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ABSTRACT

The synergy between metasurfaces and non-volatile phase change materials (PCMs) has created many reconfigurable photonic

devices for applications in optical memory, optical computing, and optical communications. But these advances have been

limited to the infrared wavelengths due to the high loss of PCMs in the visible regime. Here, we demonstrate a nonvolatile

visible metasurface that is electrically reconfigurable using wide bandgap PCM Sb,S;. Our device supports a resonant mode at

610 nm, a wavelength largely under-explored for PCM-based metasurfaces. By incorporating only a 20 nm thick layer of Sb,S;,

we experimentally demonstrate a resonance tuning range of 16 nm. Reversible switching of the metasurface is accomplished
in situ using a carefully engineered, ultrathin doped silicon micro-heater. Our work paves the way for integrating PCMs into
visible-frequency systems, particularly for human-centric applications such as augmented and virtual reality displays.

1 | Introduction

Metasurfaces utilizing subwavelength scatterers can precisely
manipulate the wavefront of light, enabling them to perform com-
plex optical functions in areas such as imaging [1, 2], sensing [3],
and computation [4]. However, a significant limitation of these
metasurfaces is their fixed optical functionality once fabricated.
Researchers explored various methods, including thermo-optic
effect [5], electro-optic effect [6], liquid crystals (LCs) [7], and
phase change materials (PCMs) [8-10], to modify the metasur-
face’s response post-fabrication. All these methods essentially
rely on tuning the electromagnetic (EM) modes supported by
the metasurface by changing the refractive index of one of its
constituent materials.

Among these above-mentioned tuning mechanisms, PCMs are
particularly promising due to their non-volatile operation, which

obviates the need for a constant power supply to hold the
changed state. Moreover, they can provide a significant change in
refractive index (An ~1) as they switch between their amorphous
(a) and crystalline (c) states, as compared to other methods (for
example, An for LC is ~0.2) [11]. This implies that they can
perform the same operation in a smaller form factor without any
thermal or electric-field crosstalk in steady state. Furthermore,
PCMs’ device-level integration can be further enhanced to pro-
vide deterministic multi-level operation by using meticulously
designed heaters [12] beyond binary operations. Despite their
many advantages, PCMs have been primarily limited to the near-
infrared [8] and longer wavelengths [10] due to their high optical
absorption in the visible spectrum [13]. Incorporating PCMs in
the visible spectrum would unlock several new possibilities for
applications like low-power dynamic displays [14], inkless e-
papers [15], and local dimming of pixels in AR displays using
unpolarized light [13]. Conventional polarized dimming is used
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by employing liquid crystals, which leads to a significant loss
of light even in the transmitting state, due to the presence of
polarizers.

Fortunately, recently rediscovered PCM Antimony Trisulfide
(Sb,S;) [15-17] is known to have a wide to have a wide tunable
bandgap between 2.0 and 1.7 eV. Making it a low-loss material
for wavelengths greater than 600 nm when the material is in its
amorphous phase. This, along with its significant index contrast
(An = 0.68 at 600 nm), makes Sb,S; highly attractive for tunable
meta-optic applications in the visible. The index contrast is
induced by the micro-structural phase transition of the material
from a- to c- state upon heating. Past works with Sb,S; in the
visible have either struggled to demonstrate reversible switching
[18] when the material is integrated with a metasurface [19, 20] or
have relied on heating by a laser for inducing a one-way (c- to a-)
phase transition in the material [15, 16]. The a- to c- transition
whereas, is carried out using furnace annealing, which takes
1 h [16]. Furthermore, laser switching requires bulky, precisely
aligned setups that are impractical for large-scale commercial
applications. Electrical control, on the other hand, provides an
in situ solution to the above problems. Moreover, past works
using laser switching [15, 16] have not been able to achieve High-
Quality-factor resonances and a- to c- and c- to a- switching using
a laser. This underlines the difficulty of integrating Sb,S; with
metasurfaces and achieving reversible switching.

