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Abstract: Reconfigurable metasurfaces have recently gained a lot of attention in applications
such as adaptive meta-lenses, hyperspectral imaging and optical modulation. This kind of
metastructure can be obtained by an external control signal, enabling us to dynamically manipulate
the electromagnetic radiation. Here, we theoretically propose an AlGaAs device to control the
second harmonic generation (SHG) emission at nanoscale upon optimized optical heating. The
asymmetric shape of the used meta-atom is selected to guarantee a predominant second harmonic
(SH) emission towards the normal direction. The proposed structure is concurrently excited
by a pump beam at a fundamental wavelength of 1540 nm and by a continuous wave (CW)
control signal above the semiconductor band gap. The optical tuning is achieved by a selective
optimization of meta-atoms SH phase, which is modulated by the control signal intensity. We
numerically demonstrate that the heating induced in the meta-atoms by the CW pump can be
used to dynamically tune the device properties. In particular, we theoretically demonstrate a
SH beam steering of 8° with respect to the vertical axis for an optimized device with average
temperature increase even below 90° C.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical metasurfaces are 2D arrays of subwavelength resonators devised to control properties
of light ranging from its wavefront to polarization and intensity distribution or spectrum. The
subwavelength scatterers, also called meta-atoms, capture and re-emit the incident light [1–9].
An appropriate choice of meta-atoms geometry and mutual distance leads to an optimized
modification of the characteristics of light scattered by the 2D array. Thus, metasurfaces are
attractive solutions to miniaturize bulk devices such as lenses, mirrors, holograms, waveplates,
polarizers, and spectral filters [10–15]. Recently, in order to extend such functionalities and
implement new operations, optical metasurfaces for the control of higher harmonic emitted fields
have started to gain a great deal of attention [16]. In particular, the high second order nonlinearities
of the III-V semiconductors such as GaAs or AlGaAs have strongly motivated the development
of nonlinear nanophotonics based on second harmonic generation (SHG) [17–22]. However,
static metasurfaces present some restrictions for a realistic device. Recently, many efforts have
been spent to achieve reconfigurable metasurfaces by locally tuning individual meta-atoms
inside the device [23–29]. Apart from mechanical movement of elements, several approaches
including anisotropic substance insertion, phase-changing materials and photo-excitation of
free carriers, have been implemented. For instance, Liquid Crystal (LC) infiltration has been
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exploited in [30] where the authors present an experimental study of the emission properties of
fishnet metamaterials infiltrated with nematic LCs, demonstrating that moderate laser powers
can be translated in valuable changes of the optical transmission of the composite structures;
in [31] the LCs are used to achieve a switching between electric and magnetic resonances of
a metasurface in the presence of a bias electric field to change the LC axis orientation. A
similar concept, applied to the harmonic generated signal from dielectric metasurface, has
been theoretically proposed in [32] where the re-orientation of the LC state can modulate not
only the SH power but also the emitted SH radiation properties. Recently, it has been also
proposed a hybrid approach in which the reconfigurable and multilevel control is achieved by
embedding subwavelength inclusions of a switchable and tunable phase-change layer within the
body of high-index all-dielectric nanoantennas. In this way, switchable spectral filters in the
near-infrared and dynamic color generation in the visible spectrum have been designed [33].
Moreover, ultrafast photoinjection of dense electron-hole plasma within dielectric Mie-resonant
nanoparticles has been reported in [34], where it has been shown that a femtosecond laser
pump remarkably changes the transient dielectric permittivity. This permits the modification
of both electric and magnetic nano-structure responses, resulting in considerable changes of
its scattering efficiency. The possibility to thermally tune the metasurface behaviour has also
been proposed in the linear regime owing to efficient optical heating of single all-dielectric
nanoantennas [35,36]. For instance, reconfigurable metasurfaces exploiting the thermally driven
insulator-to-metal phase transition of vanadium dioxide [37] and the dynamical reversible tuning
of all-dielectric metasurfaces based on temperature-dependent refractive index changes in silicon
have been reported [38,39]. However, the modulation of the harmonic generated signal by means
of thermally controllable metastructures is still an open issue.

