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Abstract: Thermal effects are well known to influence the
electronic and optical properties of materials through sev-
eral physical mechanisms and are the basis for various opto-
electronic devices. The thermo-optic (TO) effect, the refrac-
tive index variation with temperature (dn/dT), is one of the
most common mechanisms used for tunable optical devices,
including integrated optical components, metasurfaces, and
nano-antennas. However, when a static and fixed opera-
tion is required, i.e., temperature invariant performance
— this effect becomes a drawback and may lead to undesir-
able behavior through drifting of the resonance frequency,
amplitude, or phase, as the operating temperature varies
over time. In this work, we present a systematic approach to
mitigate thermally induced optical fluctuations in nanopho-
tonic devices. By using hybrid subwavelength resonators
composed from two materials with opposite TO dispersions
(dn/dT < 0 and dn/dT > 0), we are able to compensate
for TO shifts and engineer nanophotonic components with
zero effective TO coefficient (dn.q/dT = 0). We demonstrate
temperature invariant resonant frequency, amplitude, and
phase response in meta-atoms and metasurfaces operating
across a wide temperature range and broad spectral band.
Our results highlight a path towards temperature invariant
nanophotonics, which can provide constant and stable opti-
cal response across a wide range of temperatures and be
applied to a plethora of optoelectronic devices. Controlling
the sign and magnitude of TO dispersion extends the capa-
bilities of light manipulation and adds another layer to the
toolbox of optical engineering in nanophotonic systems.
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1 Introduction

The thermo-optic (TO) coefficient is a macroscopic property
defining the refractive index variation with temperature
(dn/dT) and can be assigned to materials, composites, and
devices [1, 2]. Many optoelectronic applications utilize this
effect as a tuning [3-11], modulating [12-16], or sensing
mechanism [17-20], where small changes in temperature
lead to resonance wavelength shifts, variations in phase
propagation, or other optical properties. Indeed, a plethora
of active TO based devices have been successfully imple-
mented in fiber-based devices [21, 22], integrated optics
[18, 23] and metasurfaces [3, 4, 6, 7, 24-27]. While the TO
effect offers significant advantages, it may pose a challenge
when a consistent and constant optical response is neces-
sary, as the optical characteristics of the device can vary
with temperature, resulting in unfavorable performance.
In high-Q resonant structures such as ring resonators with
typical linewidth of ~10 pm, temperature changes as small
as 0.1 K will shift the operating resonance wavelength by
40 pm [23, 28] (i.e., 4 times the resonance linewidth), which
would be detrimental to the device operation. Similar effects
can also occur in low-Q resonant structures which are sub-
jected to large temperature gradients (10 s or 100 s of kelvin
degrees), where the optical properties may change dramat-
ically. Extreme temperature gradients inherently exist in
space applications [29], however, large and moderate tem-
perature variations may also occur in laser systems [30],
thermophotovoltaics, photodetection, and sensing [19, 31].
Temperature variations may be localized — due to, e.g., local
heating from intense light sources [5] (due to small absorp-
tion arising from e.g., fabrication imperfections), electronic
circuits, or non-local, due to changes in ambient tempera-
ture, as in the case for space applications or sensors.
Consider for example the temperature dependent mid-
infrared (MIR) spectra of a silicon disk metasurface shown
in Figure 1, plotted for the temperature range 143-643 K.
The spectra exhibit strong temperature dependent reso-
nance red shifts (A4 = 140 nm, 0.3 nm/K) which ultimately
result in significant changes in all optical properties (i.e.,
amplitude, phase). Such strong temperature dependance is
a result of the large TO coefficient of silicon (dng/dT ~ 2.5
x 107%/K [1, 6]) and cannot be ignored when the device
is subjected to large temperature variations (as shown
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Figure 1: Thermo-optic induced shifts in metasurfaces. A metasurface
comprised of silicon disks exhibiting significant resonance red shift
(AA = 137 nm) with temperature. The unit-cell disk dimensions are d
(diameter) =1 pum, h (height) = 2.25 pm, the periodicity is A = 3.2 um,
and the substrate is BaF,.

in Figure 1). The effect of thermo-optically induced shifts
becomes increasingly significant for high-Q structures, and
particularly in ultra-high Q resonant structures such as
microring, microsphere, and microtoroid resonators. Even
small temperature variations in the range of fractions of a
kelvin degree can have a detrimental impact on the perfor-
mance of these devices [32].

