the
anticlockwise numeration introduced in Figures 4 and 5, as described in the next section.
Each “M” shape is due to the lateral deflection of the probe beam being proportional to
the lateral thermal gradient; it is zero exactly above the center of the heat source, where a
local maximum of the temperature rise occurs. On the contrary, it reaches its maximum
amplitude at a distance of approximately one Gaussian beam width, from both sides of the
beam center (see Figure 4b) [34].

Figure 3a,c shows the PDT amplitude signals for normal incidence excitation at 458 nm
and 514 nm, respectively. In both cases, all six existing diffracted orders were clearly visible
from scanning the surface, from −2.5 mm to +2.5 mm (with respect to the incident pump
beam position at d = 0). The position of the center of each diffracted order can be calculated
from the zeroes of the lateral deflection reported in Table 1. Moreover, the chiral response
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of the structure was tested, sending left or right circular polarized incident pump beams.
In Figure 3, the LCP and RCP responses are in blue and red, respectively.

By comparing Figure 3a,c, one may note that:
(i) With a wavelength increase, the diffraction pattern enlarges due to the dispersion

law of the glass refractive index, which spreads out the diffracted orders according to
wavelength (see Figure 4c). This can be appreciated from the numerical simulations of the
diffraction behavior of the different wavelengths, when the sample was excited at a normal
incidence with an RCP beam (see Video S1 in the Supplementary Material).

(ii) The chiral response and the circular dichroism (i.e., difference between red and
blue curves) was negligible at 458 nm, though it became relevant for diffracted orders
at 514 nm, as is shown in the next session in Figure 6. Numerical simulations of the
diffraction for different angles of the quarter wave plate are shown in Videos S2 and S3 in
the Supplementary Materials.

Figure 3b,d shows the PDT amplitude signals at 458 nm and 514 nm, for excitation
under an oblique incidence at 20 degrees with respect to the norm. The following consider-
ations can be made in this case:

(iii) The main heat source corresponding to the incident beam is always at d = 0.
(iv) The secondary heat source, which is always visible at d =−0.47 mm, is a specularly

reflected (SR) beam, corresponding to the zeroth order of the pump beam; this beam also
gets transmitted to the glass, reflects back from the mirror, and eventually gets absorbed at
the surface. The distance of 0.47 mm between SR peak and the main peak is compatible
with the pump inclination of 20 degrees (in air), which becomes θ = 13.2 degrees in glass,
producing a secondary heat spot at d = 2Ltan(θ) = 0.47 mm, where L = 1 mm is the glass
thickness (see Figure 4c).

(v) Only two diffracted orders are clearly visible on the right side with respect to the
pump beam. The other orders fall outside the pump–probe offset range, as is described in
the next section and shown in Table 2.

(vi) The chiral response and circular dichroism for the diffracted orders is enhanced
for both wavelengths.

(vii) The “M” shape, produced at the modulation frequency of f = 16 Hz (Figure 3b,d),
is wider that the one at f = 36 Hz (Figure 3a,c). The reason for this is in the different thermal
spread of the absorbed light beam; the heat sources are more localized at a high frequency,
where the diffusion process outside the spot size is inhibited. For such a reason the choice
of f = 16 Hz is not recommended for thermal imaging, representing the limits of such a
technique in the present geometry, causing undesired interference effects among the heat
sources, and a lack of localization and identification of the diffracted orders [34].

3.2. Heat Sources Localization from PTD Data

In this section we present a simple geometrical model to allow the clear interpretation
of the PTD experimental data, giving a quick quantitative estimate of the main parameters
of the pump beam diffraction patterns. First, we analyzed the case of a normal incidence.
The Ar pump beam produced six diffracted beams, which were reflected by the back mirror,
and absorbed by the metasurface, eventually forming a regular hexagonal pattern of heat
sources, as shown in Figure 3a.

The He-Ne probe beam travels in air, skimming the metasurface along the y-axis at
a minimum height (z) from the sample surface (typically 20–50 µm), so as to probe the
heat sources induced by the pump beam (Figure 4b). The theory of PDT in a transverse
configuration states that the probe beam is deflected from its original trajectory due to the
air’s thermal gradient, produced by the heat source (mirage effect). The lateral deflection
angle, Φx, is accumulated along the probe beam path, and is eventually detected by a
photodiode position sensor. Quantity Φx is given by the well-known expression [27,39]:

Φx = 1
n

dn
dT

∫
y

dT
dx dy (1)
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where, in air, the refractive index is n ≈ 1 and the optothermal coefficient in air at room
temperature is dn/dT ≈ −10−6 K−1.