Here, we propose a novel approach to overcome this gap by utilizing a thermally tunable
dielectric metastructure for modulating the SH signal. We base our analysis on a "nano-chair"
shaped AlGaAs symmetry broken meta-unit, obtained by removing one quarter of the volume from
a nanocylinder [40]. The proposed geometry bears great interest for technological applications,
because it is able to focus the second harmonic signal along the cylindrical axis. Conversely from
a symmetric AlGaAs nanoantenna, that implicitly presents a SH null in the forward and backward
directions when the pump is impinging at normal-incidence, the nano-chair geometry guarantees
a maximum of SH signal in the normal direction, even for the easily-fabricable (100) AlGaAs axis
orientation [40]. The symmetry broken structure guarantees an enhancement of more than two
orders of magnitude in the SH generation in a small numerical aperture (NA = 0.1) around the
normal direction with respect to its symmetrical counterpart structure. Differently from recent
works based on tunable control of the linear directional scattering from asymmetric dielectric
platforms [41–43], our purpose is to achieve a detectable modulation in the SH signal. To reach
this goal, the proposed metastructure is simultaneously excited by a fundamental wavelength
(FW) beam in the infrared region and by a continuous wave (CW) control signal in the visible
part of the spectrum. By varying the CW light intensity, I0, it is possible to modulate in a
non-uniform fashion the temperature reached inside the dielectrics. This non trivial thermal
change leads to conspicuous variations of the refractive index at the SH. Indeed, for AlGaAs the
thermo-optic coefficient is of the order of 10−3 [r.i.u./K] for the considered wavelength range
[44]. The obtained refractive index variations are associated to the tuning of the linear resonant
response and consequently to detectable changes in the SH signal. Hence, we show that it is
possible to create a look-up table for the emitted SH magnitude and phase as a function of I0.
Finally, we demonstrate how to use the calculated SH emission from the meta-atoms at different
I0 to optimize a tunable structure, paving the way to thermo-optical nonlinear beam steering
control.
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2. Results and discussion

2.1. CW optimization

Firstly, let us consider a single isolated nano-chair as a reference structure. The asymmetric
shape is the one suggested in Refs. [40,45] and it is displayed in the inset of Fig. 1(a). We
consider an AlGaAs meta-unit with an elliptical base with semi-axes ra = 260 nm, rb = 200
nm and height h = 400 nm and placed over a sapphire substrate. The refractive index of the
nano-chair is taken from Ref. [46] whereas the substrate permittivity is selected as in Ref. [47].
To reproduce the thermal and optical behavior of the meta-atom, we perform Finite Element
Method simulations in COMSOL Multiphysics. The geometrical parameters of the nano-chair
are selected to fullfill scattering resonances around the FW and the SH wavelength together with
a maximum of absorption in the CW range, see Fig. 1(a). The complete fabrication procedure of
a similar asymmetric geometry is described in Ref. [45]. The proposed theoretical analysis does
not take into account a few nm layer at the bottom of the nano-chair that can results from the
manufacturing process of such a structure but, as reported in [45], this impurity can be neglected
without loss of generality.

Fig. 1. (a) The scattered and absorbed powers as a function of the incident wavelength for
the optimized nano-chair. The upper insets show the electric field norm at the CW and FW
(xz plane), respectively. The lower inset represents a sketch of the proposed meta-unit. (b)
The associated power dissipation per unit volume at λ = 550 nm, I0 = 200 kW/cm2. (c) Map
of the temperature increase distribution, ∆T , for λ = 550 nm, I0 = 200 kW/cm2.

As already anticipated, the idea of this manuscript is to control the SH emission coming
from the nano-chair by an external stimulus, the latter being a CW control beam in the AlGaAs
absorption region (i.e. below 700 nm). We model the CW control signal as a normally incident
plane wave, linearly polarized along the y axis in the wavelength range from 400 nm to 1600
nm. We solve the optical problem and calculate the absorbed power in the AlGaAs structure,
the latter acting as a source term for the thermal simulation [48]. We perform a parametric
sweep as a function of the incident wavelength. Although we expect that the dissipative losses
are higher below 700 nm, we perform simulation in the extended range 400 nm - 1600 nm in
order to highlight the extinction properties of the selected nano-chair. Indeed for wavelength
greater than 700 nm the extinction is dominated by the scattering contribution while for shorter
wavelength by the absorption one. The wavelength that maximize the dissipation, and accordingly
the temperature enhancement within the structure, is around 550 nm, as reported in Fig. 1(a). At
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550 nm we reveal a peak in the absorption spectrum of the meta-atom and the associated power
dissipation density is shown in Fig. 1(b). As can be seen from Fig. 1 the power dissipation is
mainly concentrated in the upper part of the nano-chair. We have estimated that an uncertainty of
10 K regarding the temperature reached inside the nano-chair is related to a fluctuation of about
30 KW/cm2 in the pump intensity which is far to be small. Furthermore, Al0.18Ga0.82As and
sapphire have high thermal conductivities, around 15 and 30 W/(m·K), respectively. The latter
evidences imply that the heat diffusion towards the substrate reduces significantly the temperature
in the lower part of the nano-chair, the maximum temperature increase occurring in the top of the
nano-object, see Fig. 1(c). Moreover, we estimate a transition period, that is the time necessary to
reach the steady-state temperature after the CW pump is turned on or off, roughly around 100 ns.