Temperature and thermodynamic effects in metasur-
faces have been previously studied in space applications
[33], laser science [34], thermal emission [33, 35, 36], pho-
todetection, and imaging [37], where eliminating tempera-
ture effects in the performance of nanophotonics devices
has been only studied in thin films and waveguides [38—40].
However, none of these works provide a solution for
subwavelength Mie-resonators or metasurfaces. The work
described in [38] deals with engineering temperature inde-
pendent thermal emission and relies on insulator — metal
transition in Mott insulators. Hence it is limited to phase
transition materials and does not apply for temperature
invariant scattering properties such as amplitude or phase.
The work described in [39] deals with spectral design of tem-
perature invariant narrow bandpass filters using 1D thin
film geometry for a limited temperature range (20-160 °C),
while the work in [38] demonstrates very small TO effect in
a waveguiding geometry for a temperature range of 40 °C.
Here, we focus on temperature independent meta-optic
components that confine light in subwavelength resonators.
Furthermore, we also simultaneously engineer tempera-
ture invariant resonance frequency, amplitude and phase
responses for a wide range of temperatures (up to 500 K)
and across a large spectral band.
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Our systematic approach for temperature invariant
metasurfaces is based on hybrid dielectric resonators com-
posed from two materials with opposite sign TO coefficients
(dn/dT < 0 and dn/dT > 0), as illustrated conceptually in
Figure 2. Optimizing the resonator geometrical parameters
and TO dispersions, we can mutually compensate for TO
shifts and engineer meta-atoms and metasurfaces with zero
effective TO coefficient (dn.4/dT = 0).

In this work, we focus on all-dielectric structures due to
their high efficiency, as they avoid the Ohmic losses that are
inherently introduced by metals, or plasmonic materials in
general [41]. In principle, metals can be used, however, TO
effects in these materials are different. While in semicon-
ductors, the TO effect is mainly determined by variations of
the bandgap energy with temperature, the optical constants
and TO effects in metals are primarily determined by the
properties of their free electrons. Increasing the tempera-
ture in metals will alter their complex permittivity which
will be manifested in most cases by increased Ohmic losses,
resonance broadening, and amplitude damping caused by
stronger electron—phonon scattering [37, 42-44]. Hence,
eliminating thermo-optical effects in metal-dielectric or all
metallic structures will be challenging, especially for large
temperature gradients.
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Figure 2: Design concept for temperature invariant nanophotonic
components. Hybrid meta-atoms composed from two materials with
opposite sign TO coefficients, exhibit temperature invariant response. In
this work the positive TO material is Si (dn/dT > 0) while the negative TO
material (dn/dT < 0) is PbTe. Hybrid Si/PbTe/Si resonators (middle
resonator) can be engineered to exhibit temperature invariant
performance manifested here by spectral overlap for two extreme
temperatures.
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We demonstrate the proposed all-dielectric approach
(Figure 2) for a variety of typical nanophotonic compo-
nents, including Bragg mirrors, single spherical, cubic and
disk resonators and finally for large metasurface arrays.
Our findings demonstrate that by controlling the sign and
magnitude of TO dispersion, it is possible to cancel or
mitigate thermally induced shifts in optical systems, lead-
ing to increased stability, efficiency, and performance.
This approach expands our ability to control light and
may broaden the potential applications in nanophotonic
systems.

2 Results

We divide our results to 1D Bragg mirrors, single Mie res-
onators of various geometries, and full metasurfaces. For
the positive TO material, we selected silicon (Figure 2) — a
high index material (ng; ~ 3.42 @5 pm and dng/dT = 2.5
[10~*/K] at room temperature (RT)) which is transparent
across the infrared range [1, 5]. To compensate for the pos-
itive TO effect in silicon, the structure must include mate-
rials with negative TO coefficients. While most high index
dielectrics and semiconductors possess positive TO coeffi-
cients, the lead chalcogenide family (PbTe, PhSe, PbS) has
both high refractive indices and an anomalous negative
TO effect (see Supporting Information Section 1 for more
details). We selected PbTe as the negative TO material, as
it has the highest refractive index (np, = 5.85 @5 pm)
and largest TO coefficient (dnp/dT = —13.5 [10~#/K] at RT)
among the lead chalcogenides [1, 6]. These two materials,
silicon and PbTe, form the basic hybrid unit cell in our
structures.