Figure 3. Amplitude of the photothermal deflection vs. pump–probe offset on Ag-SNSA sam-
ple excited with an Ar pump beam under different conditions: (a) normal incidence, wavelength
λ = 458 nm; modulation frequency 36 Hz; (b) oblique incidence at 20 deg, wavelength λ = 458 nm;
modulation frequency 16 Hz; (c) normal incidence, wavelength λ = 514 nm; modulation frequency
36 Hz; (d) oblique incidence at 20 deg, wavelength λ = 514 nm; modulation frequency 16 Hz. Red
and blue lines indicate RCP and LCP responses, respectively.

It is worth noting that each heat source exhibits a regular elliptical shape (Figure 4a),
reaching the maximum temperature in the center of the ellipse. By scanning the probe along
the x-axis, the deflection angle will show an anti-symmetrical behavior with x, becoming
zero where the probe passes along the heat source center, corresponding to the maximum
temperature increase (see Figure 4b).

We were able to measure the absorption-induced PDT for all seven heat sources
(incident + six diffracted orders), at the same time, by properly misaligning the probe
beam and the symmetry lines of the hexagonal diffraction pattern (see Figure 4a) and then
scanning the probe beam from −2.5 mm to +2.5 mm using a translation stage. The position
of each heat source center was calculated from the condition Φx= 0, and is reported in
Table 1 for each diffracted order m, as well as for three different wavelengths.

From simple geometrical considerations, taken from Figure 3a, the position of the heat
sources are linked to each other by the following relationship:

d1 = R sin
(

π
6 − α

)
d5 = R sin

(
π
6 + α

)
d6 = R cos(α)

(2)

where the misalignment angle can be calculated as α = arctan
(

1√
3

d5−d1
d6

)
≈ 15◦ averaged

for all wavelengths. By combining the equations, one may calculate the side R of the
hexagon pattern as R = d6/cos α, while the internal angle of the diffracted beams is
obtained by θ = arctan(R/2L), where L = 1 mm is the thickness of the glass substrate
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(see Figure 4c). These last two quantities are calculated for the three wavelengths and are
shown in Table 1. Note that the calculated internal angles are in good agreement with the
theoretical prediction for the 2D photonic crystals given by θ(λ) = arcsin

(
2√
3

λ/n
a

)
(where

a = 522 nm is the period of the hexagonal 2D close packed structure and n = 1.5 is the glass
refractive index).

Table 1. Normal incidence: geometrical parameters of the heat sources produced by the absorption
of the diffracted beams, as calculated from PDT data.

Wavelength, nm R, mm θ, deg Location of the Zeroes of the Lateral Deflection, mm
d1 d2 d3 d4 d5 d6

514 2.23 48 +0.60 −1.50 −2.20 −0.65 +1.75 +2.15
496 2.07 46 +0.55 −1.35 −2.00 −0.60 +1.60 +2.00
458 1.76 42 +0.50 −1.20 −1.70 −0.50 +1.30 +1.70

Figure 4. Scheme of the photothermal deflection measurements of the diffracted orders. (a) Top view.
Example of zeroes of the lateral deflection signal when the probe beam is passing above the center of
the heat source produced by the diffracted orders; (b) typical antisymmetric behavior of the lateral
beam deflection; (c) lateral view. Propagation of one diffracted order and the formation of the surface
heat source.

A different situation is found in case where the pump beam is incidental to the sample
at angle θair = 20 deg with respect to the norm of the metasurface, in the x-direction
(transverse to the probe beam path). In this case, the incident beam is represented by
wavevector kx,air = − 2π

λ nair sin θair (with nair ≈ 1) along the k-vector surface plane, as
shown in Figure 4a. In 2D photonic crystals, the k-vectors of the six diffracted beams can
be calculated by adding wavenumber 4π

a
√

3
, due to the metasurface hexagonal periodical

pattern (where a = 522 nm is the period of the hexagonal, 2D, close-packed structure).{
kx,m = − 2π

λ nair sin θair +
4π

a
√

3
cos
(
m π

3
)

ky,m = + 4π
a
√

3
sin
(
m π

3
) (3)

where m = 1, 2, . . . , 6 is the integer corresponding to the m-th diffracted beam. The in-plane
direction of each wavevector is identified by angle βm, and may be calculated with respect
to the kx direction, according to the relationship (see Figure 5a).