In this work, we design and experimentally demonstrate a
reversibly tunable transmissive metasurface in the visible fre-
quency regime using wide-bandgap PCM Sb,S;. To do so, we
overcome several challenges, for example lack of suitable trans-
parent conductive materials that can be used as micro-heaters in
the visible and growth dominated crystallization of Sb,S; [21]. In
situ electrical switching of the metasurface’s optical response is
achieved via a doped microheater fabricated using a Silicon (Si)
on Sapphire (SOS) substrate. To minimize the losses of Si while
avoiding very high resistance, we thin it down to just 55 nm.
By engineering the EM mode supported by the metasurface to
have a strong field overlap with the PCM layer, we achieve a
19 nm spectral shift in the transmission dip with only 20 nm of
unpatterned Sb,S;. Furthermore, the unpatterned, blanket Sb,S;
film helps in promoting crystallization. Using Rapid Thermal
Annealing (RTA), we are able to observe a 14 nm spectral shift
in the experiment, accompanied by a 38% change in transmission
amplitude at a wavelength of 671 nm. Finally, we perform in situ
switching of the metasurface using electrical pulses and observe
areversible change in its resonance wavelength as large as 16 nm.
We believe our work paves the way for compact, non-volatile
reconfigurable meta-optics in the visible for applications ranging
from quantum photonics [22, 23] to holographic displays [24, 25].

2 | Results

Our proposed transmissive metasurface consists of an ultra-
thin 55 nm thick layer of crystalline-Si on a Sapphire substrate,
followed by a 20 nm thick Sb,S; layer, a 40 nm Al,O; passivation
layer [26], and a 100 nm metasurface made of non-stoichiometric
silicon nitride SiN,. Figure 1A,B shows the perspective and side
views of the metasurface. We note that although Si is lossy in the
visible wavelength range, it offers a significant advantage [1] of

CMOS compatibility and ease of device-level integration over its
alternatives in the visible spectrum, like Indium-Tin Oxide (ITO)
[27], Graphene [28], and Silicon Carbide (SiC). A comparison
of losses from Si of different thicknesses is shown in Figure S1,
indicating a relatively low absorption of 1.5% at 600 nm induced
by the 55 nm thick crystalline silicon. The use of unpatterned
Sb,S; in the metasurface allows us to achieve a larger resonance
shift compared to conformal Sb,S; (see Figure S2). Moreover, it
promotes crystallization in the material. The refractive index of
Sb,S; measured using ellipsometry is shown in Figure 1C (for
measurement details, see Supporting Text).

The unit cell, with periodic boundary conditions applied to the
in-plane directions and a Perfectly Matched Layer (PML) in the
out-of-plane direction, was simulated using Lumerical FDTD
software. The device was illuminated using a plane wave source.
The incident electric field polarization is maintained along the
x-axis as shown in Figure 1A. The refractive indices of Si and
Sapphire were used from the built-in Lumerical material library.
Refractive index for the capping layer (alumina) and SiN, (for
films deposited in-house) was measured using an ellipsometer.
The values for the real part of refractive index (n) were roughly
1.63 and 2.0 for Alumina and SiN,. Figure 1D presents the
spectrum of the meta-optics with a periodicity (P) of 340 nm
and the grating width (W) of 100 nm. The simulated resonance
wavelength redshifts by 19 nm as we switch the refractive index
of Sb,S; from a- to c- state. This resonance shift is accompanied
by a decrease in the quality factor (Q-factor) from 230 to 102, due
to the higher loss of Sb,S; in the c- state. The resonant mode
when in a- state also supports a 27 phase shift in reflection [29],
as shown in Figure S3. Therefore, this structure can also be used
for phase modulation applications in reflection [30]. Figure 1E
presents the change in resonant wavelength as the periodicity of
the meta-atom is swept from 300 to 380 nm. This linear scaling
of the resonance wavelength to periodicity helps in setting the
desirable resonant wavelength during fabrication.

Further simulations were performed to analyze and optimize the
metasurface response. Figure 2A shows the field profile of the
Transverse Magnetic (TM) mode inside the cavity at the resonant
wavelength when Sb,S; is in a- state. The incident electric field
is polarized along the x-direction. Due to the ultra-low thickness
of the Si slab, the mode is loosely confined in the Si slab, and
therefore it largely resides outside the high-index, lossy Si slab.
Furthermore, due to the EM boundary conditions, we see a
step increase in the field inside the Sb,S; layer, given by the
following relation Eg,s = (—-)2 x Eg;. In contrast, increasing the

nsbs
Si thickness increases the mode overlap with the lossy Si slab [31].
Figure 2B presents the field intensity summed along the x-axis of

the device, showing minimal electric field inside the Si layer.