In our designs, we take into consideration the chro-
matic dispersion (n(4)) of the refractive indices of both
materials, as well as, the temperature and wavelength dis-
persion of the TO coefficients dn/dT(4,T) [1]. While there are
several experimental reports for the temperature depen-
dance of the TO coefficient in Si, spanning hundreds of
kelvin degrees [1], this is not the case for PbTe. In fact, the
dn/dT of PhTe was mostly measured around RT [1]. There-
fore, we used this reported RT value of dn/dT(4) in crys-
talline PbTe [1], for all the range of calculated temperatures.
We note that accurate knowledge of the TO coefficients
across a large range of temperatures will ultimately deter-
mine the performance of temperature invariant devices.

The spectral range of interest in this study lies in the
mutual transparent infrared range of both materials (3.8 pm
< A < 155pm), away from the fundamental materials
bandgaps (4, ~ 11pm for Si and 4, ~ 3.8 um for PbTe,
where 4, is the wavelength corresponding to the energy
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bandgap). The bandgap wavelength A4, ~ 3.8 ym of PhTe
is the lower limit where it can be considered transparent.
For shorter wavelengths, PbhTe will start absorbing and its
refractive index will become complex, resulting in reso-
nance broadening and amplitude damping, which will ulti-
mately affect the ability to compensate for the TO effects
in silicon. The long wavelength limit is determined by mul-
tiphonon absorption in Si, typically around ~15.5 pm [45],
leading to the transparency spectral range 3.8 pym < 4 <
15.5 pm of the hybrid structures presented here.

2.1 1D structures: Bragg mirrors

Bragg mirrors are widely used in various applications due to
their high reflectivity and low losses [39, 46]. Standard Bragg
mirrors incorporate stacks of alternating layers of high and
low refractive indices and can be designed for a specific
central wavelength as well as to function as bandpass or
bandstop filters. Here, we implement the same approach,
however, the layers alternate not only in the refractive
index, but also in the sign of the TO coefficient.

The infrared spectra of an 11-layer stack of PbhTe/Si are
presented in Figure 3. While all resonances across the broad
4-12 pm spectrum exhibit very low temperature depen-
dence, the results were optimized for the central wave-
length A, = 5.36 pm. Indeed, at this resonance wavelength,
the structure demonstrates extremely high reflectivity
(R =~ 0.99) for all the simulated temperatures, throughout
a wide bandpass of A1 = 880 nm, as well as temperature
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Figure 3: Temperature independent Bragg mirror incorporating 11
alternating layers of PbTe-Si with thicknesses dp,. = 0.19 pm, dg; =
1.25 pm. The central resonance wavelength A = 5.36 pm exhibits high
reflectivity as well as temperature invariance behavior. Inset shows a
similar Bragg mirror, comprised of 11 alternating layers of SiO, -Si
(having the exact same thicknesses dgjo, = 0.19 pm, d; = 1.25 pm), which
is uncompensated for TO shifts, exhibiting resonance wavelength shifts
of A1~ 188 nm.
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invariant performance across a 500 K temperature span,
with no spectral shift of the central resonance wavelength.
For comparison, the inset of Figure 3 shows the spectra of
a similar infrared SiO,/Si uncompensated Bragg reflector,
exhibiting TO resonance shifts of AA =~ 188 nm.

Interestingly, although the central resonance wave-
length of the PbTe/Si Bragg reflector is fixed (across all
temperatures), we observe bandpass narrowing of A,
~ 125 nm as temperature increases. This bandpass narrow-
ing is a result of the reduction in refractive index contrast
with temperature; namely, ny,;, decreases with tempera-
ture, while ng; increases.

2.2 2D structures: three-layer hybrid Mie
resonators

The power in manipulating free space light lies in two-
dimensional metastructures. Mie resonator meta-atoms
form the basic unit cell building blocks for metasurfaces
and metamaterials [47] and are also excellent scatterers
as single or ensembles of nano-antennas [48]. We start
by designing temperature invariant three-layer hybrid sin-
gle Mie-resonators spanning various geometries. We select
three common geometries — sphere, disk, and cubic res-
onators, and carefully engineer each of the structures to
eliminate the TO dispersion (dn.;/dT = 0) for a given
mode. The structures are symmetric in the x—y plane, and
the incident beam is x-polarized propagating along the z-
axis. The unit cell in all structures is composed of three
Si/PbTe/Si layers and the scattering spectra were obtained
using finite difference time domain (FDTD) solver (see
Supporting Information Section 4). It should be noted that
such three-layer Mie-resonator structures can be fabricated
using standard top—down or bottom-up fabrication tech-
niques [49-52].