βm = arctan
(

ky,m

kx,m

)
= arctan

(
sin
(
m π

3
)

cos
(
m π

3
)
−
√

3
2

a
λ nair sin θair

)
(4)
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From Equation (4), the angles are calculated and reported in Table 2. It is worth noting
that the incident angle of θair = 20 deg already causes a relevant displacement from the
symmetric case θair = 0 deg, where βm = m · π/3. Once the k vector is calculated in the
xy plane, the internal inclination angle in substrate θm can be easily obtained by imposing

the conservation of the wavevector at surface z = 0: kxy,m =
√

k2
x,m + k2

y,m = 2π
λ n sin θm,

which gives:

θm = arcsin

 1
n

√(
2√
3

λ

a

)2
− 2
(

2√
3

λ

a

)
cos
(

m
π

3

)
nair sin θair + (nair sin θair)

2

 (5)

from internal angle θm, one may calculate the distance (Rm) between the location of the heat
source corresponding to the m-th diffracted beam and the incident beam, as follows (see
Figure 5b):

Rm = 2L tan θm (6)

Table 2 shows that the quantities (Rm) are different from each other. A small group
of beams for m = 1, 5 and 6 are absorbed very close to the incident beam, due to the
small internal angle. The pump–probe offset, dm, during the probe beam scan can be
calculated from the previous results, looking at the sketch in Figure 5b, and according to
the following formula:

dm = Rm cos(βm + α) (7)

where quantity α = 15 deg is the misalignment angle calculated from Equation (2). Table 2
summarizes all the geometrical results. A good agreement is found for the experimental
data shown in Figure 3b,d. The diffracted beam for m = 1 is hidden by the heat source of
the pump beam located at d = 0. The diffracted beams for m = 5 and 6 are clearly visible
for d > 0. The orders m = 2, 3, 4 fall at d < 0, but are too far from the center and cannot be
seen. In Figure 3b,d, one can find an additional heat source that is always at d = −0.47 mm,
corresponding to the specular reflection, which is wavelength independent.

Figure 5. (a) Geometric representation of the diffracted beams in the k space; (b) Location of the heat
sources in the real space (xy plane).
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Table 2. Oblique incidence: theoretical expectation of the geometrical parameters of the heat sources
produced by the absorption of the diffracted beams.

Wavelength, nm Quantity Diffraction Order m
1 2 3 4 5 6

514

R, mm 1.78 3.78 8.93 3.78 1.78 1.22
d, mm +0.01 2 −3.13 −8.70 −1.89 +0.77 1 +1.19 1

β, deg 77 133 180 227 283 0
θ, deg 42 62 77 62 42 31

496

R, mm 1.66 3.36 6.08 3.36 1.66 1.14
d, mm −0.03 2 −2.79 −5.93 −1.69 +0.70 1 +1.11 1

β, deg 78 133 180 227 282 0
θ, deg 40 59 72 59 40 30

458

R, mm 1.45 2.72 4.00 2.72 1.45 0.98
d, mm −0.07 2 −2.28 −3.90 −1.41 +0.57 1 +0.95 1

β, deg 80 134 180 226 280 0
θ, deg 36 54 63 54 36 26

1 The scan in Figure 3b,d are from d = −1 mm to 1.5 mm; only m = 5 and m = 6 fall in such a range. 2 The diffracted
order m = 1 cannot be seen because it is hidden by the central heat source at d = 0.

3.3. Determination of the Induced Temperature of the Metasurface

It is well known that the photothermal deflection technique, in the transverse configu-
ration, is extremely sensitive to the thermal gradients induced in the air layer in contact
with the metasurface (at a minimum height of z ≈ 20–50 µm) (see Equation (1)). The 1D
map of the lateral heat flux induced by the incident pump and the diffracted beams can be
obtained simply by performing a probe beam scan, as shown in Figures 3 and 5b. Moreover,
by analyzing both the PTD amplitude and the phase signals in the proximity of each heat
source (<0.3 mm), recent articles demonstrated that the temperature map of each individual
heat source can be accurately estimated by applying inverse methods [41–44]. In fact, in the
case of a heat source with a cylindrical symmetry, Equation (1) can be inverted to obtain the
surface temperature increase from the following inverse integral transformation [34,45,46]:

T(r) = − 1
π

(
1
n

dn
dT

)−1 ∞∫
r

Φx(x)√
x2 − r2

dx (8)

where 1/n(dn/dT) ≈ −10−6 ◦C−1, and r is the radial distance from the heat source (the
extension to elliptical heat sources is also allowed). We applied Equation (8) to process the
PTD data in Figure 3, separately, for each heat source within the spatial range of 0.3 mm.
As an example, Figure 6 shows a reconstructed surface temperature profile, produced by
the incident pump beam of 40 mW (m = 0) and by the diffracted beams with an index of
m = 2, 3, 5, 6 for normal incidence at wavelengths 514 nm and 458 nm, and at f = 36 Hz.