Figure 2C presents the simulated transmission spectrum for four
different Si layer thicknesses. To ensure that the transmission dip
shows up at approximately a wavelength of 670 nm, we tuned
the grating period from 380 to 200 nm for Si layer thicknesses
varying from 30 to 150 nm while keeping the other parameters
fixed. We observe that as the Si layer thickness increases, the
transmission dip becomes broader. This can be attributed to an
increase in the resonant mode overlap with the Si layer for larger
thicknesses (see Figure S4 for the electric field intensity profile in
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FIGURE 1 | Design of the reconfigurable metasurface. (A) Perspective view of the device with the metasurface and the electrodes. Zoomed-in is the

top view of the SiNy periodic grating with width (W) and period (P). (B) Side view of the metasurface with its 4 different layers. (C) Measured refractive
index of Sb,S;. The zoomed-in plot on the right displays the losses of Sb,S; in visible wavelengths. (D) Simulated transmission spectra when Sb,Ss is in
its a- and c- states. (E) Transmission spectrum in simulation as we sweep the period of the SiNy grating.

a metasurface with a Si layer thickness of 150 nm). The Q-factors
for the 150, 100, 55, and 30 nm layer thicknesses are 116, 182, 230,
and 817, respectively. We note that while a 30 nm Si layer gives
the highest Q-factor of 817, we used a 55 nm thick Si layer to avoid
an increase in resistance with decreasing Si thickness. We show
in Figure S5 that a 30 nm thick Si layer can be integrated to make
a metasurface guided mode resonator (GMR) [32] operating over
the whole visible wavelength range from 450 to 750 nm.

Figure 2D presents the transmission spectra with varying thick-
ness of the PCM layer. The resonance shifts to a longer wavelength
with a thicker PCM. A 20 nm thickness was picked to pro-

duce a resonant wavelength well within the visible frequency
range. This resonance also shows a high contrast of 72% at
670 nm wavelength, where the contrast is calculated as (T,
= Tin)/ (T + Tomin)- We emphasize that the resonance allows
such a thin layer of PCM to produce a large resonance shift.
A thin PCM layer is advantageous for reversible switching,
as a larger volume of PCM suffers more from issues such as
temperature nonuniformity and thermal reflowing. Besides, the
melt and quench process demands a fast enough quench rate
of ~107° K /s, ultimately limiting the maximum thickness of
the PCM layer [13]. Figure 2E shows the spectrum of a-Sb,S,
with varying grating width, indicating its strong effect on both
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FIGURE 2 | Design optimization. (A) The IEI? inside the unit cell at resonance. (B) Sum of the E-field intensity along the thickness of the device.

The red dotted lines depict the Si layer. (C) The spectra for different values of Si slab thickness. (D) The change in Transmission spectra of the device as
the thickness of the PCM layer is varied. (E) Simulated Transmission spectra for different grating widths.

extinction ratio and linewidth. We design the grating width as
100 nm because it can support a resonance with a high Q-factor
of 230, while remaining compatible with the critical dimension of
our lithography tool. More details on the fabrication of the sample
are given in the Methods section.

Several devices of different sizes were fabricated on the same
chip. Figure 3A shows the micrograph of a 100 X 100 um? device
before and after Rapid Thermal Annealing (RTA) at 325°C for
10 mins under an inert environment. The formation of large
crystallites is evident under the microscope. The different colors
of Sb,S; crystallites could be attributed to the anisotropic nature

of Sb,S; [33]. The birefringent nature of the material does pose
a challenge to achieving a deterministic index contrast. This
can be mitigated by averaging out the anisotropic effect of the
material by decreasing the crystal grain size or by increasing
the PCMs nucleation density [21, 33]. Figure 3B presents the
Scanning Electron Microscope (SEM) image of one of the devices
with a period of 350 nm, showing a smooth side wall. Devices
with different periods were measured in a transmission setup,
see Figure S6 for a description of the setup. A 10X objective with
NA 0.26 was used to illuminate the sample. A confocal pinhole
was used to further reduce the angle of the incident light cone
on the sample, allowing only the desired device to be illuminated
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FIGURE 3 | Measurements of the fabricated device. (A) Micrographs of the 100 x 100um? devices before (left) and after (right) RTA. (B) The
Scanning Electron Microscope image of one of the fabricated devices. (C) The spectrum of different devices with increasing unit cell periodicity. (D) The

spectrum of the device before and after RTA.

for measurement with near normal angle of incidence. The
transmitted light was then collected using a 50X objective with
NA 0.65 and fed to a spectrometer.