2.2.1 Spherical multilayer core-shell hybrid
Mie-resonators

The spectra of multilayer core—shell Si/PhTe/Si spherical
Mie resonators are presented in Figure 4(a) and illustrate
the design and optimization of the structure for obtaining
temperature invariant response (the layered structures are
shown in the inset, red colors represent the Si core and outer
shell, gray is the PbTe inner shell). In this example, it was
done through sweeping the inner PhTe shell thickness, while
keeping the inner (core) Si diameter (dg;; = 0.86 pm) and the
overall diameter of the structure fixed (d,,, = 2.4 pm).
Figure 4(a) presents the scattering spectra for the two
extreme temperatures T; = 143K (solid lines) and Ty =
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643 K (dashed lines), varying the PbTe shell thickness (the
spectra are shifted vertically for visibility). The goal of the
optimization process is to increase the thickness of the PhTe
layer in the compound, until the spectra at the two extreme
temperatures T; = 143 K (solid lines) and Ty = 643 K, will
completely overlap. The increase in the PhTe shell thickness
results in two effects. First, the total effective index of the
structure increases (due to the larger fraction of the high
index PbTe in the compound), resulting in a red shift of
the spectra for both temperatures. This explains the spec-
tral red shift for both temperatures (solid lines and dashed
lines) as we move up in the plot for structures with larger
PbTe volume. Second, as the PbTe thickness increases, the
effective TO coefficient (dn.y/dT) in the multilayer structure
decreases, reducing the relative shift between the spectra
of the two extreme temperatures. The optimum thickness is
reached when the two spectra completely overlap, resulting
in temperature invariant response. Further increasing the
thickness of the PbhTe beyond the optimum point, results in
splitting of the two spectra once more. Figure 4(b) presents
a quantitative color map of this same process, where we
plot together the spectra for the two extreme temperatures
(T, = 143K and Ty = 643 K), for varying PbTe thicknesses
(the color represents the scattering intensity). The dashed
lines follow the spectral mode evolution of the first four
Mie-resonant modes, for 7| =143 K (white) and Ty = 643K
(light blue), for varying PbTe shell thicknesses. The horizon-
tal gray dashed line corresponds to the crossing point of
the two branches (T}, and T) of each Mie mode, represent-
ing the optimized PhTe thickness for temperature invariant
response.

Figure 4(c) compares the scattering spectra of the opti-
mized hybrid structure, to the spectra of a Si sphere
of the same diameter, for the two extreme temperatures
(T, = 143K and Ty = 643 K). While the Si sphere exhibits
TO shift of ~300 nm for the AT =500 K temperature differ-
ence, the hybrid sphere presents overlapping spectra with
temperature independent resonance wavelength positions.
Figure 4(d) presents the optimized hybrid sphere spectra
varying the temperature in increments of 50 K (the spectra
are vertically shifted along the y-axis for visibility). It is clear
that the optimization procedure resulted in temperature
invariant response for all the temperatures within the stud-
ied range. Namely, the spectral position of the first three res-
onant modes: the magnetic dipole (MD), electric dipole (ED),
and magnetic quadrupole (MQ), are fixed. In addition to the
spectral response, both the phase and the amplitude remain
the same, as presented in Figure 4(e). This is exemplified
by the overlapping amplitude and phase response across
the 6-10 pm spectral range, at 143 K and 643 K, respectively.
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Figure 4: Design and properties of temperature invariant multilayer Si/PbTe/Si spherical resonators. (a) Optimization of the Si/PbTe/Si structure by
plotting the spectra for the two extreme temperatures T, =143 K (solid lines) and T, = 643 K (dashed lines), varying the PbTe shell thickness (spectra
are vertically shifted for visibility), while keeping the inner (core) Si diameter (ds;, = 0.86 pm) and the overall diameter of the structure fixed