In order to estimate the dynamic of the proposed device, we perform time dependent simulations
in Comsol Multiphysics. We simulate a control CW signal with intensity equal to 200 kW/cm2

that is used to excite a nano-chair. The associated average steady-state temperature increase in
the structure under test is equal to 46◦ C. We assume that the CW is turned on at the time ton
= 10−12 s and we study the temperature enhancement in the AlGaAs nano-chair as a function
of time, as reported in Fig. 2. Concerning the heating process, see Fig. 2, it is clear that the
steady-state temperature is reached after 100 ns from ton. Regarding the cooling case, that is
reported in Fig. 2(b), the CW pump is instead assumed to be switched off at the time toff = 10−12

s. Again, we can notice that the time to reach the T0 temperature is roughly 100 ns for either for
the cooling process as well.

Fig. 2. (a) The heating and (b) the cooling process in terms of average temperature increase
as a function of time for a nano-chair with ra=260 and rb=200 nm and h=400 nm. The
black dashed line indicates the time for which the temperature reaches a value less than 1 ◦C
from the steady-state value.

2.2. Thermo-optical problem and SHG look-up table

Now, let us assume that the nano-chair is simultaneously excited by a FW pump at 1540 nm
and by the CW laser at 550 nm (chosen to optimize the light to heat conversion). The effects
of the CW is to increase the temperature in the structure, the latter modifying the refractive
index felt by the FW and the SH. We model the thermal dependence of the meta-atom refractive
index as n(T , λ, r) = n(T0) + α(λ)[T(r) − T0] where n is AlGaAs refractive index and T the
temperature reached in the dielectric structure at the position r after the excitation with the CW
pump (T0 being the environment temperature). The coefficient α is the thermo-optic coefficient.
Following the same approach reported in [44], we estimate that around 770 nm (i.e. at the SH
wavelength) the coefficient α is about 4·10−3 [r.i.u./K] while α is much smaller at 1540 nm (≈
10−4). Thus, in a first approximation, we neglect the refractive index variation at the FW [49].
The fundamental wavelength beam is a plane wave coming from the air region with k-vector
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towards the −z direction and linearly polarized along the y axis with a pump intensity equal to
1 GW/cm2. This value is chosen to mimic the peak intensity of a typical femto-second laser
pulse. The SHG phenomena is modeled by using the nonlinear polarization induced by the
nonlinear susceptibility of the second order, χ(2), the latter assuming a value of 200 pm/V [40].
To be more explicit, the AlGaAs refractive index is equal to 3.27 at the FW, 3.55 at the SH
and 3.94+j0.24 at the CW. Instead, the sapphire index is assumed to be 1.74, 1.76, 1.772 at
the three corresponding wavelengths. The choice of the pump polarization is justified in the
Appendix. The presence of the CW beam is accounted in the computations of the SHG light,
since we used the temperature dependent refractive index n(T). The latter consideration is the
base for the tuning of the SHG signal. As pointed out before, the temperature increase mostly
affects the refractive index at the SH, since at the fundamental wavelength, α(λ=1540 nm) ≈ 0.
The obtained nonlinear calculations show that, for the considered CW intensity range, the SH
is mainly emitted in the vertical direction towards the substrate (in other words, the radiation
diagram has a main lobe along the negative z axis) and it is mainly y-polarized. In the nonlinear
simulation we do not consider the effect of Two Photons Absorption [50] since AlGaAs allows
TPA-free operation around the third communication window for the selected aluminum fraction
(x = 0.18) and we also neglect the inhomogeneous broadening that may affects the dynamics of
nonlinear generation. Fig. 3(a) quantifies the modification in the transmitted SH main lobe as a
function of the CW power intensity, I0. Notably, for I0 between 75 and 375 kW/cm2 the emitted
SH module (calculated along the vertical direction, −z axis, in the far-field) is roughly constant
while the SH phase at the same coordinate shows a 2 rad phase shift. Thus, the nonlinear SH
mode induced in the nano-chair is engineered to control the electric field phase in the far-field
while preserving a central emission lobe, see Fig. 3(b). The variations of the SH fields within
the nano-chair as a function of different I0 are reported in Fig. 3(c). The SHG efficiency of
the designed structure is of the order of 10−6 W−1. The presence of the SH main lobe in the
z-direction can be explained by symmetry considerations concerning the nano-chair geometrical
shape. Indeed, the second-harmonic radiation pattern strongly depends on the nanoparticle
symmetry. For example, cylinder or cubic AlGaAs particles can not generate second harmonic in
the upper direction under normally incident plane wave excitation (when considering canonical
crystalline axis orientation) [51]. It is true that a symmetric structure has a thermal response that
is very similar to the one of the nano-chair, see Fig. 4. However, the SH signal emitted by the
symmetric AlGaAs nanoantenna with similar geometrical dimensions, is mostly emitted at large
angles with respect to the normal, as depicted in Fig. 4(b). Instead, the chair-like particle has
only one symmetry plane, thus, its symmetry group is C2. In such a particle, there are only two
types of modes - one is even under reflection in the symmetry plane and the second one is odd
[52]. Under plane wave excitation, only odd mode is excited in second harmonic. This is also
confirmed by the fact that the SH main lobe is mostly y−polarized. This means, however, that all
possible odd multipoles are also excited, including multipoles with m = 1, which give intensity
contribution along the z-axis.