Using the setup, we first measured devices with four different
periods (300, 320, 350, and 370 nm) with the PCM in a- state.
As expected from simulations, an increase in the period of the
unit cell results in a linear (see Figure S7) redshift of the resonant
mode [32] as shown in Figure 3C. In Figure 3D, we show the
spectrum of the 100 x 100 um? device before and after RTA. The
calculated transmission contrast at 671 nm is 38%, and the red
shift in resonance is 14 nm. The experimental Q-factors calculated
by fitting the spectrum using the Fano model [34] were found
out to be 80 and 57 for Sb,S; in a- and c- state respectively. The
lower Q factors in the experiment as compared to simulation
could be because of additional losses of doped Si as compared to
undoped Si, and a non-ideal incident angle due to the presence of
an objective.

Lastly, we perform electrical switching of the metasurface
through the in situ doped silicon heaters and two metal contact
pads (see Methods section for the fabrication process). Electrical
signals were applied by an arbitrary function generator through
two probe positioners, which are integrated with the free-space
setup. A picture of the setup is shown in Figure S8. Since the
power required to attain the switching temperatures scales with

the area of the device [35], we attempted to switch devices with a
smaller area first. Figure 4A shows a 17 x 17 um? device that was
switched under a microscope. We observed a reversible change
in color upon applying 30 V 3.5 us (12.6 WJ) pulse with 21 ns rise
and fall times, and 15.4 V 1 ps (0.96 W) pulses with 21 ns rise
and fall times at 500 kHz for amorphization and crystallization,
respectively, as shown in Figure 4B. Video recordings of the
switching under the microscope are given in Movies S1 and S2.
We also show the optical micrographs of the same device under
different crystallization pulse conditions in Figure S9.

Following this, we switched to a larger (20 x 20 um?) device
with a unit cell period of 350 nm in the transmission setup
shown in Figure 4C. The electrical pulses applied for inducing
amorphization and crystallization were 25 V 9 ps (22.5 pJ) with
a 21 ns rise and fall time and 12.5 V 100 ms (62.5 mJ) with a
21 ns rise and fall time, respectively. We reversibly switch the
device for 10 cycles and plot the resonance shift in Figure 4D.
The slight change in the resonance wavelength in the c-state over
the cycles is attributed to multiple crystalline phases of Sb,S; [15].
Additionally, recrystallization of the material after amorphization
results in slightly different grain sizes and orientations, as seen in
Figure 4B, on comparing the leftmost and rightmost micrograph.
The resonance shift corresponding to the last cycle is 16 nm. We
note that the device did not become dysfunctional after 10 cycles,
but shows significant structural changes, notably the buckling
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(rightmost). (C) The transmission setup with probe stationers is used for the measurements. The highlighted portion is the sample. (D) The 10 cycles of

switching of Sb,S; and the resonance shift induced by it. Error bars depict the data fitting errors.

of the capping layer under the microscope. The micrograph
of the device after 10 cycles and the transmission spectrum
for 10 cycles are given in Figures S10 and S11. The structural
changes are attributed to the dewetting of the PCM at the time of
amorphization, when the material is in its liquid state. This issue
could be resolved by restricting the movement of the material in
the in-plane direction by forming isolated PCM meta-atoms, as
proposed in [36], or by using a fishnet-type metasurface design,
which is more suitable for growth-dominated PCMs such as Sb,S,
[37]. The Q-factor shows minimal variation between the first and
the last recorded switching cycle 64 (63) and 71 (62) for a- (c-)
states, respectively. The Q-factor for a- state is less than for a
larger device reported in Figure 3D because the excited GMR is
non-local and therefore requires a large number of periods to
imitate ideal/ simulation results [38]. Beyond 1D resonance, we
also designed and measured an ultra-thin 2D GMR metasurface,
with results presented in Figure S12.