(dyor = 2.4 pm). The dashed black lines follow the spectral position of the fundamental MD mode. Optimum thickness is reached when the two spectra
completely overlap, resulting in temperature invariant response (b) quantitative color map of the same optimization process. The spectra for the two
extreme temperatures are plotted together, while varying the PbTe thickness. The color represents the scattering intensity at each point in the map.
The dashed white and light blue lines follow the spectral evolution of the first four Mie-resonant modes for the low temperature T, = 143 K (white),
and high temperature T, = 643 K (light blue), for varying PbTe shell thickness. The horizontal dashed line corresponds to the crossing point of the two
branches (T, and T,;), representing the optimized PbTe thickness for temperature invariant response. (c) Comparison between the scattering spectra
of the optimized hybrid structure (red) and the spectra of an uncompensated Si sphere (blue) of the same size, for the two extreme temperatures

(T, =143 Kand T, = 643 K). For the optimized hybrid spherical resonator the inner Si radius is rg; = 0.43 pm, the PbTe radius is rp,;, = 0.62 pm and
the outer Si layer radius is rg; = 1.2 pm. (d) Scattering spectra of the optimized multilayer spherical resonator, demonstrating fixed spectral position
across a AT =500 K temperature swing for increments of 50 K (the spectra are vertically shifted along the y-axis for visibility). (€) Transmission
amplitude and phase spectra at T =143 Kand T = 643 K, respectively, calculated for the hybrid unit-cell using periodic boundary conditions along x-y
plane (see Supporting information for more details). Negligible variations in both amplitude and phase are observed, demonstrating that in addition
to resonant frequency, both the phase and the amplitude remain the same between these the two extreme temperatures (143 K vs. 643 K).

To quantify the resonance wavelength shifts, we define a
normalized figure of merit (FOM) S_,,, = AA/4, where A,
is the resonance wavelength at RT, and A 4 is the maximum
resonance shift compared to the resonance wavelength at
RT. Figure 5 present the extracted temperature dependent
resonance wavelengths of the MD, ED, and MQ modes of
Figure 4(d).

Evidently, temperature independent response is man-
ifested by a small FOM of all resonances (|S.;| < 0.003)
for this spherical resonator. Complete cancelation of the
effective TO effect in the resonator (dn./dT = 0) is lim-
ited to ~AT = 150 K. For example, the MQ mode (green
dots, lower panel of Figure 5), was optimized to exhibit
zero resonance wavelength shift d4/dT = 0 for 193K <

T < 343 K. For comparison, with no TO correction, a sim-
ilar sized silicon resonator would have exhibited a AA
= 75nm resonance wavelength shift for the same AT =
150 K. Furthermore, analysis of the temperature dependent
electric and magnetic field distributions for all the reso-
nances reveals that the resonant mode field profiles also
remain fixed across the full 500 K temperature gradients
(see Supporting Information Section 2.1).

2.2.2 Hybrid disk and cubic Mie-resonators
Disk and cubic resonators are the most common unit-

cells in meta-optics and possess additional degrees of free-
dom compared to spheres, as their geometry breaks the
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Figure 5: Extracted resonance wavelength versus temperature for MD (blue), ED (red) and MQ (green) resonances in spherical resonators shown in
Figure 4(d). Temperature independent response is manifested by a small FOM of all resonances (S,,,, < 0.003).

spherical symmetry. The FDTD scattering spectra, along
with the amplitude and phase response of cubic and disk
hybrid Mie-resonators are shown in Figure 6. The breaking
of spherical symmetry, especially along the z axis compared
to the x—y plane, is known to change the dispersion of
different Mie resonant modes and is often used to design
unidirectional Huygens metasurfaces [53, 54]. Here, the dif-
ferent polarization of Mie-resonances leads to different tem-
perature dispersion of resonances which makes it more
challenging to simultaneously design temperature invariant
response for two or more resonant modes. Hence, we focus
on designing temperature invariant response around one
resonance mode per structure, where canceling the TO dis-
persion in each structure is optimized for one dipolar mode.