2.3. Nonlinear reconfigurable device

In this section, we reveal how the demonstrated variation of the SH emission of the isolated
meta-atom [Fig. 3(a)] can be used to design a reconfigurable device. Let us consider 4 nano-chairs
(aligned along the x direction) subject to a CW excitation in the intensity range 75 kW/cm2 to 375
kW/cm2 so as to guarantee a SH phase emission equally distributed in the range [−0.4 rad, 1.6
rad] but rather constant field amplitude, see Fig. 5(a). This is experimentally possible by using an
amplitude mask to calibrate the incident excitation. Moreover, for the aforementioned intensity
range, the SH emission pattern maintains a main lobe y-polarized in the vertical direction with
a small amplitude variation. If we assume that the SH emission from the 4 meta-atoms can
be considered identical, the supercell of 4 resonators can be modeled as a broadside array of
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Fig. 3. (a) SH Electric field (y-component) module, |ESHG
y |, (left axis, blue curve) and

phase, ∡ESHG
y , (right axis, orange curve) as functions of the CW irradiance. The fields

are calculated along the normal direction in the Far-Field. The inset represents the total
SH far-field emission for I0 = 200 kW/cm2. (b) The normalized radiation diagram of the
SH electric field (y component) for different CW intensities. The main transmitted lobe is
displayed. (c) Side view of the SH electric field norm within the nano-chair for I0 ranging
from 75 to 375 kW/cm2.

Fig. 4. (a) Map of the temperature distribution of the symmetric counterpart antenna with
ra = 260 nm, rb = 200 nm and h = 400 nm for CW pump at λ = 550 nm, incident irradiance
I0 equal to 200 kW/cm2. (b) The associated SH far-field emission.

antennas. In this framework, the total SH far-field emitted from the device can be calculated
by multiplying the far-field of the isolated pillar with the function known as array factor [53].
By doing this, we fix the period P of the array of antennas to the value of 0.9 µm in order to
guarantee negligible inter-particle coupling [45]. Noteworthy, for the chosen lattice period, the
metastructure is in the sub-diffraction regime at the FW and in the diffraction regime at the SH
wavelengths. The obtained SH emission pattern of the 4 meta-units supercell (P = 0.9 µm)
corresponds to the gray curve of Fig. 5(b) when considering a heating process with increasing
I0 from left to right (positive SH phase shift between the meta-units). For comparison, the SH
emission of the metasurface when considering a negative SH phase shift (I0 increasing from right
to left) is represented by the magenta curve. For the designed metasurface, a SH steering angle,
γ, up to 8◦ with a main-lobe Full-Width-Half-Maximum of about 11◦ has been obtained. Thus,
the external thermal tuning can be translated into a dynamical tailoring of the SH emission with
a tuning frequency up to 10 MHz.