The temperature profiles exhibit Gaussian-like shapes and the spot-sizes are shown in
Figure 6 and reported in Tables 3 and 4. It is worth noting that, for m = 0, the temperature
profile of the incident beam is superimposed, with a secondary source produced by the
beam itself when reflected by the mirror and re-absorbed at the surface with a weak lateral
shift of 0.07 mm due to a small misalignment. The maximum temperature increase is
estimated at around 11 ◦C, independent of the wavelength and the kind of incident pump
beam chirality.

Chirality has been tested on the temperature induced by the diffracted beams. Looking
at Figure 6, chirality is rather irrelevant at a wavelength of 458 nm, while it becomes clearly
observable at a wavelength of 514 nm for m 6= 0. In particular, a change in the sign of
chirality is also visible for all the orders (see m = 2, 3, 5, 6). One reason for this could be the
increase in the internal angle of the diffracted beams from 42 deg at 458 nm to 48 deg at
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514 nm, which, from numerical simulations, seems responsible for the enhancement of the
chirality in this structure (see Table 1).

Figure 6. Temperature rise induced by the absorption of the pump beam and diffracted beams and
calculated using Equation (8) from the PDT data in Figure 3c at 514 nm, and Figure 3a at 458 nm. The
temperature profile is plotted for several diffracted beams. For all figures, the red and blue bars stand
for RCP and LCP, respectively.

The values of the maximum temperature rise and chirality are reported in Table 3 for
each heat source, for both 514 and 458 nm. Circular dichroism as a percentage is calculated
from the temperature peaks as CD% = 100% (TLCP − TRCP)/(TLCP + TRCP). The values
of CD agree with those reported in [13,26]. Results for m = 1 are missing because the
signals from the heat source are hidden by the higher signal coming from source m = 0, and
Equation (8) cannot be applied. Results for m = 2 at 458 nm are only partially plotted due
to data corruption, and interference effects with the heat source for m = 3 in Figure 3a.

Finally, we apply the numerical method from Section 2.2 to visualize the power
absorbed in the unit cell at 514 nm, at a normal incidence, for orders 5 and 6 (from Figure 6).
In Figure 7, we confirm that, when the metasurface is excited with LCP, the order with
m = 5 results in higher absorption in the unit cell than for the RCP excitation. The opposite
behavior is found for the order with m = 6. We can clearly see that this order results in
higher absorption in the unit cell, especially in the volume of the ENHA. In conclusion,
numerical simulations of the single metasurface unit cell are in good agreement with the
thermal reconstruction from the PDT data.

Table 3. Maximum local temperature rise for each diffracted order, as calculated by Equation (8) from
PDT data in Figure 3, for excitation at 514 and 458 nm. The peak temperature is calculated for both
RCP and LCP. Circular dichroism in percentage (CD%) is calculated from the temperature peaks as
100% (TLCP − TRCP)/(TLCP + TRCP). The input pump beam power is 40 mW.

Wavelength, nm Peak Temp Pump Diffraction Order m
0 1 2 3 4 5 6

514
TRCP

◦C 11.5 - 0.22 0.25 0.98 0.38 0.45
TLCP

◦C 11.5 - 0.16 0.35 0.78 1.47 0.10
CD, % 0 - −16 17 −11 +59 −64

458
TRCP

◦C 11.0 - 0.16 0.15 0.75 1.02 0.41
TLCP

◦C 11.0 - 0.14 0.13 0.71 0.98 0.41
CD, % 0 - −6 −7 −3 −2 0
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Figure 7. Distribution of the absorbed power in the unit cell when the metasurface is excited with
LCP or RCP wavelength at 514 nm; absorption for orders 5 and 6 shown in the top and bottom panels,
respectively, while the color scale is kept constant.