3 | Discussion

Future work includes solving the issue of structural change
due to dewetting, such as by patterning the PCM into smaller
patches [36] or by choosing optimal capping layers [39] with
proper wetting properties. As visible in Movie S2 and as reported
earlier [21], the crystallization of the material is dominated by
growth rather than by nucleation. Therefore, it is desired to

increase the nucleation density of Sb,S;, which speeds up the
crystallization process and improves the material reliability. One
potential solution is to use a thin ZnS layer between the substrate
and the PCM, which reduces the crystal grain size significantly
from 10 um to 2-3 um [21]. We also propose a high-throughput
characterization scheme designed to assess the endurance and
cyclability of tunable photonic devices at their maximum intrinsic
switching speeds in Figure S13. As another future research
direction, it is highly desired to extend the transparency window
of PCMs to the green and blue wavelengths. PCMs like MnTe
[40, 41] with an even wider band gap (2.7 eV) than Sb,S; need
to be investigated further for integration into photonic platforms.
We also provide a comparison of our work to other non-volatile
reconfigurable metasurfaces in Table S1. Lastly, rather than using
a standard uniformly doped Si heater, an inverse-designed Si
heater [42, 43] with a non-uniform doping profile can be utilized
to ensure uniform heat delivery over a large metasurface area.

In conclusion, we demonstrated visible-frequency reconfigurable
metasurfaces using a wide bandgap PCM, Sb,S;. An ultra-thin
layer of 20 nm PCM provides a resonance shift of as large as
16 nm. The metasurface is tunable with carefully engineered,
thin doped Si microheaters in the visible frequency regime,
despite its inherent losses. We then validated the functionality
of our design through measurements of the fabricated devices,
demonstrating resonance spectra shift with different unit cell
periodicity. The resonance shift of around 16 nm was verified
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with RTA and followed by in situ reversible switching of the PCM
through the integrated heaters, demonstrating over 10 switching
cycles. Our work paves the way for applications of PCMs in
the visible frequency regime and can enable the development of
next-generation displays.

4 | Materials and Methods

Fabrication: The devices were fabricated on a 230 nm-doped
silicon-on-sapphire wafer. Firstly, Si was doped using Phosphorus
ions and annealed, resulting in a uniform doping concentration
of 10°°cm along the depth of Si. Then, the Si layer was thinned
down to 55 nm using reactive ion etching (RIE) with fluorine
gas (Oxford PlasmaLab 100). Then, 20 nm of Sb,S; (sputtering
target from PlasmaMaterials) was deposited using sputtering
(Lesker Labl8) and covered with 40 nm Al,O; using atomic layer
deposition (Oxford PlasmaLab 80plus). At the very top, 100 nm
of SiN, was deposited using plasma-enhanced chemical vapor
deposition (SPTS SPM). Finally, the top SiN, layer was patterned
using 100 kV electron-beam lithography (JEOL 6300FS) and
etched using RIE with Fluorine gas (Oxford PlasmaLab 100). To
put metal pads for electrical switching, the SiN,, Sb,S; and Al,O,
layers were removed from the area to form electrical contact
between the metal and doped silicon. NR9G-3000PY photoresist
was used as an etching mask and exposed using laser direct
write lithography (Heidelberg DWL66+). The films were removed
using RIE with Fluorine gas for SiN, and Chlorine gas for Sb,S,
and Al,O;. Finally, Ti/Pt were deposited using sputtering (Evatec
LLS EVO) and lifted off using NR9G-3000PY again, patterned
using laser direct write lithography. The final device resistance
was ~250 Ohms for both 17 x 17 and 20 x 20 um? devices.

Setup: The sample was illuminated using a broadband laser
(Fianium WhiteLase Micro). The laser light was first collimated
using Lens 1 and then focused onto the sample using a 10x
objective (Objective 1) with a numerical aperture (NA) of 0.26.
The Dichroic Mirror 1 is used to deflect the reflected light from
the metasurface to a camera, along with an imaging lens (Lens
2). The transmitted light from the sample is collected using a 50x
objective (Objective 2) with NA 0.65 and again split into another
camera with an imaging lens (Lens 3). Finally, the laser light is
fiber-coupled using Lens 4 and fed to the spectrometer (IsoPlane
SCT 320 by Princeton Instruments). The electrical measurements
were carried out using a pair of electrical probes on two probe
positioners (Cascade Microtech DPP105-M-AI-S). The electrical
pulses were generated by a pulse function arbitrary generator
(Keysight 81160A) and amplified using a Cleverscope CS1070 with
a 50 Q output connected to the 250 Q load (our device). The

voltage drop on the device was calculated as Vgepice = Vippliea X
Rdevice
Rdevice+Rout
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