We stress that in our manuscript, the following thermal effects have been neglected: (i) the
presence of a thermal boundary resistance at the interface nanochair-substrate; (ii) the thermal
conductivity reduction in sapphire substrate due to imperfections, as reported in [54]; (iii) the
ballistic heat transport in the nano-chair, yielding a reduced thermal conductivity with respect
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Fig. 5. (a) The amplitude (left axis, blue curve) and phase (right axis, red curve) of the SH
electric field (y-component) for the selected 4 nano-chairs, as functions of I0. Top: map of
the temperature enhancement in each meta-unit. (b) The radiation diagrams for the array SH
emission (y-component) transmitted in the substrate. The gray (magenta) curve corresponds
to the optimized metasurface with increasing I0 from left to right (from right to left).

to bulk AlGaAs due to small size of the nanochair, the latter falling shorter with respect to the
mean free path of a fraction of the phonons involved in the thermal transport [55,56]. Indeed, the
quantitative treatment of the latter phenomena is challenging, since the precise numbers to be used
are not known, potentially varying over nominally identical samples due to imperfections and
depending on the particular deposition technique. Therefore, their inclusion into the modelling
would increase the complexity of the interpretation of the obtained results. Anyway, we pinpoint
that the inclusion of all these thermal effects would increase the temperature within the nanochair
at constant CW light intensity, thus improving the tuning capability. Moreover, the heat transfer
between one nano-chair to the other is very small and can be considered negligible. To prove
this, we have simulated a dimer configuration in which the dielectric structures are placed at a
distance P = 0.9 µm (the one used in the supercell) and they are excited with a CW pump at a
wavelength of 550 nm. To prove our ansatz, in the thermal simulation, the heat source is active in
only one nano-chair of the dimer. The obtained results are shown in Fig. 6(a). The temperature
increase value and distribution of the CW pump-heated nano-chair are the same as the case
of isolated structure, see Figs. 6(a) and (b) for comparison. Moreover, this thermal simulation
demonstrates a negligible heat transfer between the dielectrics because the temperature increase
in the nano-chair without heat source is less than 4 ◦C, as depicted in Fig. 6(c). Hence, the results
reported in this manuscript can be considered as a safe underestimate for the actual scenario.

Indeed, the choice of the periodicity implies a compromise between the requirement of optically
uncoupled nanoantennas and a sub-wavelength sampling distance. To be more explicit, the
geometrical size and optical coupling are the most impacting limitations. By increasing the
number of resonators that form the supercell, the main lobe aperture can be reduced but at
the same time the steering angle becomes smaller and smaller. The same consideration holds
by increasing the period. More design details are reported in the Appendix. Please note that
the proposed structure consists of 4 aligned nano-chairs along the x-axis and not in a square
lattice configuration. The ability to dynamically tune the nonlinear radiation, as shown by the
proposed super-cell, paves the way to optical gating of second-order nonlinear processes, enabling
platforms such as ultrafast optical modulators, SH lenses and holographic metasurfaces.
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Fig. 6. (a) Temperature increase distribution for a dimer system composed of two identical
nano-chairs (ra=260 nm, rb=200 nm, h=400 nm) at a distance P = 0.9 µm from each other;
CW pump at 550 nm, I0 = 200 kW/cm2. In the thermal simulation, the heat source is present
only in the left structure. The other nano-chair acts as a temperature probe to evaluate
the heat transfer. (b) Map of the temperature increase distribution for the isolated antenna
with the same geometrical and excitation parameters. (c) Rescaled map of the temperature
increase distribution in the probe nano-chair antenna in the dimer configuration.

3. Conclusions

In this work, we have demonstrated the beam steering of the nonlinear SH signal generated by
a dielectric metastructure with AlGaAs symmetry-broken meta-units. The working principle
relies on the SHG manipulation due to the meta-unit refractive index variations upon temperature
changes, the latter being induced by an external CW beam. Firstly, by properly tuning the CW
incident intensity, we have created a look-up table for the amplitude and the phase of the emitted
SH signal from each nano-chair meta-atoms. Secondly, we have demonstrated that such look-up
table can be used as a tool for tuning the SH emission. Following this approach, we have predicted
a SH beam steering of 8◦ for the optimized device. We believe that these results may open the
way to new reconfigurable metasurfaces.