The spectra presented in Figure 6(a) and (c), demon-
strate minor wavelength variations over large temperature
span (AT = 500 K), for a particular dipolar mode of the
individual resonator. For comparison, uniform Si structures
of identical sizes (see Supporting information Figure S5),
exhibit significant temperature sensitivity leading to reso-
nance wavelength shifts of up to 190 nm. S, for the funda-
mental mode in the cubic structure (circled in Figure 5(a)),
receives a value of |S ;| = 0.0012 while |S,,| = 0.0013
is obtained for the 2nd mode in the disk geometry (high-
lighted by a circle in Figure 6(c)). The field profiles for
these structures were also calculated and can be found in

the Supporting Information Section 2.2. Furthermore, both
structures show minor variations in phase and amplitude
(Figure 6(b)—(d)), between the two extreme temperatures
(T = 143K and T = 643K). These variations are mostly
observed around the abrupt changes at the resonance wave-
lengths and are slightly larger for the disk geometry.
Figure 7 summarizes the temperature dependent res-
onant wavelength properties of cubic and disk hybrid Mie
resonators. Temperature independent response is mani-
fested by near zero values of S, for both structures, show-
casing the ability to tailor the unit cell parameters in order
to mitigate temperature effects per given mode. Similar to
the spherical resonator, complete elimination of the effec-
tive thermo-optic response can be achieved for a reduced
temperature range of AT = 200 K. This can be seen in
Figure 7b, where the disk resonator exhibits zero resonance
wavelength shifts (d4/dT = 0), between T =443 Kand T =
643 K. Similarly, the parameter sweep process can be further
optimized for any of light’s degrees of freedom (e.g., phase,
amplitude, polarization, angular momentum, etc.).

2.2.3 Hybrid disk metasurfaces

Following the study of temperature invariant response in
single meta-atoms, we move forward to implementing full
metasurface arrays. Such meta-optic components could be
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Figure 6: Disk and cubic multilayer hybrid resonators. (a) Scattering spectra of a cubic resonator demonstrating pinned resonance wavelength
behavior across the 143 K-643 K temperature range. The spectra are vertically shifted along the y-axis for visibility. The hybrid cubic resonator
dimensions are hg;; = 0.92 um, hpyr, = 0.34 pm and hg;, = 0.92 pm, while the side is @ =1 pm. The spectra demonstrate temperature independent
behavior for the first mode (dashed circle). (b) Reflection amplitude and phase for T = 143 K (blue) and T = 643 K (orange), exhibiting minor variations
in both the phase and amplitude for the two extreme temperatures. (c) Hybrid disk scattering spectra, demonstrating temperature independent
behavior for the second mode (dashed circle). The spectra are vertically shifted along the y-axis for visibility. The disk dimensions are hg;; = 0.96 um,
hepre = 0.24 pm and hg;, = 0.96 um, while the radius is r = 500 nm. (d) Transmission amplitude and phase around the second (ED) mode. Minor

variations in both amplitude and phase are visible.

integrated into nanophotonic and electro-optic devices (fil-
ters, beam shaper, lenses, etc.) providing stable, robust, and
temperature independent response.

Figure 8(a) presents FDTD calculated spectra for a
metasurface comprised of hybrid disk resonator unit cells.
BaF, was chosen as the substrate material, due to its low
thermo-optic response (dn/dT =~ —19 x 10~%[1/K]) [55], low
refractive index, as well as a wide transparency window in
the visible to MIR range [56]. The metasurface layout along
with the lattice constant (A = 3.2 um) are shown in the
inset of Figure 8(a). Since the periodicity of the structure

is smaller than the free space wavelength of the incident
light, the overall scattering properties are mostly inherited
by the single unit cell resonator [53, 57]. For very small lat-
tice constants, the inter-particle interactions would be more
significant, however these conditions were not considered
here.

Our results demonstrate that the scattering cross
section, amplitude, resonance wavelength, as well as the
phase, for the two fundamental modes — all maintain their
RT values (Figure 8(a) and (b)). Minor resonance wave-
length shifts of A4, < 5nm are observed for the two
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Figure 8: Temperature invariant metasurfaces. (a) Hybrid disk metasurface reflection spectra demonstrating near perfect temperature invariant
behavior (The spectra are slightly shifted vertically along the y-axis for visibility). The metasurface geometry is illustrated in the inset. The thicknesses
of the Si/PbTe/Si layers in unit-cell are hg;; =1 pm, hpr, = 0.25 um, and hg;, =1 pm, the diameter d =1 pm and the periodicity in the array is

A =3.2 pm. (b) Hybrid disk metasurface reflection spectrum, demonstrating pinned behavior of the amplitude and phase of T =143 K versus