3.4. Determination of the Thermal Parameters of the Metasurface

Among the various techniques, photothermal deflection (mirage effect) [27,28,39] has
been established as a noncontact method for optical and thermal property characterization.
In particular, from the measurements of lateral deflection Φx vs. the pump–probe distance,
it is possible to directly determine the thermal diffusivity by using, for example, the phase
method [39,47–49]. According to such a method, the phase lag of the lateral deflection is
ϕ(x) = −x/µ + ϕo = −x

√
π f /D + ϕo, where sample thermal diffusivity D is calculated

simply from the linear slope of the x scan (µ =
√

D/π f is the thermal diffusion length).
Unfortunately, this method can be applied to material thermal diffusivities larger than the
air thermal diffusivity of Dair = 20 mm2/s, with severe limitations for materials with a low
thermal diffusivity, such as glasses (with D = 0.5 mm2/s). To extend the method to these
materials, a strong reduction in the probe beam height above the sample is recommended
(z = 10–20 µm), and/or the bouncing configuration should be used, sending the probe beam
to the sample surface at a glazing angle (typically 1 degree) [50,51]. For these cases, the
optothermal parameters can be worked out by fitting the lateral deflection (both amplitude
and phase) with the complete theoretical model given by the following expression [50–54]:

Φx = − 1
nair

(
dnair
dT

)
αP
π

+∞∫
o

δ exp
[
− (δw)2

8

]
exp(−βairz) sin(δx)

(βs + α)(kairβair + ksβs)
dδ (9)

where P is the optical power, α is the absorption coefficient, w is the pump beam spot
size, βair =

√
iω/Dair, βs =

√
iω/D, and kair and ks are the air and sample thermal

conductivities, respectively.
By analyzing both the PTD amplitude and the phase signals in the proximity of each

heat source (<0.3 mm), the effective material thermal diffusion length, the material thermal
diffusivity, and the effective spot size, can be calculated using Equation (9). These values
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are reported in Table 4. The effective thermal diffusivity has been estimated to be about
D = 0.6 mm2/s for all diffracted orders and light polarizations. This value is increased with
respect to the typical glass diffusivity value of D = 0.5 mm2/s because of the silver and
polystyrene surface layer. This demonstrates that, at a low modulation frequency of 36 Hz,
the effective thermal diffusivity is only weakly affected by the submicron metasurface which
has a potentially higher thermally diffusive process, which could be specifically detected
in the MHz range, but by using other experimental techniques [55–58]. Concerning the
values of the effective spot sizes, one may notice that the values found for diffracted beams
are larger with respect to the 0.09 mm found for the incident pump beam, in agreement
with the elliptical enlargement shown in Figure 4 (the spot size is defined as the distance at
which the Gaussian light intensity drops to 1/e2 of its maximum value). As an example, a
good agreement between lateral deflection experimental data (amplitude and phase) and
the theoretical expectations from Equation (9) is demonstrated in Figure 8. The best fit
between the PDT data (symbols) and theory (continuous line) is shown for both amplitude
and phase, and for m = 0 and m = 2. The probe beam height has been kept at z = 30 µm.

Figure 8. Lateral deflection data vs. offset: (a) amplitude for m = 0; (b) amplitude for m = 2; (c) phase
for m = 0; (d) phase for m = 2. Continuous line is for the theoretical expectation from Equation (9).
Symbols are for experimental data. For all figures, the red and blue symbols stand for RCP and LCP,
respectively.

Table 4. Sample effective thermal diffusivity and beam spot size for all the diffracted beams as
calculated from the best fit procedure of the PDT data with Equation (9).

Quantity Pump Diffraction Order m
0 1 2 3 4 5 6

Diffusivity, mm2/s 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Spot-size, mm 0.09 0.09 0.14 0.17 0.09 0.14 0.17

4. Conclusions

The photothermal deflection technique has been used as a sensitive tool to test chiral ef-
fects in diffractive metasurfaces. We have investigated one sample obtained by nanosphere
lithography and asymmetrically covered in silver. At the wavelengths of an Ar pump beam,
these materials exhibit chirality-governed diffraction orders. We used PDT data to local-
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ize the heat sources induced by the diffracted beams, retrieving the temperature profiles,
and the effective thermal parameters of the material. The results are in good agreement
with both thermal analyses and optical numerical simulations, thus creating new ways to
optimize metasurfaces and for the use of PDT for the ultra-sensitive characterization.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12031109/s1, Video S1: behavior of the diffracted orders for
the different wavelengths, when the metasurface is excited at normal incidence with RCP, Video S2:
behavior of the diffracted orders for the quarter waveplate rotation when the metasurface is excited
at normal incidence at 458 nm, Video S3: behavior of the diffracted orders for the quarter waveplate
rotation when the metasurface is excited at normal incidence at 514 nm.
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