Appendix

Pump polarization

The SH Far Field emission is studied as a function of the incident pump polarization, see Fig. 7.
For an exciting plane wave polarized along the y axis the generated SH field present a maximum
along the vertical direction while in the case of x-polarized pump beam the emitted SH has a
null along the normal axes. In doing this comparison, for simplicity, the CW control signal is
assumed to be co-polarized with respect the FW pump. However, we verify that no significant
temperature variations in the nano-chair are observed by switching the CW polarization from
being co- or cross-polarized with respect to the fundamental pump.

Supercell considerations

An array of antennas is, by definition, constituted by a finite number of identical antennas, with
the same orientation, and excited in such a way that the current distributions in each antenna
forming the array have the same shape but can differ in phase. It follows that the array radiation
diagram is always the product of two functions, one that represents the radiation diagram of
the isolated antenna and another one, usually named array factor, that can be interpreted as the
shape factor of the entire system. The array factor, F(u), is defined as F(u) = sin(nu)/sin(u) with
u = (π/λ)P cosψ − (δ/2). In the previous equation λ is the working wavelength, P the distance
between each antenna, n the number of antennas, ψ the emission angle, and δ is the phase shift.
In particular, a linear array is said to be broad-side if the direction of the maximum lobe of F
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Fig. 7. The SH Far Field emission (bottom panels) when the FW light is respectively (a)
y-polarized or (b) x-polarized, as sketched in the upper panels. The SH plots are drawn with
the same color bar. A control CW signal equal to 200 kW/cm2 is assumed in both cases.

is perpendicular to the alignment direction. Figure 8 shows the obtained radiation diagram for
a supercell with different choice of the parameters. In particular, Fig. 8(a) represents the total
radiation diagram as a function of the distance P between the nanoantennas, instead Fig. 8(b)
elucidates the total emission behavior by increasing the number of resonators at fixed period.

Fig. 8. The total radiation diagram as a function (a) of the metasurface period or (b) by
varying the number of nano-chairs.

Thermal expansion of the nanochair

One may wonder if the temperature increase in the system is enough to generate a mechanical
deformation due to the thermal expansion. Indeed, the thermally induced mechanical deformation
might alter the shape of the nanochair and hinder the tunability.

In order to confute this hypothesis, we added a solid mechanics physics node in our COMSOL
Multiphysics model. The temperature increase computed with the previous step is used to
calculate the induced thermal strain, which is introduced as a source term for the mechanical
problem [57]. The latter problem is solved with a steady-state study. The sapphire substrate
is modelled as a hemisphere of radius ∼ 26 µm. On the hemisphere external surface far from
the nanochair, a zero-displacement (fixed) boundary condition is set. On all the other external
boundaries, a zero-stress (free) boundary condition is chosen. The AlGaAs nanochair has a cubic
crystalline structure, whose density is 5072 kg/m3 [58]. The elastic constants are C11 = 118.8
GPa, C12 = 53.8 GPa and C44 = 59.4 GPa (we used the GaAs elastic constants taken from Ref.
[59] as a good approximation). The sapphire substrate has been considered homogeneous and
isotropic. The density is 3980 kg/m3 [59], the Young modulus is 300 GPa and the Poisson ratio
is 0.22 [60,61].

Fig. 9 represents the deformation of the system due to the thermal expansion. The colour
scale depicts the norm of the displacement field |u| occurring in the system. As we can see,
the maximum displacement obtained for a CW beam of wavelength 550 nm and intensity
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Fig. 9. Plot of the nanochair deformation due to the thermal expansion. The colour scale
represents the norm of the displacement field (|u|). The deformation has been magnified by
200 times, for the sake of visualization. A CW beam of wavelength 550 nm and intensity
200 kW/cm2 is used.

200 kW/cm2 does not exceed 0.25 nm, a dimension far below the experimental uncertainty of
real experiments. In view of this result, the thermal expansion does not alter the tunability
performances demonstrated in this manuscript for the nanochair and hence we can safely neglect
it.
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