T = 643 K. Field profiles of the fundamental mode are depicted in the inset. (c) Extracted resonance wavelength versus temperature for the
fundamental (blue, upper panel) and the 2nd (red, lower panel) modes of the hybrid disk metasurface. Temperature independent response is

manifested by near zero values of the FOM (S,,,, < 0.001).

resonant modes, as can be seen in Figure 8(c). The corre-
sponding S,,., values for the two fundamental modes are
Smax = 0.001 and S,,, = 7.72 X 1074, for 143K < T <
643 K, respectively. Perfect temperature invariant perfor-
mance (AA =0, S, = 0) is observed between T = 293 K
and T = 393 K (lower panel in Figure 8(c)), while maximum
resonance shift as small as AA = 0.9 nm, is obtained for a
wider temperature range AT =250 K(243 K < T <493 K). A
similar uniform Si metasurface with no TO correction (see
Figure 1(a) for comparison), would have exhibited a A1 =~
75 nm for the same temperature gradient AT = 250 K.
Figure 8(b) presents the reflection phase, demonstrat-
ing temperature invariant full 2z phase coverage across

the two fundamental modes. Electric and magnetic field
profiles of the fundamental dipole mode are presented in
the inset of Figure 8(b), exhibiting the typical field distri-
bution of MD, similar to the field patterns of single disk
resonators (see Supporting Information Section 2.2). Span-
ning 2z phase coverage is fundamental to meta-optic design
as it allows implementing a plethora of optical function-
alities. The capability to maintain temperature indepen-
dent resonant wavelength along with 2z phase coverage
in a realistic meta-optic device, showcases the strength
of the proposed design and demonstrates the potential to
implement TO dispersion engineering in nanophotonics
devices.
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3 Conclusions

In this work we propose a method to eliminate thermally
induced shifts in the optical properties of nanophotonic and
meta-optic devices. Our approach is based on compound
meta-atom unit cells composed from at least two materials
with opposite TO coefficients, allowing to engineer near zero
effective TO coefficient (dn.;/dT ~ 0). Following the opti-
mization of the hybrid unit-cell, it is possible to cover any
spectral band in the transparency window of the materials
(3.8 pm < A < 15.5 pm), by scaling the total size of the unit
(while keeping the same volume ratio of the layers). We
demonstrate temperature invariant response for multilayer
Bragg mirrors and single meta-atoms of various geometries.
We also demonstrate very small variations in the resonance
frequency (Sp,x < 0.001), amplitude and phase of these
resonators, across large temperature gradients spanning
500 K degrees. Thermally induced optical shifts are at least
an order of magnitude smaller than the shifts of similar
resonators with no TO shift correction.

The temperature invariant capabilities of full metasur-
face arrays surpass single resonators, due to the reduction
in the scattering channels and increase in resonance qual-
ity factors. Hybrid disk metasurfaces exhibited near per-
fect temperature invariant response with resonance wave-
length sensitivity of dA.z/dT = 5 pm/K, for the tempera-
ture range 143K < T < 643 K. Peak performance for this
metasurface was achieved at S,,, = 7.72 X 1074, which
is also the best value reported here for any of the of the
studied nanophotonic structures. For relaxed temperature
gradient conditions of AT = 150 K, we achieved perfect
zero effective thermo-optic response with S, = 0, com-
pletely eliminating TO effects. It should be noted that due
to the in-plane symmetry in our structures and the normal
incident beam, the output response is polarization insensi-
tive. However, for asymmetric resonators, unit-cell arrange-
ments that break the in-plane symmetry, or more complex
excitation conditions—TO compensation will depend on
the incident beam polarization. In these cases, polarization
insensitive response will require more complex unit cells
that provide extra degrees of freedom.

In summary, our approach for temperature invariant
engineering in single meta-atoms and meta-optics devices
provides additional degrees of freedom to optical design
capabilities, allowing to compensate for and optimize TO
dispersions effecting resonance wavelength, amplitude and
phase. We demonstrate that near perfect temperature
invariant performance can be achieved for large tempera-
ture variations spanning 500 K degrees, which would have
otherwise significantly altered the optical properties of the
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device. These results may pave the way for temperature
invariant response in a vast array of applications which are
sensitive to temperature variations, enhancing efficiency,
stability, and performance.
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